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Introduction

F
or the foreseeable future, the aviation industry will 
depend on liquid hydrocarbon jet fuels because of the 
globally interconnected nature of the aviation system, 

the longevity of aircraft and engines, and the methods of 
delivery of fuel by airport infrastructure. Global aviation 
activity, as measured by revenue passenger kilometers, is 
expected to grow by 4.2–5.7% per year,1 and by 2.6–3.6% 
in the USA,2 between 2016 and 2050. Consequently, the 
carbon emissions associated with the aviation industry 
are expected to grow, absent some type of abatement. 
Nevertheless, the global aviation sector has committed to 
carbon-neutral growth in international aviation starting 
in 2020, using a basket of measures, including operational 
and equipment efficiency, alternative jet fuels (AJF), and 
market-based mechanisms. With the approval of the United 
Nations International Civil Aviation Organization’s Carbon 
Offsetting and Reduction Scheme for International Aviation 
(CORSIA),3 the use of sustainable AJF is expected to be an 
important option for reducing airlines’ offsetting require-
ments. Within the USA, concerns about price stability, 
energy security, and environmental performance, as well 
as the impending implementation of CORSIA are driving 

market interest in AJF. As of 2018, five AJF processes have 
been qualified for use as jet fuel under ASTM International's 
specification D7566: Fischer-Tropsch (FT), hydroprocessed 
esters and fatty acids (HEFA), hydroprocessed fermented 
sugars to synthetic isoparaffinic kerosene (HFS-SIP), isobu-
tanol or ethanol alcohol-to-jet (ATJ) and FT with synthetic 
aromatics (FT-SPK/A; primarily a fossil pathway). However, 
as of the writing of this article, only one facility (AltAir 
Fuels’ HEFA facility in Paramount, California) is produc-
ing commercial quantities of AJF in the USA. There is thus 
great interest in understanding the future potential of AJF 
production domestically and the likely supply chains that 
would support its deployment. Analyses around the poten-
tial for biofuels in the aviation sector, given existing policy 
and targets, have been discussed for the European Union,4 
China,5 and the USA.6 Previous biomass scenario model 
(BSM) analysis showed the potential to penetrate 30% of the 
US aviation market with biofuels,7 and this article expands 
on that analysis to explore two key questions:

•	 What is the potential growth in AJF production capac-
ity in the USA?

•	 What geospatial logistics of feedstock and fuel delivery 
might facilitate this growth?

Abstract. The aviation sector’s commitments to carbon-neutral growth in international aviation starting 
in 2020, and the desire to improve supply surety, price stability, and the environmental performance of 
aviation fuels, have led to broad interest in sustainable alternative jet fuels. Here, we use the system-
dynamics-based biomass scenario model (BSM), focused on alternative jet fuel production capacity 
evolution, and the geospatially explicit Freight and Fuel Transportation Optimization Tool (FTOT), 
focused on optimal feedstock and fuel flows over the transportation system, to explore the incentive 
effects on alternative jet fuel production capacity trajectories and potential geospatial patterns of pro-
duction and delivery in the USA. Scenarios presented here focus on readily available waste feedstocks 
(waste fats, oils and greases, municipal solid waste, and crop and forestry residues) and conversion 
technologies included in the ASTM D7566 synthesized aviation turbine fuels specification. The BSM 
modeling of possible deployment trajectories from 2015 to 2045 suggests that up to 8 billion gallons 
may be available by 2045 depending on the policies and incentives implemented. Both approaches 
suggest that 200 million to 1 billion gallons per year of alternative jet fuel production are possible in 
2030 given multiple incentives and a favorable investment climate, and that capital costs and technol-
ogy maturation rates will affect deployment of different fuel production technologies, and therefore the 
feedstocks needed. Further collaboration on these modeling approaches would reduce methodologi-
cal blind spots while providing insights into future industry trajectories. © 2018 Society of Chemical 
Industry and John Wiley & Sons, Ltd
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The US Department of Energy (DOE) Bioenergy 
Technologies Office (BETO) and the US Department 
of Transportation’s Federal Aviation Administration 
(FAA) have both been exploring these questions using 
the National Renewable Energy Laboratory’s (NREL) 
BSM,8 the Volpe National Transportation Systems 
Center (Volpe), and the Freight and Fuel Transportation 
Optimization Tool (FTOT), as well as research performed 
by the Aviation Sustainability Center (ASCENT).9 History 
has shown that consistent government support, includ-
ing flexible policies and incentives, is critical for new 
fuel-market development (see supporting information for 
additional background).10 The BSM has focused on under-
standing the implications of technology maturation, poli-
cies/incentives, and market conditions (e.g., offtake agree-
ments) on the potential trajectory of AJF production7 and 
other biomass-to-bioenergy supply-chain scenarios over 
time.11 The key considerations for consumers of AJF (e.g., 
airlines) include understanding the potential feedstock 
supply for individual biorefineries, knowing where fuel 
can be cost-effectively produced and delivered, and recog-
nizing the transportation costs and carbon dioxide (CO2) 
emissions associated with future AJF scenarios. The FTOT 
modeling has therefore focused on geospatially explicit 
analyses to assess optimal feedstock and fuel transporta-
tion flow and destination patterns, transportation require-
ments, and emissions associated with future feedstock 
availability scenarios in a specific future year. These two 
modeling approaches complement one another by provid-
ing different views of potentially feasible scenarios.

Using the BSM and FTOT platforms, we evaluate sce-
narios to assess the viability of producing 1 billion gallons 
of annual AJF production by 2030 and provide insight into 
the effects of investments, incentives, other external fac-
tors (e.g., oil price), and geospatial patterns for feedstock 
and infrastructure on future AJF deployment. 

Near-term available feedstocks in the USA include exist-
ing wastes that are not currently being used for other mar-
ket needs, including crop residues, forestry residues, munic-
ipal solid waste (MSW) and waste fats, oils, and greases 
(FOG). Recent experience with AJF production shows sig-
nificant lags between ASTM qualification and commerciali-
zation, suggesting that nearest term technology options may 
be those that are already approved (e.g., HEFA, FT, ATJ, 
and HFS-SIP). Although it is possible that future pathways 
will skip many development stages (for example, through 
simple modifications to distillation columns), and become 
available more quickly, we limit this investigation to the 
conversion of waste feedstocks into fuels through processes 
qualified under existing ASTM specification annexes.

This study used the BSM to investigate potential devel-
opment trajectories of AJF between 2015 and 2045, with a 
focus on understanding the potential deployment of these 
feedstocks and technologies by 2030. The FTOT scenarios 
analyzed potential feedstock availability projections for 
2030, specifically, to investigate geospatial patterns of 
feedstock flow, processing, and delivery to airports for 
production scenarios within the range identified by the 
BSM in 2030. 

Materials and methods

Biomass scenario model
The BSM, publicly available at https://openei.org/wiki/
Biomass_Scenario_Model, uses a system dynamics 
approach, built on the STELLA software platform,12 to 
represent the evolution of the supply chain for biofuels 
in the USA, including feedstocks, conversion, and down-
stream fuel use. It is regionally stratified (ten regions)13 
and provides for 15 conversion platforms that mature over 
time through industrial learning.

It focuses on feedbacks associated with supply chain evo-
lution; as such, it can facilitate support analyses of system 
bottlenecks, pricing dynamics, and investment risk in the 
context of multiple policy options. It has been used for 
multiple analyses,7,11,14–19 using key inputs such as:20

•	 feedstock price and supply assumptions from the Policy 
Analysis System (POLYSYS) and the United States 
Department of Agriculture (USDA) 10-year forecast;

•	 nth-plant techno-economics for key conversion 
technologies; 

•	 oil price scenarios;
•	 policy mechanisms – e.g., renewable identification 

number (RIN) values;
•	 policy-driven industry investment decisions (e.g., 

offtake agreements or planned R&D).

The Commercial Aviation Alternative Fuels Initiative 
(CAAFI®) tracks the status of alternative jet fuel produc-
tion facilities,21 and currently only two commercial-scale 
AJF-producing facilities (AltAir, in Paramount, CA, and 
Gevo in Luverne, MN) are in operation, representing 
roughly 57 MGY of total fuel production capacity. In 2016, 
just over a million gallons of AJF was supplied to US car-
riers.22 Constraints on investment and financing as well 
as the inherent time lags involved in permitting, siting, 
construction, and start-up mean the industry is likely to 
be limited by infrastructure for the foreseeable future. 
Biomass scenario model analyses address this potential 
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lag in build-out by exploring potential production sce-
narios from the present to 2045, given different assump-
tions about investment, technology development, and 
incentives.

Freight and fuel transportation 
optimization tool

The FTOT is a geospatially explicit scenario model using 
ArcGIS and a python-based optimization module to inte-
grate feedstock and conversion data23 and optimize trans-
portation patterns and flows, likely delivery points (e.g., 
airports), transportation costs, fuel burn, and CO2 emis-
sions. It provides screening-level estimates of cost-effective 
fuel production and transport that have been used in life-
cycle greenhouse gas analyses for transported fuel24 and 
water ‘footprinting’.25 Optimal transportation routes and 
flows are calculated over a multimodal network based on a 
set of costs and penalties for transportation-related activi-
ties. Optimal scenario results can differ from real-world 
patterns due to local conditions, transport availability 
(e.g., driver shortages and rail-car availability), contract 
terms, habits, and other system dynamics.
Key inputs to the FTOT include:

•	 county-level, grid-cell level, or specific point locations 
of feedstock availability; 

•	 existing/planned industrial assets for conversion (or 
FTOT-generated candidate biorefinery locations);

•	 capex for new facility construction (nth plant), conver-
sion efficiency, and product slate information for each 
process;

•	 fuel product destinations (e.g., commercial airports, 
fuel terminals) and scenario-specific fuel product 
demand at destinations;

•	 transportation costs, CO2 factors, and other transpor-
tation-specific variables (e.g., size of vehicle loads).

The driving factors for the modeling approaches dif-
fer between the BSM and the FTOT, and therefore the 
assumptions and scenario parameters also differ. The dif-
ferences in the two approaches are described further in the 
supporting information.

Scenario design considerations

A key challenge when comparing BSM and FTOT results 
is to align the system dynamics modeling of the BSM, in 
which feedstock availability and technology dynamics 
are based on the interaction among incentives and eco-
nomic factors across the supply chain at a relatively coarse 
geospatial scale (ten regions nationally), with the static 

feedstock availability and detailed geospatial granularity 
of the FTOT (i.e., county level for feedstocks and candidate 
hypothetical processors and specific address location for 
destinations and existing processors). For these analyses, 
we use the BSM to generate a broad set of scenarios across 
a range of combinations of supporting policies and initia-
tives. These scenarios provide upper and lower bounds for 
what is possible in the year 2030. The FTOT was then used 
to explore further the potential distribution of feedstocks 
in 2030 using its ‘snapshot’ approach to analyzing a single 
future year’s availability and transport to identify detailed 
geospatial patterns of transport and delivery.

For the scenarios analyzed here, input parameters for 
the specific elements of the supply chain were aligned to a 
reasonable extent, although there are differences in what 
was run based on the different questions the BSM and the 
FTOT were built to answer, from the macro (BSM) versus 
micro (FTOT) points of view. The overall scenario inputs 
are outlined in Table 1.

Techno-economic inputs provide an accounting of scale, 
costs, inputs, and yields associated with conversion tech-
nologies, and are taken from the literature. The mature 
industry (nth plant) techno-economic data for ATJ28 and 
HEFA29 were the same for both the BSM and FTOT sce-
nario runs, as was the FT product slate.30 However, in the 
BSM, the three technologies do not necessarily reach nth 

plant performance by 2030, and the three technologies 
begin the simulations with varying levels of initial matu-
rity. The HEFA and FT product slates were assumed to 
maximize total distillate fuel production (i.e., diesel and 
jet fuel) rather than jet fuel due to the larger size of the 
diesel market and likely higher value of maximizing total 
distillate production over a smaller total fuel production 
focused on AJF, as there are additional processing costs 
and losses associated with jet fuel production compared to 
diesel for FT and HEFA conversion processes.

In the FTOT, greenfield candidate locations were gen-
erated for all processes. Existing HEFA facilities were 
included as having zero capital cost. Existing ethanol facil-
ities were assumed to be potentially convertible into ATJ 
facilities with lower capital costs compared to a greenfield 
facility. The BSM captures only greenfield sites for biore-
finery construction but brownfield sites will be considered 
in future versions of the model.

The BSM simulations included more feedstocks than just 
wastes, but waste feedstocks are the first to be utilized. For 
the FTOT analyses, only waste feedstocks were included, 
as they were assumed to have the least potential for land 
use change while being the most readily available. Total 
waste feedstock availability for FOG, crop and forest 
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Table 1. Overarching parameters defining the scenarios analyzed using the BSM and FTOT modeling 
approaches.
Component BSM FTOT

Feedstocks Waste feedstocks (inedible tallow, poultry fat, greases, tall oil, 
urban residues, crop residues, forest residues), algae, corn, 
soy, herbaceous and woody energy crops

Waste feedstocks (inedible tallow, poultry and 
hog fat, crop residues, forest residues, MSW)

Feedstock to 
technology assignment

FOG and soy  HEFA
Crop residues and herbaceous energy crops  ATJ
Forest residues, woody energy crops, and urban residues  FT

FOG  HEFA
Crop residues  ATJ
MSW  FT
Forest residues  ATJ or FT (both analyzed)

Product slate Fixed maximum distillate production for HEFA and FT,  
maximum jet production for ATJ22-24

Fixed maximum distillate production for HEFA 
and FT, maximum jet production for ATJ22-24

Timeframe Timespan/range (2015–2045) Single year snapshot (2030)

Existing/under 
construction facilities

From Schwab et al.26 Existing HEFA facilities, existing ethanol facili-
ties for ATJ conversion

Number of facilities Annual growth limited by feedstock availability, investment risk, 
and economics maximum 25 per year due to labor and material 
constraints27

Limited only by feedstock availability, capital 
cost, and transport economics

Destinations Existing petroleum-based fuel distribution system Small, medium and large hub airports

Feedstock  
Transport Distance

Market dependent FOG: unlimited
lignocellulosics and MSW – 150 miles actual 
transport distance

Table 2. Factors that were varied for BSM simulations, including the baseline conditions and variations 
from the baseline, that were run in combination with all other factors’ variations.
Factor Baseline Variation 1 Variation 2

Production tax credit* Extension for first billion gallons of 
cumulative production ($1/gal for 
HEFA, ATJ, and FT)

No tax credit –

Loan guarantee* 65% loan guarantee available for 
first 250 million gallons of cumulative 
production (e.g., oil to hydrocarbon)

80% loan guarantee available 
for first 250 million gallons of 
cumulative production

No loan guarantee

RIN prices** $0.70/RIN $2/RIN –

CO2 tax No CO2 tax CO2 tax starts at $13/tonne and 
increases to $40/tonne by 2040.*** 

CO2 tax starts at $13/tonne and 
increases to $140/tonne by 2040.*** 

Offtake agreements**** Five Commercial Aviation Alternative 
Fuels Initiative (CAAFI) offtake 
agreements34

No offtake agreements Additional offtake agreements for 
ATJ

Oil prices Annual Energy Outlook (AEO)35  
reference case

AEO 2015 high oil price case –

*Policies are available to all pathways equally.
**Remains constant for the entire simulation. 
***Aligned with the World Energy Outlook.36

****Includes contracts with AltAir Biofuels, Fulcrum Bioenergy, and D’Arcinoff Group; assumes 100% of the contracted capacity will be 
delivered for the contract duration regardless of fuel price. These offtake agreements were current as of 2016 when this analysis was 
performed.

residues, and MSW for FTOT were estimated based on 
adaptations of existing historical data and future projec-
tions, as detailed in the supporting information. Available 
feedstock estimates were within the range of BSM feed-
stock utilization scenarios in 2030. In the FTOT, the 

amount of the projected available feedstock that is actu-
ally converted and delivered is determined by the optimal 
solution to minimize transportation scenario costs. 

For BSM scenarios, the AJF is assumed to enter the exist-
ing petroleum fuel infrastructure for transportation to 
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airports, and delivery to airports is not explicitly modeled. 
In contrast, the destinations for the geospatially explicit 
scenarios run in the FTOT were assumed to be small, 
medium, and large hub commercial airports, as defined 
by FAA, based on the current percentage of annual pas-
senger boardings.31 These were assigned demand from 
FAA’s Aviation Environmental Design Tool US inventory 
of fuel burn,32 adjusted to 2030, based on expected airport 
operations changes33 and then rounded to the nearest mil-
lion gallons. Total small, medium, and large hub jet fuel 
demand for these scenarios was 17.4 billion gallons.

The FTOT treats incentives implicitly as an opportunity 
cost within the constraint structure of the optimization. 
The absolute value is not specifically comparable to an 
existing incentive but changes in incentives can drive 
changes in cost-effective delivery, flow patterns, and emis-
sions. Incentives, investment scenarios, and other external 
influences (e.g., oil price) are explicitly included in the 
BSM modeling and are used to explore the different fac-
tors, in combination and isolation, which could be most 
influential in industry development. 

The BSM was used to explore what AJF production levels 
could be possible under different incentive, oil price, and 
investment scenarios over time to better understand (1) 
how soon and under what conditions the AJF market could 
reach 1 billion gallons of annual production, and (2) what 
quantities might reasonably be available by 2030. We did a 
factorial analysis in which each simulation run drew from 
a different mix of factors from a baseline, Variation 1 and 
Variation 2. This resulted in 288 combinations; however, 
only those presented in the results are shown in Table 2.

Although the ethanol industry is not a focus of this anal-
ysis, the starch ethanol industry continues to contribute to 
light duty (surface) vehicle fuel supply in the simulations 
presented here, and explicitly interacts with AJF produc-
tion in the model through the potential competition for 
land base.

Results

BSM analysis of reaching 1 billion gallons 
per year of alternative jet fuel

The trajectories of potential AJF production that resulted 
from over 275 BSM simulations are presented in Fig. 1. 
These results are not projections but rather exploratory 
and bounding scenarios. From these results, we chose an 
optimistically plausible baseline scenario (blue lines) as 
indicated in Table 3 and output in the top row of Fig. 2. 
This baseline was then compared against scenarios with 
more and less aggressive support through incentives and 
investment. Under this baseline assumption, 1 billion gal-
lons of AJF production per year are reached by 2042. We 
then investigated other representative scenarios that would 
incentivize 1 billion gallons of aviation biofuel per year to 
be reached within 5, 10, 15, and 20 years of simulated time 
(Fig. 2). 

By increasing loan guarantee rates, including a CO2 tax, 
elevating oil prices, or including a higher RIN price, 1 bil-
lion gallons per year could be met sooner. Even in the most 
aggressive case, 1 billion gallons per year was not reached 
until 2023, because of constraints on biorefinery construc-

Figure 1. The lines show annual AJF production from 2015 to 2045 for all BSM runs illustrating different factor variations. 
From left to right, the first panel differentiates RIN values of $0.70/RIN and $2/RIN; the second panel highlights different 
offtake agreement scenarios; the third panel differentiates trajectories based on AEO oil price projections; and the fourth 
panel highlights differences in support through loan guarantees and tax credits.
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tion. In the BSM, lags in developing bioenergy capacity 
come from the time required to develop technologies and 
build facilities. Once commercial facilities are in place, 
technology advances driven by the learning-by-doing 
effect37 push facility costs down over time, as more is 
learned about the technology when facilities approach nth 
plant maturity.38 In short, it takes time to build capacity 
and momentum toward large volumes of production.

The BSM outputs suggest that, without substantial 
changes in incentives, investment, or oil prices, the biofuel 
industry is unlikely to reach 1 billion gallons of annual 
AJF production by 2030. The BSM output for 2030 is high-
lighted in Fig. 3 and ranges from 200 million gallons to 

2.7 billion gallons of AJF, with around 38% of simulations 
reaching a billion gallons per year or more by 2030.

In these simulations, most of the fuel in the early market 
stages is supplied by HEFA, supplemented later by cellu-
lose-to-hydrocarbon pathways. The lowest cost feedstocks 
– FOG for HEFA and forest residues for cellulose to hydro-
carbons – are used first in these simulations.

FTOT geospatial analysis of AJF flows

Based on the 2030 feedstock projections and the associated 
process product slates, the total technical potential for AJF 
production can be estimated. This potential is based purely 

Table 3. Overall results of FTOT scenarios 1–7 by feedstock availability and technology match.
Scenario Feedstock 

technology match
Jet fuel 

technical 
potential (Bgal)

Incentive 
($/gal)

Feedstocks 
used

Number of 
biorefineries 
by process

Airports 
receiving 
delivery

Jet fuel 
delivered in 
2030 (B gal) 

1:  Low Feedstock/
low incentive/Match 1

Match 1: 
HEFA – FOG
ATJ – crop residues
FT – MSW and forest 
residues

1.47 0.65 Crop residues ATJ – 12 26 0.64

2: Low feedstock/mid 
incentive/Match 1

Match 1: 
HEFA – FOG
ATJ – crop residues
FT – MSW and forest 
residues

1.47 1.25 Waste FOG, 
crop residues

HEFA – 2
ATJ – 13

24 0.73

3: Low feedstock/high 
incentive/Match 1

Match 1: 
HEFA – FOG
ATJ – crop residues
FT – MSW and forest 
residues

1.47 2.50 Waste FOG, 
crop residues, 
MSW

HEFA – 2
ATJ – 14
FT – 5

29 0.92

4: Low feedstock/low 
incentive/Match 2

Match 2: 
HEFA – FOG
ATJ – crop and forest 
residues
FT – MSW

1.58 0.65 crop and forest 
residues

ATJ – 29 45 0.84 

5: Low feedstock/mid 
incentive/Match 2

Match 2: 
HEFA – FOG
ATJ – crop and forest 
residues
FT – MSW

1.58 1.25 Waste FOG, 
crop and forest 
residues

HEFA – 2
ATJ – 27

47  0.9

6: Low feedstock, high 
incentive/Match 2

Match 2: 
HEFA – FOG
ATJ – crop and forest 
residues
FT – MSW

1.58 2.50 All HEFA – 3
ATJ – 32 
FT – 2

51 1.0 

7: High feedstock, 
high incentive/Match 2

Match 2: 
HEFA – FOG
ATJ – crop and forest 
residues
FT – MSW

5.5 2.50 All HEFA – 4
ATJ – 72
FT – 9

119 4.8
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on nth plant conversion efficiencies and product slates, 
without constraints on economics, transportation, or 
other factors. In this modeling approach, seven scenarios 
were considered, which include high and low feedstock 
availability, to be converted by specific ASTM-qualified 

pathways (Table 3). The high and low feedstock availability 
scenarios could technically result in 1.6 and 5.5 billion 
gallons respectively by 2030 (Fig. 3). However, similarly 
to the BSM scenarios that show a range of fuel production 
from available feedstocks in a given scenario, the FTOT 

Figure 2. The top bar shows the baseline scenario reaching 1 billion gallons per year of AJF in 2042; increasing incentive and 
investment scenarios down the left-hand columns show the possible scenarios that would accelerate reaching 1 billion gal-
lons per year of AJF production by 5, 10, 15, or 20 years.

Figure 3. Zoom in of AJF production volumes in 2030 for BSM scenarios from Fig. 
1. Around 38% of BSM simulations showed annual production levels above 1 billion 
gallons per year by 2030. The FTOT technical potential and delivered fuel are super-
imposed on the BSM results. Scenarios 1–6 technical potential and delivered fuel 
amounts are well within the BSM range of outcomes. Scenario 7 (‘high feedstock 
availability’) technical potential and results are outside the range of BSM outcomes 
and were not analyzed further.
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scenarios do not utilize all the technical potential of the 
feedstock. The amount of feedstock that is converted into 
fuel in the FTOT scenarios depends on demand, transpor-
tation cost, and biorefinery capital costs. The total techni-
cal potential does not change if the incentives change, but 
the actual amount of feedstock flowed and converted, and 
the associated fuel produced and delivered in the scenario 
does. The technical potential, total AJF delivered, and 
number of airports receiving delivery are summarized in 
Table 3. As with the BSM, these are considered bounding 
scenarios rather than specific forecasts. The FTOT deliv-
ered amounts for Scenarios 1–6 are well within the range 
of results for 2030 from the BSM (Fig. 3). 

In Scenario 1 with low feedstock availability and low 
fuel incentive ($0.65/gal), 640 million gallons of lignocel-
lulosic jet fuel are produced. In contrast to the BSM, no 
HEFA was produced at this incentive level when other 
feedstocks and conversion options are available. Rather, 
the ATJ production in this scenario is dominated by crop 
residues converted with the ATJ pathway and is projected 
to be strongly concentrated in the Midwest (Fig. 4). Of 
the 26 airports that received delivery in this scenario, 23 
received the maximum allowable amount to meet current 
blend restrictions for ATJ fuels (30%), with the Chicago 
(O’Hare), Cincinnati, and Dallas Fort/Worth airports 
receiving lower percentages, principally because of their 
large demand. Total production addressed 3.5% of the 
total 2030 demand from the small, medium, and large 
hubs. The average total transport cost for the AJF (includ-
ing feedstock movements) was $0.69/gallon of delivered 
fuel. At a $1.25/gal incentive in Scenario 2, the delivered 
fuel increased 15% (from 0.64 to 0.73 B gal), with both 
ATJ and HEFA fuels addressing 4% of the demand, which 
was again concentrated in the Midwest. Here, the average 
transport cost increased to $0.84/gal. Increasing the incen-
tive to $2.50/gal (Scenario 3) increased the delivered fuel 
quantity by 25% (from 0.73 B gal to 0.92 B gal), expand-
ing production of HEFA and adding FT production from 
MSW. In the simulation, the fuel is delivered to 29 airports 
totaling 5.1% of demand, with an average transporta-
tion cost of $0.81/gal. Production was still predominantly 
located in the Midwest and Southeast because of the con-
centration of feedstocks and the distances required for 
lignocellulosic feedstock delivery but southern California 
also showed production at this incentive level (Fig. 4) with 
delivery to Orange County’s John Wayne Airport. On 
the east coast, Philadelphia airport and New York’s La 
Guardia Airport also received delivery. As with any desti-
nation where multiple airports are close together, nearby 
airports could receive delivery with a slightly higher trans-

Figure 4. Maps showing optimal routing from feedstock 
origin to biorefineries/processing locations and to airports 
in the scenarios favoring Fischer–Tropsch for MSW and 
forest residues. These scenarios show initial concentration 
of processing and delivery of AJF in the upper Midwest 
(Scenario 1), spreading across the east coast, with addi-
tional activity in southern California at higher incentive  
levels (Scenarios 2, 3).
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portation cost, which might be more likely to occur due 
to the size of the market or other factors. For example, in 
the cases of both Orange County and the Philadelphia/
New York airports, other nearby airports such as Los 
Angeles World Airports (LAX) or John F. International 
Kennedy and the Newark Liberty International Airport, 
respectively, would have very similar delivery costs to the 
selected airports and might provide additional logistical, 
market size, or other advantages that would shift delivery 

to those airports instead of the one selected in the FTOT 
model. In fact, LAX is currently receiving fuel from AltAir 
because of contracts between United Airlines, World Fuel 
Services, and AltAir.

In Scenarios 1–3, the feedstock-technology match 
(‘Match 1’) assigned crop residues to ATJ and forest resi-
dues and MSW to FT. Moderate capital costs (particularly 
for converting existing ethanol facilities to ATJ facilities) 
and higher process efficiency for jet fuel mean that ATJ 

Figure 5. Maps showing optimal routing from feedstock origin to biorefineries/processing locations and to airports in the sce-
narios favoring ATJ for both crop and forest residues, showing initial concentration of processing and delivery of AJF in the 
Midwest and Southeast (Scenario 4) and spreading across the east coast and westward progressively with higher incentive 
levels in Scenarios 5–7.
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is favored in the FTOT scenarios over FT. The FT fuels 
are only produced with a very high incentive ($2.50/gal) 
due to the high capital cost of conventional FT facilities. 
Emerging micro-FT technologies by Velocys and Fulcrum 
are not included in these scenarios because of a lack of 
public knowledge about their proprietary processes. To 
explore this further, we ran three additional scenarios 
in which both crop and forest residues were processed 
using ATJ and allowing only MSW to be processed by 
FT (‘Match 2’). In these scenarios (Fig. 5), Scenarios 4–6, 
many more ATJ facilities were built than in the compa-
rable Scenarios 1–3, using Match 1; in addition, more 
fuel was delivered in each scenario, although the average 
transport cost showed a slightly wider range but similar 
pattern ($0.66–0.87 per gallon). However, the geographic 
distribution changed, with forest residues in the Pacific 
Northwest being used, even in the lowest incentive case, 
and more feedstock being used in central California and 
in northern California in the $1.25 and $2.50/gal incen-
tive cases. Nevertheless, delivered fuel still totaled around 
1 billion gallons, which in the BSM modeling occurs in 
2030 only with high oil prices and/or high incentives and 
policy support. 

An additional scenario (Scenario 7) was run at high 
incentive ($2.50) with the high feedstock case, which 
showed utilization of all feedstocks, including 9 FT facili-
ties and 72 ATJ facilities, delivering nearly 5 billion gallons 
of fuel to 119 airports. This scenario is well beyond any 
of the production levels considered feasible by the BSM 
analysis. 

Based on optimization of the FTOT, fuel transportation 
costs, resulting CO2 emissions, and fuel burn are domi-
nated by transport over rail, with approximately 65–80% 
of vehicle miles being traveled by rail. Road was the second 
most common mode at around 5–13%. In these scenarios, 
81–87% of costs, CO2, and fuel burn were associated with 
feedstocks and 13–19% were associated with the move-
ment of jet fuel.

None of the optimal solutions in the FTOT scenarios 
included movement of AJF by pipeline. For HEFA jet fuels, 
this may reflect the fact that the processing facilities were 
nearly co-located with the end destinations and therefore 
no injection points for pipeline accommodated that spe-
cific movement. For ATJ fuels, most production occurred 
at existing ethanol facilities, which are located where 
feedstocks are available; because ethanol cannot be moved 
by pipeline, the availability of nearby pipeline has not 
been a consideration when siting those facilities, nor has 
additional pipeline been constructed to this point to serve 
those facilities. Furthermore, the scenarios only fulfilled 

about 5% of existing airport demand, which allowed most 
jet fuel to be delivered to airports close to their processing 
locations. Until higher production volumes push demand 
fulfillment to more distant airports, pipeline movements 
are unnecessary for the optimal solution, as transloading 
costs switch from modes that occur near the processing 
locations to pipeline. Should existing ethanol facilities 
become a nucleus for future ATJ investment, this spatial 
analysis suggests there may be an infrastructure gap for 
petroleum product pipelines and/or injection points near 
biorefinery locations that may need to be addressed to 
facilitate large-scale advanced alternative fuel production.

Discussion

The FTOT and BSM results presented here suggest that 
production and distribution of significant amounts of 
alternative jet fuel (AJF) are possible by 2030 given a suite 
of enabling conditions such as incentives and favorable 
investment conditions (e.g., loan guarantees or guaranteed 
offtake agreements). The results presented here are not 
forecasts but scenarios that can help to set boundaries on 
potential outcomes over time.

The results also suggest that capital costs (i.e., leverag-
ing of grayfield conversion opportunities) and technology 
maturation rates will significantly affect the proportion of 
future fuels produced by different pathways (FT, HEFA, or 
ATJ), and therefore the mix of feedstocks needed to sup-
port significant AJF production. The BSM results suggest 
that HEFA-based AJF is the most likely near-term alterna-
tive jet fuel because of the maturity of the technology and 
its low capital cost, even in the absence of new or enhanced 
incentives for AJF production such as increased RIN prices, 
greater loan guarantees, or even high oil prices. Other 
processes are likely to take time to deploy at a commercial 
scale. The realism of this result is reflected in the fact that, 
at the time of this analysis, the AltAir HEFA facility in 
Paramount, California, is the only existing commercial-
scale AJF producer in the USA, and this technology has 
been qualified under ASTM since 2011. As-yet unqualified 
technologies may experience shorter lags in deployment but 
we anticipate similar lags in recently qualified technologies. 

The AltAir facility was included as an existing facility 
in the FTOT scenarios but was not selected in the opti-
mal solution, given the geographic distribution of and 
cost of transporting waste FOG feedstocks. In the FTOT 
results, waste FOG are transported to optimal Midwestern 
biorefinery locations for HEFA production near airports 
to meet the minimum HEFA facility size. The potential 
for combining waste FOG with used cooking oil and 
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dedicated oilseed crops would diversify the optimal loca-
tions for the HEFA fuels in FTOT. 

Furthermore, there is a real-world geographic imbalance 
in the incentives across the country for all carbon-beneficial 
alternative jet fuels. For instance, the scenarios presented 
here do not incorporate diesel demand or associated incen-
tives, and so do not leverage the California Low Carbon 
Fuel Standard (LCFS) incentive. The incentive for diesel 
in California would likely shift the geographic patterns in 
FTOT scenarios toward the West Coast. Indeed, the cur-
rent AltAir facility is producing jet fuel commercially in 
California, largely on waste FOG, suggesting that such an 
incentive is relevant for biorefinery siting. Our results could 
change by enhancing representation of geographic varia-
tions in incentives within the model and including diesel 
production and demand in the geospatial analysis. 

As incentives in the BSM increase, greater deployment of 
FT fuels is predicted but ATJ fuels are not produced, even 
in the highest incentive cases, in the BSM. This result is 
driven by BSM assumptions about greenfield facility capital 
costs and the immature state of the technology. The FTOT 
scenario results favor ATJ over FT because it includes the 
option to convert existing ethanol to ATJ with lower capital 
cost than greenfield development and the higher assumed 
technology maturity. Furthermore, the assumed conver-
sion efficiency in FTOT is higher for ATJ than FT, which 
means more jet fuel is produced per unit of feedstock, lead-
ing FTOT to select ATJ when all other elements are equal. 
If the scenario included tracking of diesel to end destina-
tions, both existing incentives and the overall process effi-
ciency might drive the results more toward FT. Similarly, 
scenarios that incorporate both ATJ and higher blend lev-
els for ethanol in gasoline might change results.

The high feedstock availability case tested in FTOT 
resulted in AJF production and delivery well beyond any 
of the scenarios indicated as feasible by the BSM, suggest-
ing that non-FOG feedstock availability in 2030 is not 
likely to be the limiting factor in future AJF deployment. 
Rather, technology maturation, facility capital costs and 
development, and policy support are the likely constraints 
on AJF development. 

Conclusion

The BSM approach emphasizes a top-down, feedback-rich 
approach to representing the evolution of the supply chain 
for biofuels, whereas FTOT emphasizes geospatial network 
analysis, which yields a cost-minimizing configuration of 
AJF production facilities at a point in time based on feed-
stock availability and demand centers. Despite these dif-

ferences, both approaches suggest that between 200 mil-
lion and 1 billion gallons per year of production are pos-
sible in 2030. The BSM modeling of possible deployment 
trajectories from 2015 to 2045 suggests that up to 8 billion 
gallons may be available by 2045 depending on policies 
and incentives implemented.

In addition to the insights gained regarding future AJF 
deployment scenarios, the comparison presented here has 
enabled the BSM and FTOT modeling teams to identify 
opportunities for future model alignment and interactions 
to better understand future scenarios. The FTOT modeling 
has generally been using nth plant product slates and effi-
ciencies to explore scenarios with a goal of understanding 
a future, scaled-up bioenergy industry. The BSM modeling 
highlights the importance of learning, intermediate effi-
ciency, and product-slate scenarios for process maturation. 
With a new output of capital and operating costs and con-
version efficiency for facilities over a given scenario, BSM 
modeling could provide more nuanced inputs of these val-
ues for FTOT for a given target year. The FTOT analyses 
show that not all feedstocks are equal in their ability to be 
economically aggregated across the transportation net-
work. The BSM aggregates feedstocks for conversion at a 
coarse geospatial level, and it may omit differences in feed-
stocks that are important for FTOT results. Furthermore, 
because of its explicit focus on transportation networks, 
FTOT could help inform the BSM on potential transporta-
tion costs. Alternative scenarios for biomass utilization 
generated by BSM, such as partial allocation to different 
processes or diesel versus jet fuel competition, could be 
used in FTOT to provide a more nuanced view of feedstock 
markets and destinations. Further collaboration would lev-
erage the different perspectives and analytical frameworks 
of these tools to remove methodological blind spots while 
allowing insights into future industry trajectories.
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