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Introduction

Conclusions

 The Federal Aviation Administration (FAA) – supporting development of alternative jet fuels
(AJF) derived from biomass

 Military and commercial aviation sectors have set greenhouse gas (GHG) emission reduction
targets and are entering into contracts and offtake agreements with biofuel producers.

 Scale-up of new, stand-alone AJF technologies has been slower than anticipated. Petroleum
refineries supply transportation fuels and have distribution systems to airports in place

 Therefore, incorporating biomass-derived liquids (bio-liquids) into petroleum refineries can
make producing and blending alternative fuels more practical and incentivize petroleum
companies to invest in production of AJF and other biofuels.

Figure 1: Simple Petro-Refining Schematic

Figure 2: Bio-Liquids Entry Points 
Petrol-Refining Schematic

Advanced Biofuels Processing and Integration, National Advanced Biofuels Consortium
Integration Biomass Feeds into Refineries, http://www.nabcprojects.org/biofuels.html

Insertion Point 3: Blend Ready Bio-Based Jet Fuel Processing

Figure 9:FCC Schematic

Figure 10: Hydrotreating Schematic

Vegetable Oils and Pyrolysis Oils as Intermediates 

Figure 5: HEFA Figure 8: Catalytic Hydrothermolysis
Virent, ReadiJet

Figure 6: Direct Sugar to Hydrocarbon
Advanced Fermentation: Amyris

Figure 3: Bio-Liquid Processes
Certified or in Certification Process

Figure 4: Gasification-FT

Malina, R., Pearlson, M., Carter, N., Bredehoeft, M., Wollersheim, C., Hakan, O., Hileman, J., and Barrett, S., 
“HEFA and F-T jet fuel cost analysis,” Laboratory for Aviation and the Environment, MIT, LAE.MIT.EDU, November 27, 2012.

 Gasification following by Fischer-Tropsch synthesis has been fully developed and fuels fully certified. Bio-based sources are used
as well as solid fossil fuels such as coal.

 One of the fuels that made it through the approval process is Synthetic Paraffinic Kerosene (SPK) made by Fischer-Tropsch
synthesis (FTJ on Figure 3) (aka FT-SPK). An additional process has been developed to add aromatic compounds to the mix for jet
fuel and uses the acronym FT-SPK/A. The main difference between FT-SPK and FT-SPK/A is in the process.

 Figure 4 shows the steps of gasification processing through FT synthesis from solid organic materials. FT-SPK was certified in 2009
to be used in a 50% blend with traditional petroleum-derived jet fuel, and FT-SPK/A was certified in 2015 up to a 50% blend.

 The HEFA-SPK process has been developed for
commercial production around the world to
produce a drop-in jet fuel and diesel fuel in the
middle distillate range (aka Green Jet Fuel,
Green Diesel Fuel, and HRJ/HRD). Figure 5
shows process schematic and reaction
chemistry.

 Companies currently producing HEFA-SPK fuels
at commercial scales include Neste Oil in
Europe and Asia and Syntroleum with Tyson
Foods (Dynamic Fuels in Louisiana). Jet fuel
made from HEFA was certified for use in
aircraft in 2011 up to a 50% blend.

 In the first stage of the HEFA process, several
chemical reactions occur; hydrogen is initially
used to saturate carbon-carbon double bonds
in the triacyl glyceride. Additional hydrogen is
used in the second reaction, which removes
the propane backbone of the triacyl glyceride;
this leaves three free fatty acids per triacyl
glyceride molecule. In the final stage,
deoxygenation takes place using hydrogen,
where the oxygen leaves as water, or with
decarboxylation, where oxygen leaves as CO2.
The resulting product is alkyl hydrocarbon
chains. The alkyl chains are preserved during
hydrodeoxygenation (HDO), while the alkyl
chains are shortened during decarboxylation
(DCO).

 Pearlson, M. Wollersheim, C., and Hileman, J.,
Biofuels, Bioproducts, and Biorefining, 2013, 7,
89-96.

 Karatzos, S., McMillan, J., Saddler, J., “The
potential and challenges of drop-in biofuels,”
Task 39, IEA Bioenergy, July 2014, Report T39.

 In the current process for Alcohol-to-Jet-Fuel (AFJ, ATJ-SPK in CAAFI); main product is iso-butanol. Gevo developed a 
process to primarily produce iso-butanol due to genetic modification of yeasts. Process schematic shown in Figure 7.

 Iso-butanol can be used as a fuel itself, particularly for gasoline. However, the process developed specifically makes jet 
and diesel fuel. Once the iso-butanol is made, it is separated and dehydrated to produce olefins. Using oligomerization, 
hydrogenation, and distillation, a kerosene product is made containing C8-C16. 

 The alternative jet fuel produced from this process is known as AFJ-SPK. Certified for use in aircraft in April 2016, in a 
50% blend with petroleum-derived jet fuel.

 Drop-in jet fuel pathway developed by Amyris, a company in San Francisco, CA with plants in Brazil, and Total, the global energy company
operated out of France. Schematic is shown in Figure 6.

 Direct sugar to hydrocarbon (DSHC) method to produce a source of chemicals for jet fuel. Sugarcane is harvested and processed to produce
sugar. Glucose from sugar is fermented to ethanol and additional products – farnesene, acetic acid and glycerol. This process maximizes the
product farnesene, which is then hydrotreated to remove the double bond to produce farnesane; the structure of farnesane is a long chain
isoparaffin molecule, C15H32.

 Currently the production is ~1 million liters of farnesane for diesel, but the process also produces jet fuel (~90,000 liters).
 It has been tested in a blend as high as 50% with conventional petroleum-based jet fuel, but it has been used in a 10% blend when tested in

aircraft. The jet fuel was certified and approved for commercial production, and to be blended with jet fuel at 10%, in 2014. It is currently
known by the acronym HFS-SIP, which stands for Hydroprocessed Fermented Sugar-Synthesized Iso-Paraffins (AFJ in Figure 3).

Figure 7: Alcohol-to-Jet: Gevo

 Hydrothermal liquefaction (hydrothermolysis) is a process that utilizes water in the near
supercritical to supercritical range. Process schematic shown in Figure 8.

 Several companies have developed processes related to subcritical water processing on a wide
variety of biomass materials. For jet fuel processing, processes have been developed using
vegetable, algae, and animal oils. Virent and Applied Research Associates (ARA), along with
Battelle in Ohio, have produced ReadiJet Fuel (Renewable Aromatic Drop-In) using a pilot scale
facility. While the front end is different than the HEFA process, it has also been called the HEFA-
SKA process, as it has some aromatic material in it. Advantage of this process: process utilizes
water, so biomass does not need to be dewatered.

 They are in partnership with Chevron Lummus Global, particularly for the upgrading of the
biocrude. The benefit of their process is the production of a variety of compounds, including n-,
iso-, and cycloparaffins, aromatics, olefins, and organic acids. Sapphire Energy/ConocoPhillips and
PNNL have also developed catalytic hydrothermolysis processes, with interest in further processing
in refining facilities. The fuel from Virent is in the certification process.

 Conkle, H.N., Marcum, G.M., Griesenbrock, E.W., Edwards, E.W., Chauhan, S.P., Morris, Jr., R.W.,
Robota, H.J., Thomas, D.K., “Development of Surrogates of Alternative Liquid Fuels Generated from
Biomass,” http://wbi-icc.com/wp-content/uploads/2012/06/paper - development of surrogates of
alternative liquid fuels generated from biomass.pdf, accessed June 17, 2014

Insertion Point 2: Bio-liquid Intermediate in a Petroleum Refinery 

 Typical feed to FCC unit: heavy gas oils – unit breaks larger molecules into smaller components. Coke
deposited on catalyst, so constant regeneration as well as new added catalyst when needed.

 Figure 9 shows schematic of typical unit. Several feeds have been considered: Sapphire treated
microalgae bio-crude, microalgae oil, vegetable oils, and pyrolysis oils.

 Catalysts: Typical catalysts used in FCC: zeolites, such as H-Y and HZSM-5 (aluminosilicate catalysts with
various cations depending on the application or substrate).

 Study by PNNL on pyrolysis oils blended with petroleum feeds in FCC. Holladay, J., “Refinery Integration of
Renewable Feedstocks,” Presentation, CAAFI R&D, SOAP-Jet webinar series, November 14, 2014.

 Even low oxygen percentage feeds of pyrolysis oils caused significant shifts in yields. PNNL concluded that
pyrolysis oil feeds would need to be hydrotreated to reduce oxygen content to ≤ 11% - see results in Table 1.

 Hydrotreating schematic is shown Figure 10.
 Hydrotreating is highly utilized in petroleum refining. In a first stage, often sulfur and

nitrogen are removed using catalyst specifically for that – CoMo and NiMo metals on
carbon and silicon supports. Hydrogenation of double bonds and aromatic compounds is
incomplete with these catalysts, so a second stage is utilized using Pt and Pd supported
catalysts.

 Based on study by Chevron and BP, the maximum amount of 5% vegetable oil co-
processed with petroleum feeds because the water generated would cause problems for
catalysts commonly used in refining. Similar catalyst to removing sulfur and nitrogen can
be used for deoxygenation, but other potential catalysts include metal phosphides and
Pt/Nb2O5/SiO2 (Pd can be used as well) are being designed specifically to remove bio-
based oxygen components. A future review will discuss this in greater detail.

 Oxygen in pyrolysis oils deters use in a petroleum refinery. This is a pyrolysis process to produce a low oxygen oil, developed at the USDA.
Mullen, C.A., Boateng, A., and Goldberg, N., Energy Fuels, 2013, 27 (7), 3867–3874.

 Process deoxygenates the biomass pyrolysis product using gas recycling. The gases provided a reducing environment for the pyrolysis
process. Process schematic is shown in Figure 11.

 They have developed a portable processing unit that can be moved farm to farm in a particular geographic region.

 The reducing environment in the reactor provides gases that make a liquid product from pyrolysis that is much lower in oxygen than
traditional fast pyrolysis units; the liquid product still contains some oxygen content, so it may need to be further processed. The overall yield
is higher when using less product gas in the recycle, but the product oxygen content is higher.

 Table 2 shows the product properties of the oils with the lowest oxygen content compared to each other (pyrolysis oils from oak,
switchgrass, and pennycress) and to products made with only nitrogen and upgraded using a catalyst.

Table 1: PNNL Pyrolysis Oil Hydrotreating for FCC

Table 2: Comparison of Oils                   Figure 11: Tail Gas Reactive 
Pyrolysis (TGRP) USDA

 There are four processes that produce bio-jet fuel that have been qualified for use in aircraft: 1)
the jet fuel from the gasification and Fischer-Tropsch processing (Sasol), 2) the jet fuel from HEFA
processing (multiple companies), 3) production of farnesane produced directly from sugar
(Amyris), and 4) alcohol-to-jet fuel (iso-butanol produced and further processed to produce C12-C16

hydrocarbons, GEVO). Catalytic hydrothermolysis of microalgae is similar to HEFA processing and is
being tested for qualification (ARA, Sapphire). These are bio-products that can be blended in with
jet fuel feedstock and used as is. They would be blended directly with jet fuel (Insertion Point 3)
and only a portion of the bio-jet fuel is blended with petroleum-derived jet fuel (10-50%); the
amount of the bio-jet fuel blended depends on the process.

 There are several opportunities to incorporate bio-oils into various internal refinery processes,
primarily the FCC unit, hydrotreating units, and delayed cokers. There has been research on bio-
oils in the FCC unit and the hydrotreating units.

 Sapphire, PNNL, and several other researchers have tested microalgae bio-crude (hydrothermal
liquefaction), vegetable oils, and pyrolysis bio-crude in typical FCC units. The microalgae bio-crude
and vegetable oils are good candidates for processing in the FCC units. However, pyrolysis bio-
crudes most often must be hydrotreated to remove oxygen before introduction into the FCC unit.
PNNL found that bio-oils must have the oxygen content reduced to 11 % or lower before feeding
into the FCC unit, otherwise significant changes in product concentrations occur.

 One group from the USDA has produced low-oxygen, low viscosity liquids from pyrolysis of
biomass using recycle gases. They have been able to show a better quality liquid using a recycle gas
(70-90 % of gas feed) than with nitrogen alone. However, when using this pyrolysis process, the
yield of bio-oils decreases. The process is called tail gas reactive pyrolysis (TRRP)

 Some petroleum refining hydrotreating catalysts can be successfully used to deoxygenate bio-
fuels. Future work will include more in-depth review study on deoxygenation of bio-based liquids,
as functional groups in bio-based liquids may need to be removed using catalysts not well-known
in the petroleum industry.

 Figure 2. Three probable entry points
for bio-based liquids into a refinery

 Insertion point 1: least desirable
insertion point. Bio-based liquids
contain oxygen and olefins, and could
cause problems for jet fuel production
and quality, as many refineries produce
jet fuel directly from the crude unit.
These and any other contaminants
within the bio-crude would also be
spread throughout the refinery if
introduced here.

 Insertion point 3: more desirable
insertion point for bio-based liquids;
bio-based liquid must be converted to
a near-finished fuel. Component
blended must meet the ASTM
standards for fuel. In the case of jet
fuel, the product must also meet
certification standards as a blend.
Some renewable fuels can enhance
properties of fuel compared to
traditional petroleum-derived.

 Insertion point 2: more desirable
insertion point for bio-based
intermediates. Several refining
processes can be utilized to convert
the bio-based liquid into fuels.
Conversion processes will alter the
size, shape, and hydrogen content of
molecules; these include
hydrocrackers, fluid catalytic crackers
(FCC), and cokers. The main factors
that must be taken into account are 1)
bio-based liquids must not harm or
reduce the life of catalysts and
reactors, 2) product yield cannot be
reduced, and 3) product quality cannot
be compromised.

 Figure 3 shows a schematic of the
various bio-based AJF processes being
developed for AJF production. All of
these processes have been certified or
in the process of being certified. More
depth on each is shown on the poster.

Paris Air Show presentation, “Breaking the barriers with breakthrough jet fuel 
solutions,” Total/Amyris Renewable Aviation Fuel Joint Development Program,
Salon du Bourget, June 2013, 
http://www.alternativefuelsworldwide.com/presentations/TOTAL%20AMYRIS%
20presentation%20Paris%20Air%20Show%2020-25%20min_v2.pdf, accessed 
May 20, 2015.

Ryan, C., Munz, D., Bevers, G., “Gevo White Paper: Transportation 
Fuels: Renewable Solution,” May 2011, www.gevo.com, accessed 
May 21, 2015. 

http://www.alternativefuelsworldwide.com/presentations/TOTAL AMYRIS presentation Paris Air Show 20-25 min_v2.pdf
http://www.gevo.com
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Figure 1: Potential integration opportunities between 
DGCEM and AJF production technologies
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Figure 2: Minimum fuel selling price (MFSP) 
calculation by discounted cash flow analysis in 

a standardized method

Figure 3: Material balances of some of the standalone pathways studied

Alternative jet fuel (AJF) production technologies are receiving a lot of attention for their low environmental
impact [1]. But plant and biomass based AJF technologies face consistent challenges arising from the economic
point of view. High capital expenditure (CAPEX) and operational cost (OPEX) often add up to other
technological concerns such as feedstock quality variation, product yield, feedstock price etc. High costs of
AJFs hurdle for the commercialization of several of the exmerging AJF pathways. In the current scope of work,
we propose a number of integration strategies between AJF and existing dry grind corn ethanol mill to reduce
CAPEX, OPEX and consequently decrease the minimum selling price of biojet fuels. Following are the
technologies studied in this scope: Dry grind corn ethanol mill (DGCEM), Virent’s BioForming (VB), Direct sugar
hydrocarbon (DSHC), Alcohol to jet (ATJ), Fast Pyrolysis (FP) and Gasification & Fischer Tropsch (FT).

1. Hileman J., I., De la Rosa-Blanco E, Bonnefoy P., A., Carter N., A., ’The carbon dioxide challenge facing aviation’, Progress in Aerspace Sciences. Volume
63, Nov. 2013, 84-95

2. Jong, S, Hoefnagels, R., Faaij, A., Slade, R., Mawhood, R., Junginger, M., ‘The feasibility of short-term production stratefies for renewable jet fuels –
comprehensive techno-economic comparisons’, 2015, Biofuels, Bioproducts & Biorefining

3. Davis, R., Tao, L., Scarlata, C. et al, ‘Process Design and Economics for the Conversion of Lignocellulosic Biomass to Hydrocarbons: Dilute-
Acid and Enzymatic Deconstruction of Biomass to Sugars and Catalytic Conversion of Sugars to Hydrocarbons’, 2015, NREL

4. Atsonios, K., Kougioumtzis, M-A, Panopoulos, K., D., Kakaras, E., ‘Alternative thermochemical routes for aviation biofuels via alcohols synthesis: Process
modeling, techno-economic assessment and comparison’, 2011

5. Klein-Marcuschamer, D. et al, ‘Technoeconomic analysis of renewable aviation fuel from microalgae, Pongamia pinnata, and sugarcane’, 2013
6. Zhao, X., T. R. Brown, and W. E. Tyner, 2015, Stochastic techno-economic evaluation of cellulosic biofuel pathways: Bioresource Technology, v. 198, p.

755-763

Objectives
• Integration between DGCEM and VB,

DSHC and ATJ, FP and FT, one at a time
• Process and cost inputs are to be

standardized before integration

Table 1: List of standalone technologies that were studied  

• All of repurposing strategies are appeared to have the highest degree of reduction in
capital cost and minimum selling price.

• Product capacity, capital cost, discount rate and feedstock cost are the most sensitive
parameters in co-location strategies. For repurposing strategies, capital investments are
not quite sensitive.

Figure 2 show the methodology of carrying out a co-location
strategy between DGCEM and VB, DSHC and ATJ. All the
process data (cost, material and energy) are taken from the
literature which are standardized to specific set of values.

In co-location strategy [2], a separate entity
is installed inside or just outside the battery
limit to utilize part of the feedstock,
feedstock infrastructure or utilities of the
existing plant without altering the existing
production line. On the other hand,
repurposing strategies alter the existing
production to produce a new product.
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Technology Feedstock Product

Case 1_Corn Dry grind corn (DGC) Corn grain Ethanol

Case 1_A Virent's BioForming (VB) Corn stover Alternative jet

Case 1_B Alcohol to Jet (ATJ) Corn stover Alternative jet

Case 1_C Direct sugar to hydrocarbon (DSHC) Corn stover Alternative jet

Case 1_D Fast Pyrolysis Corn stover Alternative jet

Case 1_E Gasification & Fischer - Tropsch Corn stover Alternative jet

Co-location Reduction opportunity Designation

Case 2_X Waste stream utilization

Case 2_A1;

Case 2_A3; Case 2_B1;

Case 2_D1;

Case 2_E1

Case 2_X

Operating labor

Case 2_A2;

Case 2_B2;

Case 2_E2 

Utilities

Service facilities

Land

Buildings & Yard improvements

Repurpose Reduction opportunity Designation

Case 3_X

Operating labor

Case 3_B1;

Case 3_B2; 

Case 3_C1

Utilities

Service facilities

Land

Buildings & Yard improvements

Contingency

Table 2: List of co-located and repurposed strategies based 
on base cases  

Corn farm Dry grind corn ethanol processing

Water Steam Electricity Natural gas

Corn grain

0.3 million kg/day 120 MW/day 7219 million BTU/day3.7 million kg/day Ethanol 
0.36 million kg/day

DDGS 
0.31 million kg/day

CO2

0.34 million kg/day

Corn farm Virent’s BioForming process
Corn stover

Alternative jet
0.13 million gallon/day

Naphtha 
0.03 million gallon/day

Electricity
0.27 million kW/day

3.8 million kg/day
(make-up)

Water Steam Electricity 

850 MW/day5.6 million kg/day

Corn farm
Alcohol to JetCorn stover

Alternative jet 
0.12 million gallon/day

Ethanol Ethanol to Jet

Water Steam Electricity 

669 MW/day5.6 million kg/day
3.5 million kg/day

(make-up)

Corn farm
Direct Sugar HydrocarbonCorn stover

Alternative jet 
0.1 million gallon/day

Sugar stream from pretreatment Farnesene upgrading

Water Steam Electricity 

32 MW/day672 kg/day1200 million kg/day
(cooling)

Figure 3(A) represents the material flow in an existing corn ethanol plant
with an annual production capacity of 40 MM gal, established in 2006.
Figure 3(B-D) represents three different alternative jet fuel (AJF)
production pathways with different production capacities. The
methodology described in figure 2 are applied to each of the technologies
before any integration. Two types of integration strategies were applied in
this work looking for potential low cost scenarios. Applying percent
delivered method to estimate the capital cost (Table 4), we sought for
capital cost reduction opportunities in some of the following categories:

Single point sensitivity analyses were carried out on selected parameters
to see how the estimated MFSPs change with the change in those
parameters. All the parameter values are described in the table below.

Component Fraction Reduction New fraction
Total delivered equipment cost 100% 0% 100%
Buildings (including services) 29% 75% 7%
Yard improvements 12% 30% 8%
Service facilities (installed) 55% 40% 33%
Land (4-8% of TDEC) 6% 15% 5%

Table 5: Examples of cost reduction opportunities in capital cost
components including land (Virent_Case 2_A2)

Sensitivity analyses revealed
the MFSP sensitivity towards
some of the most significant
financial and market
parameters. MFSP was turned
out to be most sensitive to
product capacity across all of
the integration scenarios.

Type Concepts TPI (MM$) Lang Factor MFSP ($/gal)

Base Virent Base_Case 1 745 4.28 7.03

Co-location Corn & Virent_Case 2_A1 745 4.28 7.03

Co-location Corn & Virent_Case 2_A2 675 3.81 6.5

Co-location Corn & Virent_Case 2_A3 667 3.75 7.12

Base ATJ Base_Case 1 459 4.28 6.04

Co-location Corn & ATJ_Case 2_B1 459 4.28 6.04

Co-location Corn & ATJ_Case 2_B2 416 3.81 5.70

Repurpose Corn & ATJ_Case 3_B1 221 3.63 4.37

Repurpose Corn & ATJ_Case 3_B2 63 3.38 4.34

Base Fast Pyrolysis_Case 1 264 4.28 3.00

Co-location Corn & FP_Case 2_D1 264 4.28 3.00

Co-location Corn & FP_Case 2_D2 242 3.9 2.8

Base Gasification & FT_Case 1 720 4.28 6.27

Co-location Corn & Gasification_Case 2_E1 720 4.28 6.27

Co-location Corn & Gasification_Case 2_E2 660 3.86 5.78

Base DSHC Base_Case 1 300 4.28 6.81

Repurpose Corn & DSHC_Case 3_C1 252 3.38 5.55

Table7: Minimum fuel selling price for various co-location and repurposing strategies; 
Each of the strategies assumed a ramped product capacity of 40 MM gal per year

All the waste stream utilization strategies (A1, B1, C1, D1 & E1) used the corn stover from
the corn field, purchased at the gate price. The base cases assumed the same gate price
for their analyses. Therefore, the waste stream strategies did not result in any cost
reduction. All other integration strategies reduced the MFSP from the base case except
Corn & Virent_Case 2_A3 which had higher OPEX and lower co-product credit. The
reduction in MFSPs are not drastic for any of the co-located strategies but all of the
repurposing approaches have significantly lowered MFSPs due to their higher degree of
CAPEX reductions.

Figure 4: Example of sensitivity analyses (Corn & 
Virent_Case 2_A2). 

Parameters Equity
Discount 

rate

Federal 

tax

Startup 

revenue
FCI

Operating 

days
Plant life

Product capacity

(gal/year)

Feedstock cost 

($/ton)

Favorable 0% 5% 10% 80% 70% 300 30 60,000,000 50

Base case 50% 10% 17% 50% 100% 310 22 50,000,000 60

Unfavorable 100% 20% 35% 20% 130% 330 20 40,000,000 70

Table 6: All the sensitivity parameters are taken from the literature

Figure 5: Example of cash flow analysis (Virent_Case 2_A2)

Minimum Selling Prince (MFSP) is the final output of this
standardized model which utilizes a specific set of financial
assumptions (Table 3). After the initial standardization, each
concept - whether a standalone or an integrated, will provide
a purchased equipment cost. Lang factor (ratio of FCI to
purchased cost) will be used to derive the capital cost of our
study. This factor varies from one concept to another due to
the co-location and repurposing strategies. Other type of
costs are also scaled to the current year. Product capacity is
set to 40 million gallon per year and all the literature
capacities were scaled accordingly.

For our approach, we assumed a nth plant
design which means our integrated plants
are already assumed to be matured. We
acknowledge the lack of a pioneer plant
analysis which would bring different results.
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The main financial assumptions are shown in 
Table 3

Table 3: Main Financial assumptions6

1.06 million kg/day

2.2 million kg/day

2.2 million kg/day

2.2 million kg/day

References:

Parameters Assumptions

Year Of Cost Analysis 2015

Project life (years) 22

Construction time (years) 3

% spent in year 1 8

% spent in year 2 60

% spent in year 3 32

Startup period (year) 0.5

Startup variable expenses 75%

Startup fixed expenses 100%

Working capital (% of FCI) 15% 

Federal tax rate 16.5%

Loan term 10 year 8% APR

Depreciation
200% declining balance; 

MACRS; 7 year recovery period
Finance (Debt/equity) 50%/50%

A

B

C

D

Direct cost Fraction 
Total delivered equipment cost 100%
Purchased equipment installation 39%
Instrumentation and controls (installed) 26%
Piping installation 31%
Electrical systems (installed) 10%
Buildings (including services) 29%
Yard improvements 12%
Service facilities (installed) 55%
Total installed cost (TIC) 302%

Indirect costs
Engineering and supervision 32%
Construction expenses 34%
Legal expenses 4%
Contractor's fee 19%
Contingency 37%
Total indirect cost 126%

Fixed capital investment (FCI) 428%
Working capital (15% of total investment) 75%

Total project investment (TPI) 503%
Land (4-8% of TDEC) 6%

Table 4: Percent delivered 
equipment method

- Buildings and yard improvements
- Land
- Site development
- Service facilities (steam, electricity, 
water etc.)
- Contingency

Table 5 shows an example of such a
scenario. These cost reduction scopes
are reflected in the reduced Lang
factor for various scenarios (Table 6).
We also assumed a cost reduction
scenario in the intellectual properties,
in terms of the salaries.

We assumed 20% reduction in salaries because of the existing
management group of manager, supervisor and administrative officer in
the corn ethanol plant.
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The next three most significant sensitive parameters were discount rate (Internal rate of
return), Fixed capital investment (FCI) and feedstock cost for all of the scenarios.
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Cash Flow Analysis (Annual Present Value)
Figure 5 shows an example of
cash flow analysis of co-
located strategy (Corn &
Virent_Case 2 A2). In our
analyses, we evaluated the
project feasibility in terms of
MFSP at which point the
present worth of total
expenses become equal to
that of total sales.
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Summary

• Renewable jet fuels are 2-10 times 
more expensive than fossil jet fuel (de 
Jong et al. 2015)

• Farmers require about 50% more than 
the breakeven price to convert corn-
soybean fields to switchgrass

• PES for growing switchgrass present an 
opportunity to start to close this price 
gap

Conclusions and Next Steps

• The foundation for market-based 
strategies to reduce both high biomass 
feedstock costs and water quality 
challenges for the Chesapeake Bay 
Region

Next Steps
• Range of subsidy values 
• Targeted payments instead of uniform
• Conversion from other land uses such 

as marginal land
• Simulate conversion decisions across a 

landscape (such as the Chesapeake 
Bay watershed) using the estimated 
switching boundaries

• Link these simulated landscapes of 
switchgrass conversion to water quality 
models

Results and Discussion

Net Present Value vs. dynamically optimal conversion boundaries

a. No subsidies offered b. $100 per acre subsidy to grow
switchgrass

The real annual returns (Song et al. 2011) vs. the dynamically 
optimal conversion boundary 

Farmers must receive higher returns than the 
breakeven returns to convert to switchgrass.

A $100 subsidy to grow switchgrass lowers 
the returns needed to incentivize conversion 
to switchgrass by $113.

Due to risk, uncertainty, and the option value.

Motivation and Objectives 

How much do we have to pay 
farmers to convert corn-soybean 
fields to switchgrass?

• Switchgrass provides environmental benefits 
compared to corn-soybeans

• Can payments for ecosystem services (PES) help 
generate the necessary biomass supply & market 
demand?

Methods and Materials

Model Features
• Dynamic optimization
• Net present value (NPV)
• Random shocks
• Crop yields
• Uncertain returns (risk)
• Conversion costs
• Reversible conversion decisions
• PES: $100/acre PES to farmers who convert to 

switchgrass based on the price Maryland paid for 
planting a rye cover crop (Woodbury et al.)

Simulated in MATLAB
Extends Song et al. (2011)

PES to grow 
switchgrass

Real annual
returns for 

corn-
soybeans

Real annual
returns for 
switchgrass

Minimum return 
from switchgrass 
needed to convert 
from corn-soybean 

to switchgrass

$0 $230/acre $337/acre $512/acre
(or $10.22/GJ)

$100 $230/acre $337/acre $399/acre
(or $7.92/GJ)
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Project 1

Alternative Jet Fuel Supply Chain
Tropical Region Analysis

Summary

• Conduct literature review of candidate 
tropical biomass feedstocks for 
alternative jet fuel production.

• Conduct literature review of primary 
biomass conversion technologies for 
AJF using candidate tropical biomass 
feedstocks

• Survey GIS resources for the tropics
• Support Project 1 Team and Volpe 

Center analyses in the tropics
• Identify barriers to alternative jet fuel 

production in Hawaii

Results and DiscussionMotivation and Objectives 
Motivation
• Aircraft operate globally, requiring global supplies of alternative jet fuel

• The tropics account for ~36% of the world’s land and receives ~60% of 

the global solar insolation

• Tropics are home to unique biomass materials, production 

practices/systems, and temporal availabilities

Objectives
• Long-term -- Develop information on regional supply chains for use in 

creating scenarios of future alternative jet fuel production in tropical 

regions

• Near term -- Conduct literature reviews to develop database/annotated 

bibliography
• Tropical feedstock production

• Tropical feedstock processing and conversion

• GIS resources for the tropics

• Identify the key barriers in regional supply chains that must be 

overcome to produce significant quantifies of alternative jet fuel in the 

Hawaiian Islands and similar tropical regions

Methods and Materials

Conclusions and Next Steps

• Completed literature reviews of tropical biomass 
feedstocks and their performance in energy 
conversion systems relevant to alternative jet fuel 
production; manuscripts/publications in preparation

• Held stakeholder meetings to identify barriers to 
alternative jet fuel production in Hawaii (9/21/16); 
summary of findings is in preparation

Next steps: 
• Conduct preliminary assessments of technical 

potential for AJF production in Hawaii
• Evaluate candidate AJF supply chains in Hawaii
• Support Project 1 team supply chain analysis
• Support of Indonesian AJF supply initiatives
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Collect and Synthesize Literature On 
Conversion of Tropical Biomass Resources 

Lead investigator: S. Turn, University of Hawaii
Project manager: N. Brown, FAA

September 27-28, 2016

STAKEHOLDER
ENGAGEMENT
TO IDENTIFY

BARRIERS

Jet Fuel Use in 2015, 678.4 M Gallons

Thermo
Chem

Pretreat
Gasification

Fast 
Pyrolysis

HTL
Hydrolysis
Pretreat

Hydrolysis
Sugars

Other
Alcohol

HRJ/ 
HEFA

Eucalyptus na 2-3 2 1 1-2 1-2 0 -
Leucaena na 1 1 0 1 1 0 -
Rice Husks 2 2 2 1 1 1 0 -
Rice Straw 2 2 3 1 2 2 1 -
Bagasse na 3 2-3 1 2 2-3 1-2 -
Energycane 1 1 1 0 0 0 0 -
Banagrass 2 1 1 1 1 1 0 -
Sorghum 0 0 0 1 0 0 0 -
Sesbania 0 0 0 0 0 0 0 -
Glyricidia 0 0 0 0 0 0 0 -

Sugarcane - - - - - 3# - -

Jatropha - - - - - - - 1
Pongamia - - - - - - - 0*
Kamani - - - - - - - 0
Croton - - - - - - - 0
0 = no publications identified; 1 = preliminary research; 2 = extensive research; 3 = pilot or 
greater scale; na - not applicable
* Although no publication for production of hydrotreated Pongamia oils were identified there 
are numerous reports for production of FAME
# The production of alcohol via fermentation of sugar from sugarcane is a commercial process 

Summary of Feedstock x Conversion Technology Literature 

Current Petroleum Jet Fuel Use

Alternative Jet Fuel Value Chain 

(User, 106 gal, % of State Total)

Preliminary stakeholder input focused around risks associated with:
• land and water resource use 
• technology readiness 
• life cycle costs of biomass based systems 
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Summary
This project has shown that it is possible to 
produce enough pennycress feedstock to 
produce over 6 billion gallons of aviation 
fuel.  Using POLYSYS, the potential of a 
corn/pennycress/soybean rotation is 
modeled and allowed to compete with 
traditional cropping systems.  An analysis 
was conducted of runs from $0.05 to $0.50 
per pound,  Most of the potential is achieved 
at $0.20/pound. However, if the nation is to 
have 50% of the aviation fuel in alternative 
fuel, a single feedstock like pennycress will 
not meet the goal.

Results and Discussion

.   

Motivation and Objectives
The commercial aviation industry consumed over 16.2 billion gallons of jet 
fuel in 2014, accounting for approximately 25% of operating expenses 
(U.S. Department of Transportation BTS 2014). This quantity of fuel is 
expected to nearly double by 2030. The ASCENT 1 project team is 
evaluating regional supply chains that could be used for alternative jet fuel 
production including feedstock production, transportation, and fuel 
conversion. One pathway is through oil seed production and conversion. 
The team is identifying potential intermediate materials and co-products 
for each pathway to understand potential ways to aid in making 
biorefineries more economical.  One feedstock that has been identified is 
pennycress.  
Pennycress (Thlaspi Arvense) is commonly referred to as “stinkweed” or 
“French-weed” and found throughout the United States. It is 
predominately found in the northern states, especially in the northwest, 
and sparsely established in the southeast. Pennycress shares many 
genetic traits with Arabidopsis and it is estimated that 75-85% of the 
genome characteristics found in Arabidopsis are shared by Pennycress. 
Pennycress can reach 80cm or about 2.5 feet tall with a range of 1-2.5 
feet in height. 
Pennycress can be of the winter or summer annual type. Flowering occurs 
in the spring month of April and each flower results in a seed pod with an 
average of approximately 14 oil seeds. Seeds are small oval shaped with 
one rounded end and tapering to a point on the other end. This plant is a 
common agricultural weed that prefers disturbed lands, and the capacity 
to invade higher quality natural habitats is low (Hilty 2014).  Cold tolerant 
Pennycress can be grown between corn and soybeans with pennycress air 
seeded in September and harvested in late May.

The objective of this project is to determine the 
potential of using pennycress as a feedstock assuming a 
technology exists to convert pennycress to jet fuel. 

Methods and Materials

Conclusions and Next Steps
It appears that pennycress is a potential feedstock for 
aviation fuel.  The agronomic characteristics of the plant 
allow for it to be planted between corn and soybeans 
allowing for a farmer to get three crops over a two year 
period if they use a corn/pennycress/soybean rotation.  The 
cost will change as demand for pennycress oil increases.  In 
this project pennycress price is varied between $0.5 and 
$0.50 per pound.  Land does shift out of some crops and 
toward soybeans while corn acreage shifts are small in 
comparison.  Production is predominately in the western 
corn belt and great plains though some production does 
occur in the pacific north west.  

The next steps will involve analysis of other oil seed crops 
to evaluate their potential in developing an oil to aviation 
fuel market without impact   

Figure 1.Weather Impacts Yield Figure 2. Yield Variation

Methods and Materials
POLYSYS was run and compared to a Baseline.  County 
land use change was limited to 25% of the county could be 
planted in a corn/pennycress/soybean rotation.  The 
analysis was  simulated  for each year to 2039. at $0.05 
price increments of  between 0 and 0.50/pound.  The 
results presented here represent the production levels that 
occur at $0.50/pound.

Table 2. Average Planted acres (Mil Ac)

Crop
Without 

Pennycress

With 

PennyCress

%    Change

Corn 87.3 91.5 5

Grain Sorghum 5.9 5.3 -10

Oats 2.5 2.3 -11

Barley 3.0 2.7 -9

Wheat 52.1 43.4 -17

Soybeans 80.9 88.8 10

Cotton 9.9 8.1 -18

Rice 2.9 2.5 -12

Hay 56.8 56.5 0

Pennycress 0.0 NAb

Total All Crops 301.3
a Acres already included in corn acres as a double crop
b Not Applicable

Land use changes will occur when the production of one 
crop is incentivized with respect to others.  In this case, 
land switched an average over the period of analysis from 
cotton (-18%) wheat (-17%), rice (-12%), oats (-11%) 
and grain sorghum (10%) with the  
corn/pennycress/soybean acreage increasing 13% (Table 
1) resulting in a 5% increase in corn acreage and a 10% 
increase in soybean acreage. 

This change in acreage 
allowed a supply of 
Pennycress seed to be 
harvested on 25.8 million 
acres along with corn and 
soybeans. 

Prices also changed as 
production changed.  The 
average change in 
production and prices are 
shown in Figure

-20%

-10%

0%

10%

20%

30%

40%

Price Difference Production Difference

Figure 3. Change in prices 
and production as a result of 

pennycress

3.   For most crops an inverse relationship between 
price and production exists. Corns increase in 
production results in a decrease in price.  The same is 
true for soybeans.  

Location of the 
pennycress 
production occurs 
largely in the western 
Corn Belt and Great 
Plains  area (Figure 
4).

The above analysis was done 
when the pennycress price 
was set to $0.50 per pound.  
However,, one important 
aspect might be what 
happens as price is reduced. 
Figure 5 contains a supply 
curve moving from $0.05 to 
$0.50 per pound.  At five 
cents per pound, enough 
pennycress seed is harvested 
to produce over a billion 
gallons of aviation fuel.   

Figure 5. Pennycress 
Supply Curve

Figure 4. Location where 
Pennycress is Grown
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The CAAM Model does not replace the importance of biogeophysical measures in site-
selection modeling; biogeophysical measures are a necessary component of adequate 
site-selection.  However, the CAAM Model will provide an assessment of communities 
based on 4 key assets (see future developments), providing valuable knowledge to 
project planners on how to approach these communities based their CAAM Attributes.  
A community strong in each attribute is ideal, but communities vary on all four 
measures, and the CAAM Model is effective because it provides potential strategic 
recommendations for approaching communities that have the necessary 
biogeophysical assets, but do not perform strongly on all CAAM assets.  

For instance, if a community is high in social capital, but low in political capital 
(support for the project), stakeholders will need to educate the community on the 
project and attempt to garner support through public opportunities to provide 
comment and express concerns.  This information will be especially beneficial in the 
Midwest region which may have several communities less supportive of biofuels based 
on their past experiences with ethanol.  The CAAM model specifies which communities 
in this region will need further intervention to increase their support, and informs the 
strategies for that intervention. Projects that attempt development without taking 
action by providing education and comment opportunities will be unlikely to succeed.    

Additionally, a community that has high levels of bridging social capital is likely to be 
more accepting and trusting of outside actors developing projects within their 
communities.  However, a community with strong bonding social capital is likely to be 
suspicious of outside actors necessitating biofuel advocates to identify high-level 
community members to approach and garner support for the overall project.  Without 
garnering support from a respected, high-level individual within the community, it is 
unlikely the community will support potential development and implementation.     

Motivation and Objectives 
The Community Assets and Attribute Model (CAAM), derived from the Community Capitals Framework 
(CCF) (Emery and Flora 2006), helps asses community suitability for biofuel facilities through validated 
measures of three key social assets: social, human, and cultural capitals.  The CAAM model provides the 
first reliable, nationally available quantitative measures of these social assets to incorporate into decision-
making.  As such, it is a valuable tool for stakeholders when assessing community suitability for biofuel 
facilities.  In what follows, we describe the model more in-depth, summarize prior applications of the 
model, and discuss future applications and implications of the CAAM model.   

Methods and Materials

The CAAM Model is an extension of the Community Capitals Framework (CCF) that examines community 
assets which contribute to the success of community-level projects.   The capitals work together to cause 
a community to “spiral up” and achieve community goals.   The CAAM model provides measures of three 
hard-to-measure capitals that have been shown to impact a community’s responsiveness to 
implementation of highly complex technological projects.  Due to the difficulties of measuring these 
assets, they are often left out of important site-selection decisions, yet they are imperative to successful 
implementation of projects which affect communities.

Further Development of the CAAM

Figure 1: Community Capitals Framework (Emery and Flora 2006)

Through the combination of several national-level datasets, we developed quantitative measures of 
each social asset at the county level using the most complete indicators of each asset to date (See 
Table 1 below).  Using factor analysis we developed a single quantitative score for each asset that 
reflected county ranking on that particular capital.  To compare ranking among counties, we created 
regional benchmarks by calculating the average performance of counties within each Census Region.  
We argue that counties that rank higher than their regional average in each asset are more likely to 
be successful developing and implementing highly complex, technological projects.  

Table 2: Community Asset and Attribute Model (CAAM)

Past Applications
Since its development, the CAAM Model has been refined and utilized in the Pacific Northwest 
Region to identify communities with the necessary levels of social assets to be considered in 
site-selection decisions.  Case study analysis of various biofuel facilities in the Pacific 
Northwest helped refine measures and determine predictive capacity of the model in 
identifying successful and unsuccessful facilities in the region.  The refined model was recently 
applied in the Pacific Northwest to identify potential locations to develop a retro-fitted 
biorefinery.  The CAAM model was combined with site-specific biogeophysical measures to 
assess retro-fitting of pulp mill facilities in the Pacific Northwest.  After an initial ranking of 
facilities based on biogeophysical measures, the CAAM model assessed county-level 
performance on each asset and identified one facility site which out-performed the region on 
each key asset.  The combination of biogeophysical assets and the social assets measured by 
the CAAM model allowed for better assessment of the pulp-mills in question, and identification 
of one facility that is more likely to be successful in the retro-fitting process, and future 
implementation and support of a biorefinery.

Current and Future Application
Case study validation of the CAAM model in the Pacific Northwest illustrates its predictive 
capacity to explain and identify highly successful and unsuccessful biofuel related projects in 
the region.  While we do not argue that communities that under-perform in these assets 
should be ignored by key decision makers, initial development of economically viable and 
environmentally stable biofuel industries will depend on identifying areas that have the highest 
likelihood of supporting these facilities.  The CAAM model successfully identifies these potential 
communities, and predicts implementation success in those locations, increasing the likelihood 
of success for the overall supply chain.

Despite the model’s predictive capacity in the Pacific Northwest, it is important to note that 
high-levels of each of these assets do not guarantee success.  In particular, high-levels of 
social capital can contribute to failure in project development and implementation if 
communities are opposed to the proposed facility. The Pacific Northwest seems to have higher-
levels of support for biofuels than other regions, and assessing community support for the 
project is imperative when considering facility location.  Application of the model to other 
regions, particularly the Midwest, will be greatly impacted by past experiences with biofuels, 
and projects will likely meet with resistance to these facilities in many communities.  Regional 
application of the model requires biogeophysical assessment based on different feedstocks and 
processes, but in combination can still enhance the likelihood of implementation success. 

Strategic Application

While developing and validating the CAAM has taken place exclusively in the Pacific 
Northwest, efforts are currently underway to apply the CAAM to the Midwestern US and 
other regions and to refine the model to improve its accuracy and ability to predict 
successful biorefinery siting. Current efforts to further develop the CAAM include:

Ongoing 
Validation 

Efforts

• Further validating the model by including 
more in-depth case studies from areas in the 
Pacific Northwest and Mountain West

• Determining generally how the model can be 
made more effective (whether there are 
aspects of community capitals the model is 
not capturing), and identifying what specific 
assets of the community contributed to 
success or failure of biorefinery siting

Types of Social 
Capital

• Distinguishing between bridging and bonding 
social capital to provide clear guidelines to 
stakeholders for approaching communities. 

Addition of 
Political 
Capital

• Adding measurements for political capital 
(public support) that enhances the scope of 
and predictive accuracy of the model.
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Summary

While several AJF conversion pathways have demonstrated the potential to produce
advanced renewable jet fuel at commercial scale, certain technical and economic
barriers prevent their adoption at full scale. Numerous variables should be compared
between them to help identify unique and innovative opportunities to improve the
economics of a complete biorefinery and its supply chain.

Results and Discussion

The process models developed for independent conversion processes will allow us
to compare the production costs for multiple scenarios and integration options.
Industries examined for integration potential were selected to represent dominant
industries available to be leveraged in separate regions of the United States

Integration Opportunities Identified with the Alcohol-to-Jet 
Pathway:

Pulp Mill Integration Concept:

Motivation and Objectives

There are numerous processes, the product of both
academic and commercial research, which offer
possibilities for the conversion of renewable biomass
resources to sustainable alternative jet fuels. Each of
these strategies encounter certain barriers toward their
implementation on an industrial level. In this project, we
aim to compare strategies on an even level to provide
data for the evaluation of potential full scale
implementation as well as to identify opportunities to
enable whole biorefineries in the near-term. Leveraging
existing infrastructure from dominant industries in a
region by integrating alternative jet fuel production
reduces the risk of biorefinery investment. Value-added
co-products can also improve biorefinery economics by
provide additional revenue streams in non-fuel markets. It
is clear that innovative strategies for complete
biorefineries are necessary to overcome the economic and
technical barriers facing alternative jet fuel production.

Methods and Materials

This investigation is based on four subtasks:

•Collect a “database” of the key design cases and evaluate
the merits of individual technologies
•Identify opportunities for synergy between alternative jet
fuel strategies and existing infrastructure, forming
complete biorefinery concepts
•Examine intermediate streams and potential routes to
generate value-added co-products
•Conduct techno-economic analyses of alternative jet fuel
strategies to improve modeling of biorefinery and supply
chain economics

1. Although these conversion processes are demonstrated to be capable of
producing renewable jet fuel, none are economically viable as stand-
alone facilities in the current economic environment

2. The key economic barriers hindering alternative jet fuel implementation
are: high capital cost and risk, low product yield, and uncertainty of
markets and supply chains

3. Integration with existing industry can help alleviate these concerns by
reducing new process equipment, utilizing established supply chains,
eliminating need for greenfield facilities, and minimizing outside battery-
limits costs

4. Using other industries and opportunities such as co-product generation is
critical to the implementation of AJF strategies, particularly in the short-
term

Conversion
Process

Feedstock Hydrogen 
Required

Hydrocarbon 
Output Range

Energy 
Yield

Jet Fuel 
Mass 
Yield

Co-
products

Fisher-Tropsch + 
Aromatics

Forest
Residues

No Jet, Diesel
Naphtha

40% - 53% 16% - 17% Electricity

Pyrolysis Forest
Residues

Yes Jet, Diesel
Gasoline

55% 24% Char

Virent Bioforming Corn stover Yes Jet, Diesel
Naphtha

26% 22% Steam

Alcohol-to-Jet Sugars Yes Jet, Diesel 24% 26% Chemicals
Polymer 
Precursors

Direct Sugars to 
Hydrocarbons

Sugars Yes Jet, Diesel
Naphtha

50% 12% Chemicals
Polymer 
Precursors

Catalytic 
Hydrothermolysis

Renewable 
Oils

Yes Jet, Diesel
Gasoline
Liquid Propane 
Gas

70% 75% Chemicals
Polymer 
Precursors

Comparisons for Individual Conversion Processes:

The conversion pathways under investigation were chosen based on alternative fuels 
recently approved or under investigation by ASTM for commercial use.

Objectives:

•Evaluate technical and economic barriers to
implementation of individual technologies

•Identify unique opportunities to improve the
economics of complete biorefinery concepts

•Compare conversion alternatives for alternative
jet fuel production in different regions as part of a
supply chain

In this integration case, a modified kraft pulp mill is used to provide feedstock and
power to the ATJ process. A typical mill processing 200 air dry tons of wood chips per
day can generate approximately 68,000 gallons of jet fuel blendstock per day. The mill
also becomes a net energy producer, capable of selling excess energy to the grid or
using excess biomass and energy for the generation of other co-products.

Individual Technology Case: Mass Balances, Energy Requirements, 
and Capital Costs for the Alcohols-to-Jet Process

The Alcohol-to-Jet (ATJ)
Process is based around the
catalytic upgrading of
alcohols produced from
renewable sources such as
fermentation of corn sugars
or hydrolyzed cellulose. Both
conventional fermentation of
ethanol and more advanced
fermentation processes can
be used. Advanced
fermentation uses proprietary
genetically modified
organisms and technology to
produce higher-order
alcohols, potentially resulting
in higher yield and lower
costs.

Conclusions and Next Steps
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Summary Results and DiscussionMotivation and Objectives 

Methods and Materials Conclusions and Next Steps

• Long-term

– Balloted SAE ARP specifying standardized nvPM measurement methodology.
– Application of the standardized nvPM Measurement system to: 

• evaluate and characterize engine to engine variability
• develop international standard atmosphere (ISA) corrections for NVPM measurements.
• Assess fuel property correlations with nvPM emissions

– Develop a line-loss correction methodology using measured mass and number concentrations

• Near term

– Standardized sampling methodology performance evaluation:
• Continue laboratory and field studies building upon SAMPLE III.2, and A-PRIDE** 2,4 and 5 studies and 

VARIANT 1 & 2 and MANTRA
– Close coordination with and feedback from SAE E-31 committee 
– Common agreement on way forward
– Demonstrations and Inter-comparisons of AIR6241/Annex 16 appendix 7 compliant systems

• Demonstrations and inter-comparisons of North American mobile reference system at OEM 
facilities

• From all of these studies data is shared with E31 committee for systems evaluation purposes

• Why is the work being done?
 The FAA along with the EPA, NASA, Transport Canada, EASA, and FOCA has committed to 

underwrite studies, that address research needs that related to corrections for ambient 
conditions and fuel properties in order to establish a regulatory standard to nvPM number 
and mass-based emissions.

• What distinguishes the efforts from prior work in the area?

 This work is driven by the critical  needs toward standardizing  non-volatile PM measurement 
reporting for regulatory purposes.

 This work is based and builds on field studies conducted under PARTNER projects 29 and 37.

Validate

Deploy

Deployment and validation of an AIR 6241/ Annex 16 vol. 2 appendix 7 
compliant mobile reference non-volatile PM sampling and measurement 
system

System 
Demonstrations 
and Inter-comp

Thru 2014

A-PRIDE 4 
(Nov 2012)

Pratt and 
Whitney 
Canada 

(Apr 2013)

Williams 
International 
(May 2013)

A-PRIDE 5 
(Jul-Aug 

2013)

Pratt and 
Whitney 

(Mar 2014)

Honeywell 
(Jul-Aug 

2014)

System 
Demonstrations 
and Inter-comp

2015 and on

RR
(Mar 2015)

VARIANT 2
(Aug 2015)

Honeywell
(Dec 2015)

NASA
(Oct 2016)

GE Altitude 
Test Cell 

(Q4 2016)
GE

(Q4 2016)
P&W

(Q4 2016)

Schedule and Status NASA Combustor Rig Test 

• Main objective is to investigate the influence of combustor inlet pressure and 
temperature variations on nvPM emissions.

• Test will be conducted  in the CE-5 medium-pressure flame-tube at NASA Glenn   
October 2016.  

• This device utilizes lean-burn technology and is chosen to provide complementary 
data to that anticipated from the GE studies scheduled for Q4 2016.

• NASA will run in parallel a nv PM system (not  AIR6241/Appendix 7 compliant).

Interfaces and Communications
• External

– Briefings to SAE E-31 PM sub-committee at SAE E31 Annual Meeting in Toulouse 
July 2016

– Briefings at the AEC roadmap Meeting May 2016
– Paper presented at Cambridge Particle Meeting June 2016 
– Working with OEMs
– Working with NASA
– Working with regulators (FAA, EPA, TC, EASA and FOCA)

• Within ASCENT
– None to report at this time but expect significant interactions with other ASCENT 

projects and CLEEN based on the data collected to date and in the future.

• Summary statement
– Demonstrations, inter-comparisons and methodology validation for finalizing an 

Aerospace Recommended Practice (ARP) that is used for determining 
compliance with a new regulatory standard for aircraft engine nvPM

• Next steps?
– Continue close coordination with SAE E31
– Review data, correlate, and build upon current knowledge with other programs 

i.e. SAMPLE III, A-PRIDE, VARIANT and MANTRA
– Continue to Plan, prepare and execute engine demonstrations with OEMs

• Key challenges/barriers

– Engine testing schedule slippage 
– Complex interaction with multiple stakeholders

References and Presentations

• Phil Whitefield, Prem Lobo, Don Hagen (MST)
• Rick Miake-Lye, Zhenhong Yu (ARI)
• John Kinsey, Bob Giannelli (EPA)
• Robert Howard, Brandon Hoffman (AEDC)
• Greg Smallwood, Kevin Thomson (NRC)
• Mark Johnson, (Rolls Royce)
• Andrew Crayford (Cardiff University)
• Paul Williams (University of Manchester)
• Theo Rindlisbacher, Alice Suri (FOCA)
• Jing Wang, Benjamin Brem, Lukas Durdina (EMPA)
• Randy McKinney, Dave Liscinsky (P&W)
• Dave Christie, Rudy Dudebout (Honeywell)
• Gurhan Andac, Joe Zelina, Art Johnson, Frank Bachman (GEAE)
• Bruce Anderson, Derek Podboy, Jennifer Kettlinger (NASA)

Contributors

Summary

Publications:
Lobo, P., Condevaux, J., Yu, Z., Kuhlmann, J., Hagen, D.E., Miake-Lye, R.C., Whitefield, 
P.D., Raper, D.W., “Demonstration of a Regulatory Method for Aircraft Engine 
Nonvolatile PM Emissions Measurement with Conventional and Isoparaffinic Kerosene 
fuels”, Energy and Fuels (2016), DOI: 10.1021/acs.energyfuels.6b01581

Presentations at international meetings:

Four presentations were given based on the work funded through this project.

Authors: Whitefield, Hagen, and Lobo

Task 1 Ambient conditions corrections for nv 
PM

On-going

Task 2 (a) NARS Upgrade for gaseous 
emissions and smoke number

Completed
August 2016

Task 2 (b) NARS Upgrade to Canadian electrical 
standards 

Completed
September 2016

Task 3 nv PM measurements at RR Indianapolis Completed March
2015

Task 4 nv PM measurements at P&W Scheduled for Q4 
2016

Task 5 nv PM measurements at the VARIANT 2 
Campaign

Measurements 
completed, 
analysis ongoing

Task 6

Task 7

nv PM measurements at Honeywell

Engine to Engine Variability and Derivation 
of Characteristic nvPM Emissions.

Measurements 
completed, 
analysis completed

Ongoing awarded 
Sept 1 2016
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Project 03

Cardiovascular Disease & Aircraft 
Noise Exposure 

Lead investigator: J. Peters, Boston University SPH
Project manager: N. Sizov, FAA

September 27-28, 2016

Summary
• Obtained National Institute of Health 

(NIH) funding to continue multi-year 
study of aircraft noise exposure and 
cardiovascular health in the WHI.

• Obtaining noise data for 2000-2015.
o Operational data source: Enhanced 

Traffic Management System (ETMS) 
run through INM/AEDT

o Noise estimates out to DNL 45 dB.
o Noise estimates in multiple metrics.

• Assigning longitudinal aircraft noise 
exposure to geocoded addresses.

• Extending efforts to evaluate health 
effects of noise in the longitudinal 
Nurses’ Health Studies (women) 
and companion Health Professional 
Follow-up Study (men) cohorts. 
o Will address NHS/HPFS processes.
o Will assign noise exposure.
o Will develop survey questions on 

housing characteristics, noise 
perception and stress.

Key Barriers
• Historical modelling - spatially and 

temporally interpolating noise 
exposure particularly prior to 2000.

• Procedures/applications involved in 
working with the NHS/HPFS.

Results and Discussion
Completed procedural steps related to accessing 
WHI data for linkage with noise data:
• Obtained approval from BU and University of 

North Carolina Human Subjects Review Boards.
• Entered into Data Use Agreement with WHI.
Coordinated with FAA regarding noise data:
• Entered into Data Use Agreement.
• Linked ‘test’ noise data to find potential issues.
• Received ‘final’ noise data for:

o Years: 2000, 2005, 2010, 2015.
o Metrics: DNL, Leq Day, Leq Night, Leq. 

• WHI participants resided near 77 airports, 40 of 
which had at least 100 subjects within the DNL 45 
dB contour.

Motivation and Objectives
Motivation
• Studying health effects of aircraft noise is important 

in policy models, but limited U.S. studies exist.

Objectives
Long Term:
• Evaluate associations between aircraft noise and 

cardiovascular outcomes, in cross-section and over 
time.

• Estimate population attributable risk.

Short Term:
• Assign aircraft noise exposures over time to 

geocoded participant addresses.
• Develop models to investigate noise effects on 

cardiovascular outcome(s).
• Explore additional cohorts for analysis of the noise-

cardiovascular disease (CVD) relationship.

Methods and Materials
Leverage data from the Women’s Health Initiative 
(WHI) and other existing longitudinal cohorts. Key 
attributes:
• Large sample size and geographic distribution.
• Individual data on traditional CVD risk factors (e.g., age, 

smoking).
• Geocoded addresses over time.
• Systematically ascertained, physician-reviewed and 

adjudicated outcomes.
• Information on proximity to major roadways and air 

pollution exposure.

Assign noise exposure to geocoded address over time.
• Obtain noise levels in multiple metrics, out to DNL 45 dB.
• Interpolate noise estimates spatially and temporally

Develop survey questions on housing characteristics, 
noise perception and stress.

Conclusions
Outcomes
• Improved understanding of how populations are 

exposed to aircraft noise over time.
• Estimate of risks of cardiovascular outcomes 

associated with noise-related exposures among 
adults.

• Evidence regarding pathways by which aircraft 
noise can influence cardiovascular disease.

Practical applications
• Could improve ability to quantify (and monetize) 

health outcomes rather than just focusing on 
property value as the only approach for 
valuation.

Number of WHI participants within the DNL 
45 dB Contour (2000) by Region

Region A B C D Total

N 8592 8107 7811 7293 31,515
*masked WHI/census region (Northeast, South, Midwest, West)



Results and Discussion

Demonstrate Physics Based Modeling Advanced 
Vehicles:  BVI Noise Reduction Technology

• BVI noise most intense when tip vortex nearly parallel
• Blue Edge blades* make interaction more oblique

Blue Edge-like Blades Modeled on Bell 430

This work was funded by the US Federal Aviation Administration (FAA) Office of Environment and Energy as a part of ASCENT Project 38 under FAA Award 
Number: 13-C-AJFE-PSU-38. Any opinions, findings, and conclusions or recommendations expressed in this material are those of the authors and do not 
necessarily reflect the views of the FAA or other ASCENT Sponsors.

ASCENT 6

Rotorcraft Noise Abatement 
Operating Conditions Modeling

Lead investigator: Kenneth S. Brentner, 
Penn State University

Project manager: R. Riley, FAA

September 27-28, 2016

Summary

Approach

1. Couple and validate noise prediction system:
• flight simulation (HeloSim)
• rotor wake and airloads (CHARM)
• rotor noise (PSU-WOPWOP) 

2. Use noise prediction system to test and refine 
abatement procedures

3. Develop flight test plan to validate noise 
abatement procedures

4. Demonstrate noise prediction capabilities for 
notional advanced technology rotorcraft

Accomplishments

• Physics-based noise prediction system has 
been formed from previously existing tools

• Bell 430 noise predictions validated with 
flight test data

• Analysis of the impact of simple 
operational changes on noise has been 
performed: 
• altitude, speed
• descent angle
• climb angle

• Flight test plan/template developed
• Prediction of input data suitable for 

conversion and use within AEDT
• System demonstrated for advanced 

“notional” aircraft (see right column)

Motivation and Objectives 

Motivation

• Rotorcraft noise becoming an increasingly larger issue with general 
public
• HAI’s “Fly Neighborly Guide” helpful for community noise
• Since publication, new rotorcraft and operations have been 

developed
• Need for more detailed data and information about noise 

produced from the operation of rotorcraft
• Need for detailed and specific noise abatement procedures

• This project is to investigate noise abatement flight procedures of 
rotorcraft through modeling
• Physics based modeling of noise leveraging previous research 

performed for NASA and DoD
• Comprehensive modeling of the many sources of rotor noise
• Complete vehicle modeling during example flight procedures 
• Flyover
• Approach, departure
• Turn maneuvers, etc.

Objectives

• Develop rotorcraft noise abatement procedures
• Demonstrate the ability of physics based modeling to provide 

vehicle noise data for advanced technology vehicles 

Conclusions and Next Steps

• This project is complete
• In ASCENT Project 38 we are continuing to develop noise 

abatement procedures and examining several helicopters.

High-Fidelity 
Airloads

HeloSim

CHARM 
Rotor 

Module

PSU-WOPWOP

Noise Prediction System

• PSUHeloSim: flight simulation and pilot model
• CHARM Rotor Module: high-fidelity blade airloads and motion
• PSU-WOPWOP: noise prediction

Rectangular blades Blue Edge-like blades

Tip vortex
(red lines)

Flight direction)

Maximum A-weighted OASPL
Rectangular Blade: 107.7 dBA               Blue Edge-like Blade: 101.6 dBA

*Airbus Helicopters; technology developed by T. Brooks, NASA LaRC and European ERATO program.



– B-weighted SEL 
was the  least sensitive
metric to atmospheric 
turbulence

Results and Discussion

Task 7A:
– Inverse filtering affords ability
to force measurement signal
to look like an estimated signal

Project 7
Civil, supersonic over-flight, sonic boom 

(noise) standards development
Motivation and Objectives 

The Certification Task (7A) is evaluating:
– Applicability of single event metrics for certification
– Removing turbulence effects from measurements
– Location of microphones for certification measurements

The community impact Task (7B) is evaluating:
– Assessment of lower cost field noise monitors 
– Social media monitoring to observe community 

perceptions of noise field tests

Conclusions and Next Steps

This research is investigating certification standards, 
evaluating factors for noise impact standards, and methods 
to monitor community dynamics during tests of community 
acceptability of low boom signatures. These topics are 
designed to support CAEP/WG1/SSTG and NASA activities 
on sonic boom research.

Research Team
University Investigators: Kathleen Hodgdon, Victor Sparrow
ARL Walker Graduate Assistants Josh Palmer and William Doebler
ARL co-administered PSU SFS undergraduate student Mitch Gold
Advisory Committee Partners and Colleagues:
AERION: Jason Matisheck, Peter Strudza, et al.
Boeing:  Hao Shen, Bob Welge, et al.
Cessna:  Kelly Laflin, et al.
Gulfstream:  Robbie Cowart, Brian Cook, Joe Gavin, Matt Collmar, et al.
Lockheed Martin:  John Morgenstern, Tony Pilon, et al.
NASA:  Peter Coen, Kevin Shepherd, Alexandra Loubeau, Ed Haering, 
Larry Cliatt, et al.
Volpe: Juliet Page, Bob Samiljan
Wyle:  Kevin Bradley, Chris Hobbs, et al.

This work was funded by the US Federal Aviation Administration (FAA) Office of Environment and Energy as a part of ASCENT Project 7 under FAA Award Number: 13-C-AJFE-PSU. Any 
opinions, findings, and conclusions or recommendations expressed in this material are those of the authors and do not necessarily reflect the views of the FAA or other ASCENT Sponsors.

Lead investigator 7A: Vic Sparrow, Penn State
Lead investigator 7B: Kathy Hodgdon, Penn State ARL

Project manager: Sandy Liu, FAA
September 27-28, 2016

Task 7B: 
The findings will facilitate assessment of 
noise dose response measurements in 
support of future plans for US National 
community response testing using an 
experimental low-boom flight 
demonstrator as part of the NASA Quiet 
SuperSonic Technology Program. 

‒ Deturbing by Time Domain Averaging
• Cross-correlate then average many 

signals from a linear array

‒ Deturbing by Estimation and Convolution
• Estimate clean waveform; apply an 

inverse filter to ground measurement

Image from Locey Ph.D. Dissertation

Summary

Task 7A:
‒ Certification Metric Evaluation

• Insensitivity to turbulence may be a 
useful metric quality

• Compare metric value of supersonic 
signature before an after turbulizing
with Locey filters and calculate 
standard deviation

– Averaging ground signals  affords
ability to deturb symmetric waveforms

Task 7B:
Use low cost monitors and SMM to monitor low boom 
field test areas where noise monitors and formal 
respondents are not located and within test communities
– Pre-Test: Assess local attitudes for existing noise issue.
– Test Period: Assess community response and address 

concerns with a proactive press release.
– Post-Test: Use observations to enhance 

communications and outreach in future tests.

Methods and Materials
Task 7A:  
- Certification Metric Evaluation 

Utilizing L. Locey’s atmospheric filter functions
• Experimental N-waves from NASA’s FaINT experiment
• Simulated low-booms from Gulfstream 

- Removing Turbulence Effects
• Using ground measurements, an estimated signature, 

and mathematical convolutions
• Averaging ground measurements over a long linear 

microphone array (e.g. SCAMP) with constant aircraft 
cruise speed

Task 7B: 
– Noise monitors and social media monitoring (SMM) are
ongoing efforts to identify cost effective monitors to 
augment existing field monitors
– SMM is a soft sensor to observe community dynamics 

during a field test. A geographic based search of social 
media comments during a noise field tests may identify:
• Location of potential sound channel due to topography, 

urban canyons or environmental variability
• Community concerns related to the field test
• Intended for public domain information only and not 

viewed as formal response data

SMM of sonic boom event:
Snapshot of key term “boom”
on SMM for F-35 sonic boom 
New Jersey 1/28/16

Snapshot of hits on boom comments
Using freeware (limited) version of Echosec
(https://www.echosec.net/)

https://www.echosec.net/)
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Project 8 

Noise Outreach 
www.noisequest.psu.edu

Lead Investigator: Kathleen Hodgdon, Penn State ARL 
Project Manager: Bao Tong, FAA

September 27, 2016

Period: January to September 2016 

20,871 Global Sessions 

10,905 Sessions across the US 

Results

A  Global Resource for Aviation Noise Outreach

NoiseQuest enhances knowledge on aviation 
noise topics through information that is globally 

accessible to the general public.   

Motivation

Noise Mitigation Through Outreach and Education

NoiseQuest is a user friendly site created to  enhance 
airport and community relationships. It is designed to 
mitigate noise impact through aviation noise education.

Methods

 Majority of visitors use desktops
 Develop plan to implement device agnostic site 

• Investigate site implementation software options

• Redesign the site and its architecture 

• Redeploy site in a mobile friendly format

Next Steps

Enhance site to further engage the Public

Device agnostic site redesign

 Expand content 

• NextGen and Performance-Based Navigation 

• Supersonic research in support of NASA Quiet SuperSonic 

Technology (QueSST) Program 

Outreach Team

Outreach University Team Members
Penn State Applied Research Laboratory: Team Lead: Kathleen K. Hodgdon
Penn State Institute for Energy and the Environment: Maurie Caitlin Kelly
Penn State Earth and Environmental Systems Institute: Bernd Haupt

Outreach Advisory Committee Members
Gulfstream Aerospace Corporation: Robbie Cowart
Port of Portland Sr. Noise Analyst: Jason Schwartz
Volpe Transportation Systems Center: Eric Boeker, Juliet Page

10,905 Sessions in Jan – Sep 2016  shown by Region and City in U.S.

20,871 Sessions in Jan - Sep 2016 shown by Country and City

http://www.noisequest.psu.edu/spotlight-wspr.html

http://www.noisequest.psu.edu/aboutairports.html

Summary

Top 10 Pages in Jan thru Sep 2016

Page Title Page 
views

% Page 
views

NoiseQuest: Noise Basics 8,392 21.77%

NoiseQuest: Community Tools 7,825 20.30%

NoiseQuest: Noise Effects 6,860 17.80%

NoiseQuest: About Airports 4,701 12.20%

NoiseQuest Home 4,322 11.21%

NoiseQuest: Sources of Noise 4,266 11.07%

NoiseQuest: NQ Explorer 888 2.30%

NoiseQuest: Research 593 1.54%

NoiseQuest 331 0.86%

NoiseQuest: Spotlight 178 0.46%

Page Views by Device

Page Title Page views % Page views

NoiseQuest: Noise Basics

All Users 8,392 21.77%

Mobile Traffic 942 12.63%

Tablet and 

Desktop Traffic
7,450 23.97%

NoiseQuest: Community Tools

All Users 7,825 20.30%

Mobile Traffic 2,190 29.37%

Tablet and 

Desktop Traffic
5,635 18.13%

NoiseQuest: Noise Effects

All Users 6,860 17.80%

Mobile Traffic 1,216 16.31%

Tablet and 

Desktop Traffic
5,644 18.16%

NoiseQuest: About Airports

All Users 4,701 12.20%

Mobile Traffic 1,407 18.87%

Tablet and 

Desktop Traffic
3,294 10.60%

NoiseQuest Home

All Users 4,322 11.21%

Mobile Traffic 518 6.95%

Tablet and 

Desktop Traffic
3,804 12.24%

Full Site Redesign! 

City Sessions
Pages /

Session

Avg. Session

Duration

New York 369 (3.38%) 1.72 00:00:53

Washington 240 (2.20%) 2.60 00:01:44

Los Angeles 232 (2.13%) 2.19 00:01:04

Chicago 199 (1.82%) 2.07 00:01:41

(not set) 180 (1.65%) 1.91 00:01:42

Seattle 147 (1.35%) 2.33 00:01:39

San Antonio 137 (1.26%) 2.25 00:00:57

San Diego 134 (1.23%) 2.10 00:01:33

Dallas 122 (1.12%) 1.68 00:00:37

Phoenix 117 (1.07%)
2.15

00:02:26

Top 10 US Cities in Jan thru Sep 2016

Page Views by Devices
All Users 38,540  
Mobile Traffic 7,457 
Tablet and Desktop Traffic 31,083 

Usage by Device Type

Device 

Category
Sessions

% Total 

Users

New 

Users

% New 

Users

All Users 20,871 100% 18,278 100%

desktop 14,186 67.97% 12,423 67.97%

mobile 5,297 25.38% 4,680 25.60%

tablet 1,388 6.65% 1,175 6.43%

http://www.noisequest.psu.edu/spotlight-wspr.html
http://www.noisequest.psu.edu/aboutairports.html


Aircraft-Level Performance Model

• Aircraft-level model required to enable fleet-level analysis:
ØPerformance modeling (climb gradient, acceleration 

and deceleration profiles)
ØThrust requirements
ØFuel consumption
ØEmissions indices
ØNoise source characterization

• Two sources used for aircraft-level modeling:
ØEurocontrol Base of Aircraft Data (BADA 4): 

database for subset of in-service aircraft
ØMIT Transport Aircraft System Optimization 

(TASOPT) v2: physics-based performance modeling

Operational Fleet Model
• Integrates data sources about for current and future system 

structure:
ØFlight timetables
ØRoute networks
ØOrigin/destination demand
ØFleet mix

• Data sources vary depending on study objectives:
ØOfficial Airline Guide (OAG)
ØRadar Trajectories (ASDE-X, ETMS, PDARS)
ØFAA Aviation System Performance Metrics (ASPM)
ØForecast products (i.e. FAA Terminal Area Forecast)

Trajectory Generation
• Profile definition for latitude, longitude, and altitude can be 

based on generic pre-defined procedures or airport-specific 
data

ØGeneric profiles (for example, straight-in and 
straight-out arrivals and departures) can be pre-
calculated for each aircraft type at a variety of 
different weights.

ØAirport-specific data (such as radar tracks) can be 
used to identify representative trajectories through 
statistical clustering methods

• Thrust calculation uses a force balance kinematic approach 
illustrated below:

Integrated Impact Model
• System-level analysis requires integration of noise, fuel, 

and emission impacts, each of which has unique 
characteristics:

• Integrated impact model incorporates aircraft-level 
performance data and the operational fleet model 
appropriate for the problem:

Noise Analysis
• Due to the location-specific nature of aircraft noise, noise 

metrics must be calculated for a full observer grid

Ø Single-event noise level (SEL) grids pre-
calculated to cover the operational fleet model 
and trajectory set

Ø Rapid combination of SEL grids allows for 
calculation of integrated metrics (i.e. DNL and 
time-above thresholds)

• Noise grids may be generated with AEDT or ANOPP, 
depending on desired noise model fidelity

Fuel Burn and Emissions Analysis
• Fuel burn: flow rates are integrated for each flight as a 

function of altitude and thrust levels
• Emissions for each of the following species calculated 

using emissions indices (EI) as a function of thrust, fuel 
burn, altitude, and speed:

ØNOX, total hydrocarbons (HC), CO, total 
particulate matter (PM), SOX, CO2, H2O, total 
organic gases (TOG), non-methane hydrocarbons 
(NMHC), and volatile organic compounds (VOC)

Motivation

• Need for rapid environmental assessment capability to 
inform and support FAA policymaking and operational 
evaluation

• Current analysis techniques too slow for broad 
parametric analyses and do not enable analysis 
including future aircraft types

• Need robust and fast model to explore many potential 
policy scenarios
Ø Allows intelligent down-selection for higher fidelity 

modeling

FY2016 Objectives
• Develop rapid modeling architecture for environmental 

studies
• Integrate key environmental impact variables: 

1. Fuel burn
2. Emissions
3. Noise

• Apply architecture to single-airport reference problem

High-Level Analysis Architecture

Sample Problem: Aircraft Gauge Policy

• Single-airport sample problem selected to demonstrate full 
analysis architecture

• Question: What is the environmental impact of an average 
10% upgauge (increase in aircraft size/payload) at DCA?

• Aircraft gauge has important implications for network policies
Ø Airport passenger capacity
Ø Per-passenger environmental impact

• Upgauging may be driven by several factors:
Ø Existing industry trends and forces
Ø Environmental policy goals and regulations

Next Steps
- Complete noise analysis for DCA upgauge sample problem
- Extend integrated impact model to include fuel and emissions
- Identify additional single-airport sample problems to 

demonstrate versatility of analysis architecture 
- Identify system-level policy scenarios to demonstrate rapid 

analysis capability at multiple airports

ASCENT Project 11A: Development of Rapid Fleetwide
Environmental Assessment Capability
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MIT
ICAT

Noise Fuel & Emissions
• Location-specific problem

ØSpatial distribution of 
tracks

ØSchedule and timing
ØRunway configuration

• Requires segment-by-
segment analysis of a 
procedure
ØDetailed thrust and 

configuration

• Calculation methods based on 
emissions indices
ØEmissions calculated by species 

based on engine, altitude, 
speed, thrust level, and fuel flow

• Flight procedure definitions 
generated for noise calculation 
used as starting point for 
emissions

Clustered DCA Tracks Representative Trajectories

Example 737-800 10% 
Upgauge using TASOPT

Representative Fleet for DCA Sample 
Problem: Baseline and Upgauged
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Example Fleet Assignment to Representative 
Aircraft Type Set for 8/5/2016

DNL Noise Contours Calculated using A11 
Rapid Modeling Architecture
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Project 12

Aircraft Design and Performance 
Connectivity with AEDT 

Lead investigator: J. J. Alonso, Stanford University
Project manager: A. Jardines, FAA

April, 2016

Methods – Advanced Aircraft

A strut-braced aircraft was optimized by 
linking SUAVE with several other tools, 
such as NASTRAN and SU24.

Conclusions and Next Steps

We have create a link between AEDT and SUAVE and a 
variety of aircraft that may be used with that link. This 
demonstrates that future aircraft modeled in SUAVE can 
be represented in AEDT. Future work may include 
incorporating noise models or improving fits by using 
BADA 4 methods.

Motivation and Objectives 

AEDT relies on models of aircraft performance supplied to 
it by external aircraft modeling capabilities for the 
quantification of fuel burn, emissions, and noise at the 
source (the aircraft being considered), as well as the 
trajectories to be flown by said aircraft. This project 
consisted of three tasks. The first was to create an 
interface between AEDT and SUAVE1, which is an aircraft 
design tool under development at Stanford with external 
partners. The next was to create a database of AEDT 
aircraft that is representative of aircraft flying today (in all 
five aircraft classes and with specific models as needed) 
within SUAVE. Finally we were to demonstrate the 
capability of SUAVE to generate an advanced aircraft to 
show the potential value of creating the above interface.

Methods – SUAVE-AEDT Interface

The data needed for AEDT files (ASIFs), primarily 
performance coefficients, is generated by running SUAVE 
aircraft through missions as prescribed by BADA and ANP 
documentation2,3. Other BADA and ANP data is directly 
input as needed. BADA 3 is used here.
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ICAO Aircraft Class Aircraft chosen

Regional Jet CRJ900

Single Aisle B737-800

Small Twin Aisle B767-300ER

Large Twin Aisle B777-200ER

Very Large Aircraft B747-400

Methods – Aircraft Library

Standard aircraft libraries were generated in Python using 
publically available data including the Boeing airport 
planning guide5. This was done in SUAVE using SUAVE’s 
standard format.



2012-2015 Domestic Flight Analysis
Altitude Optimization Results

• Four altitude optimization profiles considered for each flight:

1. Continuous-Rate 
Cruise Climb

2. 1000 ft Step Climb
3. 2000 ft Step Climb 

(RVSM direction of flight)
4. Flexible 1000 ft Climbing 

and Descending Profile

• Data analysis performed on a representative set of days in 2012 
and 2015 (selected to represent days with and without common 
weather constraints in the NAS)

Speed Optimization Results
• Maximum Range Cruise (MRC) and Long Range Cruise (LRC:

faster speed with 99% of MRC efficiency) calculated for each flight 

Electronic Flight Bag Development
• Current in-flight information available to pilots may 

not be sufficient to evaluate options for speed and 
altitude selection

• An application for electronic flight bags has been 
developed to support pilot decision-making about 
speed and altitude in cruise
- Prototype developed for iOS operating system 

(architecture is OS-agnostic)

• Capabilities for an operational application depend 
on classification of EFB with respect to FSM data 
bus accessibility

EFB Evaluation
• An online scenario-based survey was developed to 

gain insight and input from pilots about the 
prototype EFB
- 8 survey scenarios were developed to have an 

ideal situationally-aware pilot action that 
maximizes efficiency and/or safety

- Scenarios were tested with and without access 
to the EFB decision support tool display

- Survey included pilot familiarization with EFB 
interface

• Survey distributed to a group of airline pilots for 
beta testing

• Further evaluation required for specific operational 
applications of prototype and later-stage decision-
support cockpit applications

Motivation
• Flying closer to optimal altitudes and speeds in cruise 

can reduce system fuel consumption without major 
technology changes

• Pilots, dispatchers, 
and air traffic 
controllers do not 
currently have access 
to all information and 
procedures required 
for improved cruise-
phase efficiency

Analysis Method

Data sources
Ø Flight Tracks

• FAA Enhanced Traffic Management System (US domestic radar 
tracks)

• IAGOS/MOZAIC In-Service Aircraft Tracking (long-haul flights, 
limited sample set)

• NavCanada/NATS Oceanic Tracking Records
Ø Weather

• NOAA North American Regional Reanalysis 
(US domestic weather)

• Global Forecast System (global weather)
Ø Weight Estimation

• Samples from 3 major US airlines (operational weight data)
Ø Aircraft Performance

• BADA 3.13 and BADA 4.1.3
• Lissys Piano-X

Early Arrivals Analysis
• Airline business considerations often justify flying faster 

than fuel-optimal speed in cruise
- Cost-optimal speed is normally computed by 

comparing time-based and fuel-based costs (“cost 
index”)

• For flights arriving ahead of schedule, there may be 
potential savings and operational benefits from reducing 
cruise speed

• An analysis was conducted to evaluate the speed-
based efficiency and savings potential for early arrivals 

• Ongoing work to determine potential operational 
applications of cruise speed optimization for flights 
projected to arrive early

Ongoing Work
• Continue outreach with specific airlines about analysis 

results and EFB development opportunities
• Expand outreach efforts to non-pilot stakeholders 

including dispatchers and ATC
• Continue evaluation of 2015 operations to determine 

drivers for off-optimal altitude and speed selection
- Weather effects
- Air traffic control constraints and opportunities
- Airline policy and procedures

Contact Information
R. John Hansman rjhans@mit.edu
Luke Jensen ljensen@mit.edu

ASCENT Project 15: Cruise Altitude and Speed Optimization
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Typical Cruise Efficiency Contour

Flight Tracks
lat/lon, altitude, time

Aircraft Fuel 
Burn Model

BADA
-or-

Lissys PianoX

Weight
Estimation

As-Flown Fuel 
Burn

Improved Fuel 
Burn

(from changed 
speed/alt)

CASO 
Benefits

Baseline (As-Flown) Trajectory

Weather 
Correction
Wind/Temp

Speed/
Altitude 

Optimizer

Modified Trajectory
(Speed/Altitude)

2012 2015
Cr. 

Climb
1K Step 2K Step Flex Cr. 

Climb*
1K Step 2K Step Flex*

Sample Size 216,923 216,928 203,563 214,269 -- 131,651 113,408 --

Mean (%) 1.87% 1.90% 1.69% 1.93% -- 0.88% 0.67% --

Mean (lbs) 102 lbs 104 lbs 98 lbs 107 lbs -- 90 lbs 79 lbs --

Median 0.87% 0.91% 0.76% 0.95% -- 0.42% 0.27% --

3rd Quartile 2.30% 2.35% 2.13% 2.38% -- 1.08% 0.85% --

Average Flight 
Time Increase (s)

13 s 13 s 14 s 9 s -- 15 s 15 s --

*Cruise climb and flexible VNAV climb profiles not yet calculated for 2015 operations

2012 (n=216,930) 2015 (n=224,228)
MRC LRC MRC LRC

Mean (%) 1.93% 0.93% 1.86% 0.85%

Mean (lbs) 105 lbs 51 lbs 111 lbs 51 lbs

Median 1.24% 0.39% 0.91% 0.24%

3rd Quartile 2.83% 1.82% 2.26% 1.14%

Average Flight Time Increase (s) 152 s -3 s 165 s 4 s

2012 Step Climb Efficiency by Airline 2015 Step Climb Efficiency by Airline

2012 MRC Speed Efficiency by Airline 2015 MRC Speed Efficiency by Airline

Prototype Decision Support Tool Interface Fuel Saving Potential vs. Arrival Delay 
(Upper-right quadrant shows arrivals that arrived early with fuel saving potential)

MIT
ICAT



Results and Discussion 
 

§  Currently focused on CLT site adaptation, 
given complex ramp area dynamics. 

  

§  Developing and validating fast-time 
simulations of CLT operations for 
algorithm design and departure metering 
benefits assessment.  
§  Develop mapping between target spot 

times and target pushback times. 

Prior Work 
 

§  “N-Control”: Demonstrated development 
and operational use of technologically 
“l ight-weight” departure metering 
solution at Boston (BOS). 
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§  Developed framework to adapt for other airports & 
applied to LaGuardia (LGA), Philadelphia (PHL) & CLT. 

 

Current Work 

§  Adapting approach to be compliant with S-CDM 
ConOps to be used in TFDM deployment platform. 
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Departure Metering
Algorithm

(Inputs/ data-elements)

(Predictions)

(Outputs)

(Outcomes)(Parameters)

Departures (minutes)
Runway configuration
North-flow South-flow

Avg. gate to spot time 10.2 11.9
Avg. spot to takeoff time 11.0 8.0
Avg. total taxi-out time 21.2 19.9

Arrivals (minutes)
Runway configuration
North-flow South-flow

Avg. runway to spot time 4.4 5.2
Avg. spot to gate time 5.8 6.2
Avg. total taxi-in time 10.2 11.4

Project 16 
Investigation and Support of Integration of  

Departure Metering Concepts into Surface Capabilities 

Motivation and Objectives  
 

§  Motivation 
§  Surface congestion leads to increased taxi 

times, fuel burn, and emissions. 
§  Potential to mitigate adverse impacts 

through surface congestion management. 

§  Objectives 
§  Support integration of departure metering 

into surface management capabilities. 
§  Demonstrate potential benefits through 

validated fast-time simulations. 
§  Investigate synergies with Surface 

Collaborative Decision Making (S-CDM), 
advanced surface automation (e.g., FAA 
Terminal Flight Data Manager (TFDM), 
NASA ATM Technology Demonstrator 
(ATD-2)) and RTCA Surface NextGen 
Integrated Working Group goals. 

 

Conclusions and Next Steps 
 

§  Practical outcomes: 
§  Support of departure metering in S-CDM, 

TFDM, ATD-2, RTCA. 
§  Evaluate impact of uncertainty in 

availability and accuracy of various data 
elements (e.g., EOBTs, arrival demand, 
gate assignments, etc.). 

§  Airport characterization for adaptation of 
departure metering algorithms. 



Results

A preliminary estimate of global direct aviation induced cloudiness radiative forcing by the

CERM model is 47 mW/m2. This is in line with (but higher) than the mean estimate of

cloudiness impacts from previous assessments, and is 1.6x greater than the current

estimate of radiative forcing from aviation CO2.

In addition, local radiative forcing can approach the order of 1 W/m2, particularly over the

eastern United States and western Europe. Contrail impacts remain mostly negligible in

the southern hemisphere. There is significant uncertainty in the direct and indirect impact

of contrails, and quantifying this uncertainty is an area of future work.

APMT-Impacts Climate has been comprehensively compared to the US Government

Interagency Working Group Social Cost of Carbon (IAWG SCC) climate monetization

methodology. Notably, however, the IAWG SCC method does not monetize aviation short-

lived climate forcers, which may have a significant, policy-relevant impact.

This work was funded by the US Federal Aviation Administration (FAA) Office of Environment and Energy as a part of ASCENT Project 21. Any opinions, findings, and conclusions or recommendations expressed in 
this material are those of the authors and do not necessarily reflect the views of the FAA or other ASCENT Sponsors.

ASCENT 21
Improving Climate Policy Analysis Tools 

Lead investigator: S. Barrett 
Massachusetts Institute of Technology

Project manager: D. Jacob, FAA
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Summary

Aviation’s impact on the climate is complex and growing. Tools are

needed to both understand the physical and chemical mechanisms of

climate change and to assess the environmental impact of

technological, operational, and policy changes to the commercial

aviation sector.

This project aims to develop two tools: a global version of a

parameterized 3D contrail and contrail cirrus model and a reduced-order

climate model for policy assessment.

In addition to CO2, aircraft emit water vapor, NOX, sulfur, black carbon,

and other short-lived climate forcers and climate-forcer precursors. The

cumulative impact of these forcers may be of equal importance to

carbon emissions for near-term warming.

The radiative forcing of contrail and contrail cirrus is especially

uncertain. To improve the understanding contrail and contrail cirrus to

better inform policy decisions, global models are needed that integrate

meteorology, aircraft operations, radiative transfer, and complex local

chemistry and physics. Comprehensive comparisons between satellite

observations and model simulations can be used to validate these

models.

Motivation and Objectives 

Aviation emissions contribute to global climate change by affecting the radiative balance of the

earth’s atmosphere. While aircraft emit about 2% of anthropogenic carbon dioixide (CO2), other

short-lived climate forcers from aviation such as sulfates, water vapor, and nitrates also impact the

energy balance of the earth. Contrails and aviation induced cirrus cloudiness may be the most

significant short-lived climate forcers but are also among the most uncertain.

Global airline traffic is forecasted to grow at 5% while emissions from other sources are expected

to decrease; thus, aviation’s contribution to climate change is expected to grow both absolutely

and relatively. Concurrently, industry, governments, and international organizations have set

ambitious targets for reducing or mitigating aviation’s environmental impact

Following this overall objective, the goals of this project are (1) to continue the development of a

rapid reduced-order climate model for policy analysis consistent with the latest literature and

scientific understanding and (2) contribute to the development and use of a more complex models

appropriate at finer spatial and temporal scales, with a focus on contrail model development.

This project looks to develop, test, validate, and eventually utilize scientifically justified policy-

relevant tools that are needed to assess domestic and international operational, technological, and

environmental policies and goals.

Conclusions and Next Steps

Aviation’s impact on the climate is significant, complex, and uncertain. Continued improved 

understanding of the climate effects of aviation induced cloudiness and contrail cirrus are 

necessary for informing policy decision-making. Fast, reliable, and appropriate models are 

needed to assess technological, operational, and policy decisions that impact the environment.

Next steps include:

• Comparison of modeled contrail coverage with NASA satellite data 

• Projections of future contrail impacts considering changes in global demand for air 

transport and future fleet

• Continued development of aviation and the environment policy assessment tools.

Contributors: P. Wolfe, L. Wong, R. Speth, S. Barrett
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Methods and Materials

APMT-Impacts Climate, a reduced-order integrated climate model for aviation, is part of the

Aviation Environmental Portfolio Management Tools Suite and is used in environmental

assessment and policy analysis, often in a Cost Benefit Assessment context.

Current contrail and contrail-cirrus radiative forcing assessment is associated with low confidence

(IPCC 2013). Contrail Evolution and Radiation Model (CERM) is a parameterized 3D model

to simulate contrails and contrail cirrus. We have developed a global version of the model from

the initial North American domain to support future assessments of uncertainty in contrail and

contrail cirrus radiative forcing and associated climate impacts.

CERM N.A. Domain CERM Global Domain
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Ø All missing components (stratospheric water vapor, indirect aerosols and 
nitrates) should be included in APMT. 

Ø The future model improvements should be focused on the non-linearity 
in APMT to be better used for policy analyses. 

The Next Steps include:
Ø Evaluation of the v24 of APMT-I Climate (which will include stratospheric 

water vapor and nitrates)

Ø Evaluation of Regional Temperature Potential from CICERO

Ø The temperature change induced by 2050 impulse emission is 
significantly different when using the 2006 and 2050 reference RFs. 
The averaged total temperature change from all forcings is 0.0117K and 
0.0098K respectively, which has a difference exceeding 19% (Figure 1).  

Ø The 2050 climate cost calculated in APMT is 17% greater when using 
the 2006 RFs as reference to linearly scale 2050 RFs from emissions 
rather than using the 2050 actual simulated RFs in ACCRI which are 
treated non-linearly (Figure 2).

Ø Main non-linearity is indicated by H2O, Soot, Contrails [Table 2] and 
long-term effects since they strongly depend on the background 
atmosphere. Thus, the main model improvement should be on the 
treatment of long-term effects and effects that are dependent on the 
background atmosphere.  Results and Discussion

Conclusions and Next Steps

11.7

Table 1. 2050 RFs calculated from APMT

Figure 1. Temperature change due to aviation impacts (aviation impulse)

Motivation and Objectives 
Ø Help the FAA and MIT to further advance the capabilities of the APMT 

model, which is useful to the FAA, to ICAO, and to the aviation industry.

Ø The assessment on the impacts of aviation on climate usually relies on 
computationally expensive chemistry-climate models. However, for 
aviation policy analyses, a wide range of different scenarios need to be
evaluated, making the development of simple models like APMT very 
useful.

Ø The long-term objective of this project is to enhance the overall 
understanding of aviation impacts on climate and the evaluation of the 
capabilities and limitations of the simple models (e.g., APMT). 

Methods and Approach
Ø Through the use of the results from multiple complex models and analysis 

in ACCRI, aviation-induced effects calculated in APMT were compared to 
the results from ACCRI. Some components (stratospheric water vapor, 
indirect aerosols and nitrates) , which are included in ACCRI, are missing 
in APMT.

Ø The impact that non-linearity has on the calculation of aviation-induced 
effects in the background atmosphere was explored by calculating the 
APMT 2050 RF using reference year RF from the years 2006 (ACCRI) and 
2050 (ACCRI). 

Figure 1. (b) Using 2050 Reference RFs

9.8

Figure 1. (a) Using 2006 Reference RFs

Table 2. Exploring the non-linearity of short-
lived forcings in the background atmosphere 

Figure 2. Calculated 2050 climate cost

Ø This recent project using v23 of the APMT-I climate was successfully 
implemented at UIUC and a representative case was generated.

Ø The components that are not represented in APMT (stratospheric water 
vapor, indirect aerosols and nitrates) have a significant effect on the 
model estimate of the overall aviation-induced RF and as such have to be 
included in the model.

Ø The 2050 RFs calculated in the APMT model, using different reference 
RFs, are taken as inputs to explore the impact of non-linearity in the 
background environment on the sea surface temperature change and 
climate cost induced by the aviation emissions [Table 1].
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Recent Measurements Results and Discussion

Fuel studies were performed in both a shock tube and 
flow reactor at low pressures. 

In the shock tube, ignition delay times (IDT) and C2H4

speciation data were measured for blends of A2 and C1 
fuels during oxidation and pyrolysis.

In flow reactor experiments, extensive species 
measurements using GC sampling were performed for 
blends of A2 and C1 fuels during partial oxidation.

Simulations of these data show that the HyChem model 
developed by Prof. Hai Wang in Area #2 (based on high 
pressure pyrolysis target data) provides good agreement 
with low pressure measurements for blended A2 & C1 
fuels.

.   

Motivation and Objectives 

Experiments provide an extensive fundamental 
kinetics database for selected jet fuels.  These data are 
used as critical input for Area #2 that seeks to develop a 
new hybrid and detailed kinetics model for jet fuels.

These experiments continue to reveal the sensitivity of 
combustion properties to variations in fuel composition 
for ultimate use in simplifying the alternative fuel 
certification process. 

The data provided will also ensure that the 
combustion models developed in Area #4 to simulate 
the extinction and ignition processes controlling lean 
blowout, cold ignition and high altitude relight, are 
chemically accurate.

Methods and Materials

Conclusions and Next Steps

With the recent optimization of the HyChem model, 
testing has now turned to validation of this model for  
Cat A and Cat C fuels at lower pressures and for blended 
fuels.

Good agreement is seen between HyChem simulations 
and sub-atmospheric IDT data.  As well, good 
agreement is seen between model and data when a 
linear blending rule is used to describe pyrolysis product 
distributions for blends of Cat A2 and C1 fuels. 

Future work will investigate a broader range of species 
in both the shock tube and flow reactor studies.  
Experiments will also be performed to stress the 
HyChem model outside of the original optimization 
envelope and to test the general Fuel X approach.

ASCENT 25: NJFCP – Area #1
Chemical Kinetics Experiments: 2015-2016

Lead investigators: R. K. Hanson, C. T. Bowman, Stanford University
Project manager: M. L. Gupta, FAA, September 27-28, 2016
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Facility
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Partial Oxidation
A2 & C1 test fuels
606 ppm Fuel, f=2.13
1 atm, 1030 K

Good agreement 
between data 
(data) and model 
(lines)

Linear blending 
rule can be 
applied to model 
the data
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Results – Fuel Oxidative PyrolysisMotivation and Objectives 

Methods and Materials

Conclusions and Next Steps

 Motivations

o Next generation of jet engines will operate at pressures far higher than those of current
engines for fuel efficiency improvement.

o A basic understanding of the combustion chemistry of jet fuels is critical to the design of high-
pressure turbine engines.

o Alternative fuels are expected to enter into the market in the next decade. Their use in
commercial aviation is hindered by the lack of quick and inexpensive fuel certification
methods.

o Approaches that can quickly and accurately unravel the combustion chemistry of alternative
fuels are essential to enable engine design and fuel certification.

 Assumptions

o Early studies [1] suggest that for large hydrocarbon
fuels pyrolysis precedes the oxidation of the
decomposed fragments in real, liquid fuel
combustion. These two reaction processes are
decoupled in time scales.

o In flames almost all large hydrocarbon fuels undergo
oxidation also in two steps. In the preheat zone of
the flame the fuel decomposes into about a half
dozen of small molecular fragments in an
endothermic process, regardless how complex the
composition of the initial fuel is. The fragments then
enter into the flame zone and are oxidized to
combustion products in the second, exothermic step,
which is rate limiting.

o The pyrolysis fragments are dominated by ethylene
(C2H4), propene (C3H6), iso-butene (i-C4H8), 1-butene
(1-C4H8), methane (CH4), benzene (C6H6), toluene
(C7H8) and hydrogen (H2).

 HyChem Approach

o The kinetic rate of the overall pyrolysis is fast as compared to oxidation, and the
distribution of the pyrolysis products has the dominant impact on radical buildup and
heat release.

o The overall jet fuel reaction kinetics can be dealt with by combining an experimentally
constrained, lumped pyrolysis model with a foundational chemistry model for the
oxidation process of decomposition products (e.g., USC Mech II [2]). We term the
approach as the hybrid chemistry (HyChem) approach.

 

  

 

 

 

 

 

 

 

Methodology – HyChem Approach
 Pyrolysis Model – Reactions

o In HyChem, we write the lumped, pyrolysis model in the form of

(1)

(2)

where R = H, CH3, OH, O, O2 and HO2

 Pyrolysis Model – Parameters

o The model has 11 stoichiometric parameters: ed, ea, bd, ba, α, β, γ, χ, λ3, λ4i and λ4n.
Under the condition of complete reaction, elemental balances will eliminate four
parameters, which are ed, ea, bd and ba.

o The 7 independent parameters, α, β, γ, χ, λ3, λ4i and λ4n, along with 7 reaction rate
constants (ki, i = 1,2,…,7) can be directly determined from shock tube and flow
reactor experiments.

Results – Fuel Pyrolysis

Shock tube pyrolysis 
ethylene/methane yields at 1.0 ms

Shock tube pyrolysis species 
time history profiles

Data: Hanson group

o The HyChem approach provides a direct path towards real, liquid fuel combustion chemistry
modeling. The resulting model is capable of predicting a wide range of combustion behaviors
of typical jet fuels.

o An automatic code for model derivation and refinement is currently under development.
o Fuel X approach is under development.

Reference
[1] Davidson, D. F., Z. Hong, G. L. Pilla, A. Farooq, R. D. Cook, and R. K. Hanson. "Multi-species time-history measurements during n-dodecane
oxidation behind reflected shock waves." Proceedings of the Combustion Institute 33, no. 1 (2011): 151-157.

[2] Hai Wang, Xiaoqing You, Ameya V. Joshi, Scott G. Davis, Alexander Laskin, Fokion Egolfopoulos, and Chung K. Law, USC Mech Version
II.High-Temperature Combustion Reaction Model of H2/CO/C1-C4 Compounds. http://ignis.usc.edu/USC_Mech_II.htm, May 2007.
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o The 14 unknown parameters, α, β, γ, χ, λ3, λ4i, λ4n and ki, (i = 1,2,…,7) may be
determined from shock and flow reactor experiments under a wide range of
conditions. The left figure shows the ethylene/methane yields at 1.0 ms during shock
tube pyrolysis of selected jet fuels over the temperature range of 1050 to 1350 K,
along with model predictions. The right figure shows one selected case of shock tube
pyrolysis species time histories. The temperature sensitivity (±15 K) is shown with
the dashed lines. The fuel oxidative pyrolysis section presents the species time
profiles during flow reactor oxidative pyrolysis for a Jet A fuel, along with model
predictions.
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Results – Fuel Oxidation
Shock tube ignition delay time
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Kinetic Model Reduction
Major reduction methods
• Skeletal reduction using directed relation graph (DRG)
(Lu and Law, PCI 2005), and DRG-aided sensitivity analysis (Zheng et
al., PCI 2007)

• Timescale reduction based on analytically solved quasi 
steady state assumptions (QSSA) (Lu and Law, JPCA 2007)

Target fuels: Cat A2, C1, C5
Target systems: Auto-ignition for ignition chemistry and 

perfectly stirred reactors (PSR) for extinction and flame 
chemistry

Parameter range: p = 0.5-30 atm, 𝜙= 0.5-1.5, 
T0 =  1000-1600 K for ignition and Tin = 300 K for PSR.

Reduced NO and Transport models
NO sub-chemistry (Luo et al. CNF 2011)
• Skeletal: 15 species, 77 reactions; Reduced: 10 species
• Includes both thermal and prompt NO
Reduced molecular transport model
• Species with similar diffusivities bundled into groups

• Only 3 × 15 entries need to be evaluated with 10%
error tolerance (black pixels) for different jet fuels

This	work	was	funded	by	the	National	Aeronautics	and	Space	Administration	(NASA) under	grant	number:	NNX15AU96A. Any	opinions,	findings,	and	
conclusions	or	recommendations	expressed	in	this	material	are	those	of	the	authors	and	do	not	necessarily	reflect	the	views	of	NASA.

Summary
1. Developed fuel-specific reduced 
models for Cat A2, C1 and C5 based 
on the HyChem models (Ver. 2)

2. Developed 48/35-species universal 
skeletal/reduced models for A2, C1, 
C5.
3. Developed a reduced NO sub-
model (15 species skeletal, 10 
species reduced)
4. Reduced molecular diffusion 
models to 15 diffusive groups and a 
reduced molecular diffusion model 
developed to further improve the 
computational efficiency
5. Developed analytic Jacobian and 
advanced chemistry solvers that can 
improve computational efficiency by 
an order of magnitude
6. Implemented DAC into LES 
simulations and tested in premixed 
non-premixed flames

Next Steps
• Reduced fuel-x model, and 
PAH/soot sub-model for emission
• Implementation of the reduced 
models and advanced chemistry 
solvers into LES

Objectives 
• Development of reduced kinetic models for jet fuels
with fuel sensitivity based on the detailed HyChem
models
• Development of reduced sub-models for emissions,
including NO, PAH and soot.
• Development of advanced chemistry solvers and
dynamic adaptive chemistry (DAC) for efficient large eddy
simulations.

NJFCP Area 2.5
Development and Validation of 

Reduced Kinetic Models

Lead investigator: Tianfeng Lu (PI), UCONN
Wenting Sun, Georgia Tech

Stephen Zeppieri, UTRC
Project manager: Dr. Jeff Moder (NASA)

September 27-28, 2016

Validation of NO 
concentration in PSR

Bundled binary diffusion 
coefficient matrix

Auto-ignition Laminar flame speed

0 1 2 3 4 5 6 7 8 9 10
1500

1600

1700

1800

1900

2000

2100

10 atm

 

 

T m
ax

, K

Reciprocal Strain Rate, ms

Stream 1: 50% Cat A2 + 50% N2

Stream 2: Air
Tin = 300 K

1 atm

2 3 4 5 6 7 8
1500

1600

1700

1800

1900

2000

2100

10 atm

 

 

T m
ax

, K

Reciprocal Strain Rate, ms

Twin jets:
Cat A2/air,Tin = 300K
f = 0.7

1 atm

Premixed counterflowNon-premixed counterflow

Solid: detailed; Symbols: reduced

Models A2 C1 C5
Detailed 119 119 119
Skeletal 41 34 41
Reduced 31 26 31

0.5 atm

1 atm
5 atm

30 atm

PSR, Cat A2/air
f = 1, T0 = 300K

Lines: detailed
Symbols: reduced

For	species	i in	group	n:	𝐷# ≈
%&'(

)*&
+(
,*,*.

, 𝑄0 = ∑ 34.

5*,4.
�
78%,9.

Unimportant	terms	in	the	summation	𝑄0 can	be	dropped

Dynamic Adaptive Chemistry 
• OAK for DAC implemented into LES code (from S. Menon)
• Tested for premixed and non-premixed Cat A2 flames.
• Negligible difference between simulation w/o OAK
• Overall 3 times acceleration

air

air

Cat A2

Temperature field Number of local active species



Results
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NJFCP Area 3. Advanced 
Combustion

Lead investigators: 
Tim Lieuwen, Jerry Seitzman, Wenting Sun (Georgia Institute of Technology)

David Blunck (Oregon State University)
Tonghun Lee (University of Illinois Urbana-Champaign)

Project manager: Mohan Gupta (FAA)

September 27-28, 2016

Experimental FacilitiesMotivation and Objectives 

Tasks Conclusions and Next Steps

Three Tasks: Sensitive to Fuel Properties

1. High Shear Stabilization & Blowoff
• Important figure of merit for OEMs
• Screen fuels for different blowoff conditions
• Measure detailed flow field data for model 

validation and boundary conditions

2. Forced Ignition
• Important figure of merit
• Screen fuels for different ignition probability
• Develop ignition models and support 

experimentally

3. Turbulent Flame Speed
• Strong influence on figures of merit
• Screen fuels for different turbulent flame 

speeds

Advanced Combustion Tests

Screening- Combustion performance measurements with
conventional fuels and fuels with unconventional chemistries
determines sensitivities to properties
Detailed Measurements- Detailed measurements are used to
refine and validate combustion models that can predict and
assess fuel sensitivities

Area 6Area 5

Area 4

Area 3

Area 2

Area 1 Area 6Area 5

Area 4

Area 3

Area 2

Area 1

Fuel & Air Air

Pilot Fuel & 
Air

Turbulence 
Generator

Ball bearings 
prevent jetting

Task 1. High Shear Rig
Optically accessible, simplified aircraft combustor 
with high pressure and high preheat capability

Task 2. Ignition Rig
Optically accessible pre-vaporized capability and 
chilled liquid-fueled capability

Task 3. Turbulent Flame Speed Rig
Optically accessible rig with variable turbulence 
intensity and future sub-atmospheric pressure 
capability

Task 1. High Shear Stabilization, Blowoff

Task 2. Forced IgnitionTask 3. Turbulent 
Flame Speed Screening demonstrates 

fuel sensitivities
Detailed diagnostics 
of kernelScreening demonstrates 

fuel sensitivities

Three Tasks: Sensitive to Fuel Properties

• All  tasks demonstrate fuel sensitivity
• High shear rig  is delivering high repetition 

rate velocity fields, liquid  fuel fields, and 
OH concentration fields to modeling 
groups

• High shear task demonstrates correlation 
between fuel properties and blowoff

• Forced ignition task model demonstrates 
fuel chemistry influence on forced ignition

• Turbulent flame speed task produces large 
fuel sensitivity parameter studies

Screening demonstrates preheat-temperature dependence 
of fuel sensitivities to physical and chemical properties
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Project # 028A
Spray-Turbulence-Chemistry Closure in 

LES to Account for Fuel Sensitivity

Lead investigator: S. Menon, Georgia Tech
Project manager: O. Perations, FAA

April 26-27, 2016

Summary

Final objective: Establish a predictive capability to
evaluate fuel sensitivities at relevant operating
conditions focusing on LBO, cold restart, pollutant
emission and altitude re-light
Challenges: multi-scale, multi-mode burning, multi-
phase physics, finite-rate detailed/reduced kinetics,
break-up and dense-dilute transition, computational cost

Results and DiscussionMotivation and Objectives 

High pressure and lean operating conditions required for 
higher efficiencies and lower emissions, however, they 
lead to undesirable combustion dynamics
1. Establish a new multi-scale subgrid model for three-

phase reacting flows (gas, liquid droplets, soot) 
2. Demonstrate ability to predict fuel sensitivity on for 

stable and LBO conditions under NJFCP
3. Predict fuel sensitivity on emissions of NOx and soot
4. Demonstrate predictive capability for cold ignition and 

altitude relight and validate against NJFCP experiments
Methods and Materials

LESIE
A Multiphysics CFD Solver 

Governing 
Equations

Numerical 
Method

Transport &
Thermodynamics

Turbulence 
Closures

Turbulence 
Chemistry 
Interaction

Physics 
Capability

Compressible,
multi-species,
Navier-Stokes
equations with
characteristic

 BC

Space: O2-O7
Time: O2-O4
MacCormack

MUSCL
Compact
WENO
Hybrid

CPG, TPG,
Real Gas &
Power Law,
Sutherland,

Mixture

Static/Dynamic
implicit ksgs model

Quasi-laminar
DTF
LEM
EBU

Non-reactive system
Reactive system

Spray flames
Shocks/Detonation

Scalar mixing

NJFCP combustor rig

Parameter Data
Exit	pressure 207	kPa

Inlet mass	flow	rate 391.4	g/s
Inlet	temperature 394	K

Effusion	mass	flow	rate 241	g/s
Fuel	mass	flow	rate	(stable) 2.56	g/s	(A2/C5),	2.51	g/s	(C1)	

Wall	temperature Adiabatic/Isothermal	
Spray	conditions Statistics from	DNS

Conclusions and Next Steps
• Validations conducted for Hybrid EE-EL method and 

dense-dilute transition
• Reacting gas phase and dispersed phase results 

compared against experiments
• Fuel sensitivity analysis perfromed using LES
• Subgrid model development underway

Exp (g/s) LES	(g/s) Error (%)
Dilution	Row 1	 39.5 42.3 8.3	%
Dilution	Row 2 45.4 44.9 1.5 %
Total swirler 60.7 63.0 1.1	%
Effusive	plate 245.4 241.1 -1.8 %

Total 391.4 391.4 0

Vortical structures

Reacting results for Cat A2 fuel
Comparison of 
mass-flow 
rates through 
dilution holes 
and effusion 
surfaces with 
experiments

Fuel sensitivity analysis

Hybrid EE-EL capability implemented for dense-dilute 
transition prediction; the transition between EE (more 
efficient for dense regimes) and EL (more accurate for 
dilute regimes) is performed based on the dispersed 
phase volume fraction

Volume-fraction 
isosurface with particles 

using hybrid EE-EL2

1Desjardins et al. , Atomization and Sprays (2013)
2A. Panchal, G. Hannebique, R. Ranjan, M. Akiki and S. Menon, AIAA, Joint Propulsion Conference (2016)

T = 1600 K iso-surface 
with particles

(OH*)

LES

Comparison of OH* with LES 
heat release
Comparison of spray statistics 
with PDPA measurements

Fuel senisitivity of heat 
release rate and averaged 
centerline temperature
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LESLIE: A well-established multi-block parallel solver
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Combustion model 
development and validation

Lead investigator: M. Ihme, Stanford University
Project manager: Mohan Gupta, FAA

September 27-28, 2016

Fuel effect in stable condition: LES validations

Comparison of stable LES results with experimental data from Area 6

Motivation and Objectives 

Reliable Computational Fluid Dynamics (CFD) tools are 
required for the alternative fuels certification process:

-> Development and evaluation of combustion model for 
high fidelity simulations to characterize fuel effects in gas 

turbines. Emphasis on:
LBO / Altitude relight / Cold Start

Methods and material

Large Eddy Simulations (LES) using VIDA multiphysics
solver

3 candidates fuels:

- Cat-A2: conventional Jet-A2

- Cat-C5: TMB + C10

- Cat-C1: GEVO ATJ

- Cat-C5 characterized by a small boiling range

- Cat-C1 has a low DCN number (faster ignition)

Conclusions and Next Steps

LES reproduces experimental trends in terms of flame position and OH* emissions

Small effect of the fuel on the spray: captured in LES with good predictions of droplet statistics

-> Ongoing and future work focuses on comparative study of fuel effect on lean blow-off and altitude relight

VIDA numerical models

Low-Mach number Navier-Stokes solver

numerical scheme 2nd /4th order accurate in space

Lagrangian spray description, secondary break-up

Flamelet/Progress-variable combustion model

Massively-parallel simulation using 2000 cores
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Figure 2: Comparison of PDPA (spray) droplet size and velocity between 
experiments and LES for  all selected candidate fuelsFigure 1: Qualitative comparison of flame position using OH* 

chemiluminescence between experiments and LES

- Cat-C1 candidate fuel flame exhibits higher emission levels and sits closer to the injector

- Combustor temperature is found to be higher for Cat-C1

- LES correctly predicts spray position and velocity in the combustor for all candidate fuels

- Fuel effect on the spray is marginal in both the experiments and LES

Mol. Weight H/C ∆Hc DCN T10 T90-T10

[kg/kmol] [MJ/kg] [K] [K]

Cat-A2 159 1.90 43.1 48.3 450.0 67.8

Cat-C5 135 1.93 43.0 39.6 434.7 2.9

Cat-C1 178 2.16 43.8 17.1 452.1 45.5

Table 1: LES solver characteristics

Table 2: candidate fuel properties

Operating conditions

Air: 2.07 bar, 394 K, 391.4 g/s

Fuel: 322 K

Close to blow-off conditions: 𝜑 = 0.096
Table 3: Operating condition near LBO-limit

This work was funded by the US Federal Aviation Administration (FAA) Office of Environment and Energy as a part of ASCENT Project 28 under NASA 
Award. Any opinions, findings, and conclusions or recommendations expressed in this material are those of the authors and do not necessarily reflect the 
views of the FAA or other ASCENT Sponsors.
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NJFCP Project 29A

Atomization Test and Models 

Lead investigators: Robert Lucht, Jay Gore, and Paul  
Sojka, Purdue University

Project manager: Mohan Gupta, FAA

September27-28, 2016

Summary

Researchers at Maurice J. Zucrow 
Laboratory/Purdue University are 
collaborating with Matthias Ihme of 
Stanford, Nader Rizk, formerly of Rolls 
Royce, Suresh Menon of GTI, Vaidya 
Sankaran of UTRC, Jeff Lovett of P&W, 
Andrew Corber of C-NRC, and other team 
members of the National Jet Fuel 
Combustion Program (NJFCP) to conduct 
atomization and spray measurements.  
The measurements below were performed 
on the referee rig nozzle at LBO 
conditions.  

PDA Sauter Mean Diameter (D32) 
Measurements from the RTS rig at LBO 
Conditions for Different Fuels

Results and Discussion

 Rules and Tools spray test rig modified for operation at 
lean blow-out (LBO) conditions.  Minimal differences in 
D32 for different fuels at LBO conditions.

 Continuing to work through test matrix developed by 
Nader Rizk for development of spray correlations for 
different fuels

 Measurements of spray cone angles (high speed videos) 
and wetting of filming surface in progress

 Comparison of our non-reacting PDA measurements and 
UIUC/UDRI PDA measurements in reacting flow in 
referee rig in progress

Motivation and Objectives 

 Perform detailed diagnostic investigations of spray 
properties (e.g. fuel droplet size distribution, fuel spray 
break up length, cone angle) for a selected range of 
alternative fuels and operating conditions.  

 Use advanced diagnostics such as phase Doppler 
anemometry (PDA).   Investigate wide range of 
operating conditions (e.g., fuel temperature, fuel 
pressure, swirler pressure drop) using the unique Rules 
and Tools spray test rig.  Investigate Area 6 referee rig 
nozzle and Pratt & Whitney/Georgia Tech Area 3 nozzle.

 Interact closely with Stanford group (Area 5, Project 
29B) and UTRC group who are performing advanced 
spray modeling, UDRI group (Area 6) that is operating 
the referee rig, and Georgia Tech group (Area 3) 
investigating fuel effects on combustion.

. 
Methods and Materials

Rules and Tools spray (RTS) test rig was designed for spray 
measurements at chamber pressures from 0.3 to 30 atm.  
PDA and diffraction methods (e.g. Sympatec) applied for 
droplet size and velocity measurements.

Conclusions and Next Steps
 Minimal effects of fuel type (A2, C3, C5) on sprays at LBO
 Complex effects of combustion on sprays observed 
 PDA measurements of fuel injector/swirlers in use by Area 

3 will be performed
 Comparison of PDA data with LES spray models 
 Chilled nitrogen system will be developed so that 

simulated high-altitude relight measurements – swirler 
nitrogen temperatures down to -30⁰ F, pressures down to 
4 psia - can be achieved in the RTS test rig

 Mie scattering and fuel PLIF imaging will be performed in 
the Advanced Gas Turbine Combustion test rig under 
reacting and nonreacting conditions in Year 3

Line of 

Best Fit

Injector 

Pixel 

location

points

L1 L2

𝜽 = cone angle

Fuel Flow Rate: 20 lbm/hr, Δp/p: 3%

Points are selected along the edge of the fuel 
spray
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Minimal Effect of Fuel Type on Spray 
SMD at LBO conditions

The LBO operating conditions are at an ambient 
pressure of 2.07 bars (30 psia), an air box 
nitrogen temperature of 394 K (250⁰F), a pilot 
fuel temperature of 322 K (120⁰F), a pilot fuel 
mass flow rate of 9.22 kg/hr (2.56 g/s), 
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Project manager: Mohan Gupta, FAA

September 26-27, 2016

Summary
Experimental comparison of combustion 
characteristics alternate and conventional  
jet fuels in swirl-stabilized single-cup 
(referee) combustor

Significant differences measured between 
conventional fuel (A-2) and the alternative 
fuels (C-5, and C-1) for lean blowout 
(LBO), combustor stability, acoustic and 
ignition characteristics

Non-intrusive optical diagnostics used to 
acquire flow field information for numerical  
model evaluation and improvements for 
modeling teams, including PDPA, 
Schlieren, and Chemiluminescence

Results and DiscussionMotivation and Objectives
Motivation:
Requirement for a realistic combustor to be used as a 
referee for the effect of alternative fuels on combustion 
characteristics

Objectives: 
To develop conduct, and analyze combustion 
experiments for conventional and alternative fuels in the 
NJFCP program referee combustor

To provide high fidelity experimental initial condition and 
validation data for computational modeling teams

Methods and Materials
Combustor Rig Experiments at AFRL

Single Cup Combustor Incorporates:
-Hybrid two-stage nozzle and swirler
-Two stages of dilution
-Advanced effusion cooling
-Provision for instrumentation and optical access

Conclusions and Next Steps
Conclusions :
Boundary condition (pressures, flow rates, droplet 
diameters) information supplied to numerical modeling 
efforts

Cold fuel and air systems designed and under 
construction for cold ignition experiments

Next Steps:
Further LBO experiments with fuel mixtures of A-2 and 
C-1 fuels

Ignition experiments at cold fuel and cold air 
temperatures approaching -40°F.

Schlieren Imaging planned to examine the flow structure 
of the dilution jets 

 

Optical Setup for PDPA

Phase Doppler measurements of droplet 
size and velocity made for three fuels in 
the combustor under reacting conditions. 
Results are shown for A-2 fuel. Similar 
results were found for the other fuels.

Data under further analysis and 
comparison with non reacting results 
from Area #5 (Purdue)

Chemiluminescence images of reacting flow

Chemiluminescence (OH*)
images show the differences
in the flame structures in 
the injector nearfield for 
comparison with 
numerical models:

Referee Combustor Operating Near LBO

Rig enhanced with : 
-Optical accessibility for diagnostics
-Development of low temperature Fuel and air systems
-Fine control of  air & fuel temperatures, pressures, fuel and air flow         
rates
- High quality measurements of lean blowout/ignition in realistic 
combustor environment

Referee Combustor 
experiments are 
performed in cooperation 
with Air Force Research 
Laboratory (AFRL), at 
Wright Patterson Air Force 
Base (WPAFB), OH

This work was partially funded by the US Federal Aviation Administration (FAA) Office of Environment and Energy as a part of ASCENT Project 30 under FAA 
Award Number: 13-C-AJFE-UI-004. This material is also based on research sponsored by Air Force Research Laboratory under agreement number FA8650-
16-2-2605, and FA8650-15-D-2505. The U.S. Government is authorized to reproduce and distribute reprints for Governmental purposes notwithstanding 
any copyright notation thereon. The views and conclusions contained herein are those of the authors and should not be interpreted as necessarily 
representing the official policies or endorsements, either expressed or implied, of the FAA, other ASCENT Sponsors the Air Force Research Laboratory or 
the U.S. Government."
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Alternative Jet Fuel Test 

and Evaluation
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Dissolved Gas SolubilityMotivation and Objectives 

• Identify candidate alternative jet fuels 

• Perform engine, component, rig, or laboratory 
tests to ASTM D4054

• Specification tests
• Fit-for-purpose evaluations

• Identify and conduct unique testing beyond 
D4054

• Obtain data for baseline and alt fuels effects on 
performance, maintenance, and reliability

• Report relevant performance data to FAA, 
ASTM, etc. Increased supply of secure, safe 
alternative fuels

• Collaboration with NJFCP Area 6 (Referee 
combustor) and Database Library (Project 33)

Bulk Composition by GCxGC

Next Steps

• APU, cold atomization spray testing, cold-
altitude start testing

• ASTM approval efforts

• More fuels to come?

•Lanzatech/PNNL HT-ETJ
•Hydro-treated– ethanol to jet (a type of “ATJ”)

•Identification numbers
•Lanzatech ATJ- POSF-12381
•“Average” Jet A used for blending- POSF-10325
•50/50 ATJ/Jet A- POSF-12382

•Specification tests conducted (ASTM D-7566)
•Non-specification tests

•GC, GC-MS, GCxGC
•Hydrocarbon type (ASTM D2425 and GCxGC)

Fuel Summary
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Trace O & N Species by SPE/GCxGC
Phenols Pyridines Anilines Quinolines Indoles Carbazoles Alcohols Ketones Other Total (mg/L)

Lanzatech HT-ETJ-07/15 <5 <5 <5 <5 <5 <5 215* 18 <5 230
POSF 12381

Lanzatech HT-ETJ-03/16 <5 <5 <5 <5 <5 <5 216* 13 <5 230
POSF 12756

Jet A -Nominal 108 <5 8 <5 <5 <5 <5 24 43 190
10325
Jet A 260 5 20 <5 9 <5 7* 14 27 340
12784

HEFA-SPK-Camelina <5 <5 <5 <5 <5 <5 <5 <5 <5 <10
10301

HEFA-SPK-Animal Fat <5 <5 <5 <5 <5 <5 5* <5 <5 <20
7272

ATJ-SPK <5 <5 <5 <5 <5 <5 90** <5 <5 90
12368

*Predominantly alcohols, but may contain other oxygenates such as esters, aldehdeydes and ethers.
**Predominantly alcohols & esters, but may contain other oxygenates such as ethers and aldehdeydes.

Viscosity vs. Temperature

LT/PNNL ATJ SPK - Jet A blend
Gevo ATJ/JP-8 blend
World Survey min (Fuel 720)
World Survey max (Fuel 007)
CRC Handbook Jet A/JP-8

V
is

co
si

ty
, c

S
t

Temperature, C
-40 -20 20 40 90

1

20

10

5

3

7

0

Jet A/Jet A-1/JP-8 limit at -20 C

0

50

100

150

200

250

0.7 0.75 0.8 0.85 0.9

N
2
, jet/kerosene

LT/PNNL ATJ SPK N
2

LT/PNNL ATJ SPK - Jet A blend N
2

O
2
, jet/kerosene

LT/PNNL ATJ SPK O
2

LT/PNNL ATJ SPK - Jet A blend O
2

D
is

so
lv

ed
 g

as
, p

pm
 w

t

Density, g/mL

LT/PNNL

LT/PNNL
LT/PNNL - Jet A blend

LT/PNNL - Jet A blend

Electrical Conductivity

0

500

1000

1500

2000

2500

0 1 2 3 4 5

LT/PNNL ATJ SPK - Jet A blend
Gevo ATJ/JP-8 blend
Cobalt ATJ-5/JP-5 blend
JP-5

C
on

du
ct

iv
ity

, p
S

/m

SDA, mg/L

range seen in HEFA
Research Report

HEFA avg



Effect of Residual Oxygenated Functional Groups on the Behavior 
of Alternative Jet Fuel Properties

Manuel Garcia-Perez, John Kramlich, Philip Malte
Washington State University-University of Washington

Program ManagerL Cecilia Shaw
September 27-28, 2016

Results and DiscussionMotivation and Objectives

Methodology

Conclusions

1. Research Question:
What oxygenated compounds are present in the AJFs under consideration by the FAA and industry and what could
be their impact?
2. What are we doing?
Identifying and quantifying oxygenated compounds left in Alternative Jet Fuels (AJF) under ASTM certification.
Evaluation of potential impact of these compounds on jet fuel properties.
3. Impact
Guide the stakeholders on the development of new methods to identify and quantify these compounds and on the
improvement of hydro-treatment processes to avoid the presence of undesirable oxygenated compounds in
alternative jet fuels.

1. Trace amounts of oxygenated molecules were detected in the alternative jet
fuels and phenols and 2-methoxy-ethoxy-ethanol were the most common ones.
The content of oxygenated compounds measured is comparable in AJFs with
Commercial Fuels.
2. Oxygenated molecules in the surrogated blends affected fuel properties, such as
HHV, water solubility, and kinematic viscosity.
3. Addition of o-cresol results in increase in blowout temperature; Oxygenates
give generally steeper NOX dependence than predicted by C/H ratio but reduce
sooting.

AJF samples collection (From AFRL and UW)

Preparation of surrogate blends and evaluation of the five most important 

oxygenated compounds identified on fuel properties  

Identification of the nature and quantity of residual oxygenated 

compounds in AJFs 

Determination of lean blow out limit, NOx and sooting threshold

Tasks:

1.

2.

3.

4.

Commercial Jet Fuels

Alternative Jet Fuels

Elemental CompositionWater Content 

Overall composition analysis:

Fuel Properties:

Density (15 oC) Viscosity

Flash Point Water solubility at 0oC

38 oC

Cold Flow properties (by DSC) ,heating value , carbonyl content and

total acid number (TAN).

Jet Fuel Cloud Point 

(°C)

Pour Point 

(°C)

HHV(kJ/g) LHV (kJ/g) CO (μg/g) TAN (mg 

KOH/g fuel)

CJF 1 -53 -57 46.13 43.63 1.52 0.010

CJF 2 -58 -62 44.53 42.03 1.04 0

CJF 3 -57 -60 46.13 43.36 0.98 0

AJF 1 < -80 < -80 44.27 42.19 1.82 0.021

AJF 2 < -80 < -80 47.14 44.48 1.25 0.005

AJF 3 -48 -54 46.17 43.64 2.46 0.005

AJF 4 < -80 < -80 47.23 44.28 0.38 0.004

AJF 5 -61 -68 47.23 44.44 0.27 0.016

AJF 6 < -80 < -80 41.31 38.52 0.37 0

AJF 7 < -80 < -80 43.25 41.21 5.73 0.005

AJF 8 < -80 < -80 47.12 44.16 0.60 0.010

AJF 9 -56 -63 46.18 43.23 0.60 0.010

AJF 10 -72 -83 46.80 43.92 0.64 0.010

AJF 11 -62 -70 47.26 44.45 0.65 0.010

AJF 12 < -80 < -80 47.22 44.32 0.00 0.016

Lower Freezing point: Jet A (-40 oC), Jet A-1 (-47 oC):

Effect of oxygenated compounds on viscosity of Jet Fuel

Ethanol 2-(2-methoxyethoxy)2-methylphenol Phenol

Effect of oxygenated compounds on High Heating value of Jet Fuel

Effect of oxygenated compounds on water equilibrium(at 0oC) on Jet Fuel

Effect of oxygenated compounds on
Thermal oxidative stability of Jet Fuel

Phenol 2-methyl-Phenol 2-methoxy-ethoxy-ethanol

Molecules Chosen to Prepare 
Surrogate Blends:

Prepare surrogate blends containing 0.01, 0.1, 1.0, 
2.0 and 5.0 wt. % of the standard oxygenated 
compounds in a commercial jet fuel

Jet-Stirred Reactor

• Represents generic gas turbine primary zone
• Fuel/air premix introduced via sonic jet that provides

intense mixing and a recirculation flow pattern
• Recirculation provides flame stabilization

mechanism, just as it does in practical gas turbine
primary zones

• Liquid fuels are prevaporized and introduces as
vapors to focus only on combustion behavior

• Flame stabilization can be evaluated by exploring lean
blowout points

• NOx can be evaluated by sampling from the reactor
volume.

Overall composition analysis( GC-MS, CHNO, Karl-
Fisher Titration) was carried on for all Jet fuels. In
addition, fuel properties were also characterized as
well, including density, kinematic viscosity, water
solubility, flash point, cold flow , heating value,
total acid number, and carbonyl content.

Determination of lean blow out limit, NOx and sooting threshold
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NOX Interpretation:

Soot Performance:

Blowout Temperature
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Influence of Aromatics on Blowout

 AJF1 AJF2 AJF3 AJF4 AJF5 AJF7 AJF8 AJF10 AJF 11 AJF 12 

2-Butanone, 3-

methoxy-3-methyl- 

- - - N/S - 0.008 N/S - - N/S 

2,5-dimethyl-2-hexanol - - - 0.018 - - - - - 0.018 

3,4-dimethyl-3-hexanol - - - 0.004 - - - - - 0.004 

3-Pentanol, 2,3,4-

trimethyl- 

- - - 0.004 - - - - - 0.004 

3-Hexanol, 5-methyl- - - - 0.012 - - - - - 0.012 

2,4,4-Trimethyl-1-

pentanol 

- - - 0.004 - - - - - 0.004 

Ethanol, 2-(2-

methoxyethoxy)- 

- - - - 1.298 - 2.035 0.356 0.311 - 

Ethanol, 2-(2-

ethoxyethoxy)- 

- - - - - - 0.074 - - - 

Phenol - - 0.024 - - - - - - - 

Cyclohexane-ethanol - 0.056 - - - - - - - - 

Phenol, 2-methyl-(o-

cresol) 

0.645 - 0.329 - - - - - - - 

Phenol, 2,6-dimethyl- - - 0.160 - - - - - - - 

Phenol, 2,4-dimethyl- 0.207 - - - - - - - - - 

1-Pentanol, 2,2,4-

trimethyl- 

- - - 0.014 - - - - - 0.014 

1-Hexanol, 4-methyl- - 0.038 - - - - - - - - 

Phenol, 4-methyl-(p-

cresol) 

0.071 - - - - - - - - - 

Phenol, 2-ethyl- 0.197 - 0.146 - - - - - - - 

3,4-dimethyl-phenol 0.525 - 0.127 - - 0.009 - - - - 

Phenol, 2,4,6-trimethyl- 0.106 - - - - - - - - - 

Phenol, 2-propyl- 0.227 - 0.120 - - - - - - - 

Phenol, 3,4,5-trimethyl- 0.199 - - - - - - - - - 

4-Methyl-2-

propylphenol 

0.200 - - - - - - - - - 

Phenol, 4-butyl- - - 0.234 - - - - - - - 

Phenol, 4-pentyl- - - 0.374 - - - - - - - 

 

Oxygenated molecules identified in AJFs(mg/g)

Project ASCENT 31B

Anamaria Paiva, Yinglei Han, Arshiya Hoseyni, Manuel Garcia-Perez, John Kramlich, Philip Malte 

5. Development of fast methods for the detection of Oxygenated compounds 

in AJFs



This work was funded by the US Federal Aviation Administration (FAA) Office of Environment and Energy as a part of ASCENT Project 37. Any opinions, 
findings, and conclusions or recommendations expressed in this material are those of the authors and do not necessarily reflect the views of the FAA or 
other ASCENT Sponsors.

Project 37
CLEEN II Technology Modeling 

and Assessment

Lead investigator: Prof. Dimitri Mavris, Georgia Institute of Technology
Project manager: Arthur Orton, FAA

September 27-28, 2016

• Begin assessment with identified CLEEN contractors
• Continue to transition EDS to FAA
• Continue to learn about each contractor technology
• Begin preliminary fleet level fuel burn, emissions, and 

noise assessments

Motivation and Objectives Summary

Accomplishments

Outcomes & Practical Applications

Conclusions & Next Steps

• GA Tech uses 
EDS for physics 
based 
assessment

• Assess 
technology 
combinations

• Identify 
synergistic 
technologies

• Quantify 
program benefits 
in the future fleet

Subsystem 
Technology 

Impacts

Technology 
Effects on 

Vehicle

Fleet Level 
Implications

+

+
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CLEEN I Fleet Level Results

• Outcome: Quantifiable benefit of CLEEN II technologies
through fleet level analysis of different technology scenarios

Analysis showed: 
• CLEEN I technologies could provide 24 billion gallons of jet fuel savings by 2050
• CLEEN I technologies maintain landing and takeoff NOx levels to 2006 levels in spite of 

projected increase in operations
• Technology packages analyzed showed potential to reduce noise contour area below 2010 

levels in spite of projected increase in operations
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Project 39
Naphthalene Removal Assessment

Lead Investigators: Steven Barrett, Raymond Speth  — Project Manager: Meng-Hui Lai, FAA  — September 27-28, 2016

Motivation

• Aircraft engines produce non-volatile particulate matter 
(nvPM) emissions which have been associated with health 
risks such as cardiopulmonary disease

• Engine-emitted particles may be more harmful than other 
fine particulate matter species due to both their “ultrafine” 
size and differential toxicity related to their composition 
[Hoek et al. 2013]

• Emissions of nvPM from aircraft at cruise contribute to 
aviation’s climate impact through direct black carbon radiative 
forcing and act as ice nuclei which support contrail formation

• Recent studies have demonstrated that nvPM emissions are 
sensitive to fuel composition effects – aromatics generally, 
and naphthalenes in particular [Speth et al. 2015; Moore et 
al. 2015; Brem et al. 2015]

• Jet fuel could be processed at the refinery to reduce or 
eliminate naphthalenes, reducing aviation’s impact on air 
quality and climate

Objectives

• Assess costs and benefits of reducing or removing 
naphthalene and other complex aromatic compounds from jet 
fuel

• Evaluate refinery technologies which can be used to remove 
naphthalene (e.g. selective hydrogenation, fractional vacuum 
distillation, liquid-liquid extraction) to determine feasibility, 
process energy and utility requirements, and capital costs

• Estimate how changes in fuel composition associated with 
naphthalene removal would affect engine nvPM emissions

• Determine expected changes air quality impacts of aviation 
emissions and compute monetized health impacts

• Evaluate expected changes in climate impacts, including 
greenhouse gas emissions associated with fuel processing, 
direct black carbon radiative forcing, and SO2 emissions

Contributors & Collaborators
• William Green, Randy Field, Drew Weibel

Fuel Composition Effects

• Fuel composition effects were previously explored by 
studying emissions from alternative jet fuels (ASCENT 24A)

• Conventional and alternative fuels have varying compositions 
in terms of major hydrocarbon classes: paraffins, 
cycloparaffins, aromatics, and naphthalenes

• These differences in composition lead to differences in 
emissions in aircraft engines

• Laboratory tests of threshold sooting index (TSI) show role of 
molecular structure and composition on nvPM formation

• Detailed chemical kinetic models are able to distinguish soot 
precursor formation in fundamental combustion models, e.g. 
well-stirred reactors

• A chemical kinetic model which represents soot precursor 
formation for representative jet fuel components will be built 
using the Reaction Mechanism Generator (RMG)

• Scaling relationships will be developed to relate soot 
precursors to engine nvPM emissions

Air Quality Impacts

• Air quality impacts of reductions in aircraft nvPM emissions will 
be evaluated using emissions sensitivities computed using the 
GEOS-Chem Adjoint (global and U.S. nested grids)

• Adjoint approach allows efficient analysis of multiple scenarios 
and permits propagation of upstream uncertainty in relative 
emissions indices for different species

• Monetized impacts will be computed using calculations of 
premature mortalities avoided and the value of a statistical life

Climate Impacts

• Changes in aviation’s climate impact due to naphthalene 
removal may include:
• Additional CO2 emissions resulting from changes in refinery 

energy and hydrogen consumption
• Direct black carbon radiative forcing due to reductions in 

nvPM emissions
• Reductions ins SO2 emissions as a result of desulfurization 

as a side effect or prerequisite to naphthalene removal
• Effects will be evaluated using the APMT-I Climate Tool, a 

reduced-order climate model which provides probabilistic 
estimates of climate response to changes in emissions and 
calculates monetized impacts using climate damage functions

Sensitivity of US population exposure to nvPM 
emissions

Emission 
inputs

Sensitivities

Chemistry

Transport

DepositionMeteorology
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Summary

Why Vancouver airport?

• Fleet mix similar to large U.S airports
• Extensive noise monitoring, radar and 

local weather data available
• Non-U.S based airport but easily 

accessible

Why Discover-AQ data?

• Controlled flight and ground 
conditions with extensive acoustic, 
atmospheric and GPS data collected

• 9 different measurement sites in 
different areas with pass-by and 
helical flight paths.

Motivation

The project has just begun!

High noise 
complaints

Certifications 
& compliance

New aircraft 
technology

Impact on 
environment

‘Drivers’ of aircraft noise research

Accurate knowledge of noise levels helps future research
Quantifying UNCERTAINTIES will ENHANCE accuracy

Objectives

• Enhance current FAA tools in modeling 
and predicting aircraft noise 

• Accurately quantify uncertainties at 
various stages of propagation

• Real world atmospheric models
• Fast and accurate noise predictions
• Expand the work of ASCENT Project 5

Source uncertainty

Directivity
Aircraft state

Uncertainty in
propagation path

Refraction, Humidity,
Atmospheric 
absorption

Receiver uncertainty

Ground impedance, 
Terrain

General Methodology

Looking at Vancouver data and 
DISCOVER-AQ data

Predictions 
Vs

Measured data

Compare

Airport noise 
scenario

Predict

Airport model 
using AEDT

Generate

Discover-AQ 
Noise Events

Predict

Ray Model for aircraft in 
realistic atmospheric  

conditions

Generate

Dataset Focus Owner
Potential 

Cost Share

Discover-AQ Propeller aircraft U.S. govt. N

BANOERAC Mostly jets en-route EASA Y

NINHA
Propeller aircraft 

en-route
EASA Y

YVR
Typical aircraft mix at 

large airport
Vancouver 

Airport Authority
Y

SILENCE(R) Airbus A320/A340 Xnoise Y

Databases of Interest
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Maglieri, et al. Sonic Boom: Six Decades of Research. NASA

Summary 

Part A:
• De-propagation

does not work for 
supersonic aircraft
due to nonlinear
boom propagation

• Measurements made in differing 
atmospheric conditions cannot be 
directly compared

• Need to define a reference day for 
normalizing ground measurements

• Microphone locations 
for sonic boom 
certification need to 
record features unique 
to supersonic flight

Part B: Community Impact and Acceptability
• The low cost monitors and SMM tools will be 

used to monitor low boom field test areas. 
• The environmental masking literature search 

will seek information that addresses the 
auditory perception of the noise, the dose 
response, and the psycho-social expectation 
with respect to the background noise 
environment. 

• The small scale social survey will advance 
understanding of differences in noise impact 
between rural and urban communities. 

Approach

Part A: Certification Metric Evaluation
• Expanding on the results from Project 7
• Obtaining confidence in supersonic signatures
 Explore reference day approaches
 Include effects of nonlinearity and atmospheric profile

• Deturbing
 Assess ground signature rise times when deturbing
 Investigate signature estimation techniques

• Locating microphones
 Consider placement options

Part B: Community Impact and Acoustic Acceptability
• Finalize low cost noise monitors and SMM tools
• Conduct literature review of environmental masking
• Develop social survey for environmental masking 
 Survey team: ARL and PSU Survey Research Center
 Conducted with NASA WSPRRR community test in 2018 
 50 respondents: 25 from rural and 25 from urban areas 
 Review of the survey instrument by both NASA and FAA
 Submit for regulatory approvals from IRB and OMB

Results and Discussion

Part A:
• Must account for nonlinear propagation

• Averaging signatures 
over a linear array is 
limited due to changes in 
nonlinear lengthening
along different ray paths

Part B: The results of this study will facilitate interpreting 
noise field test results across areas with varying 
community density and environmental noise, and advance 
understanding of the role that masking has on low boom 
noise for varying background noise environments. 

This work was funded by the US Federal Aviation Administration (FAA) Office of Environment and Energy as a part of ASCENT Project 7 under FAA Award Number: 13-C-AJFE-PSU. Any 
opinions, findings, and conclusions or recommendations expressed in this material are those of the authors and do not necessarily reflect the views of the FAA or other ASCENT Sponsors.

Project 41
Identification of noise acceptance onset for noise 

certification standards of supersonic airplanes

Lead investigator 41A: Vic Sparrow, Penn State
Lead investigator 41B: Kathy Hodgdon, Penn State ARL

Project manager: Sandy Liu, FAA
September 27-28, 2016

Motivation and Objectives 

Part A: Certification Metric Evaluation
• Applicability of single event metrics for certification
• Removal of turbulence effects from measurements
• Location of microphones for certification measurements
• Role of non-linearity in obtaining confidence in supersonic 

signatures along with reference day corrections

Part B: Community Impact and Acoustic Acceptability  
• Finalize low cost noise monitors and assessment of social 

media monitoring (SMM) tools to observe communities
• Environmental Masking:  A literature review relating the 

role masking plays on noise impact in differing background 
noise for urban, suburban or rural environments.

• Social survey: develop a low boom rural vs. urban survey

Conclusions and Next Steps

These topics are designed to support CAEP/WG1/SSTG and 
NASA activities on sonic boom research. Part A is providing 
support for the ongoing development of certification 
standards regarding single event metrics, measurement 
techniques, data processing, and atmospheric effects. Part B 
of this research is proposed in support of future community 
response testing using an experimental low-boom flight 
demonstrator X-plane as part of the NASA Quiet SuperSonic 
Technology (QueSST) Program. 

Research Team
University Investigators: Kathleen Hodgdon, Victor Sparrow
ARL Walker Graduate Assistants Josh Palmer and William Doebler
ARL co-administered PSU SFS undergraduate student Mitch Gold
Advisory Committee Partners and Colleagues:
AERION: Jason Matisheck, Peter Strudza, et al.
Boeing:  Hao Shen, Bob Welge, et al.
Cessna:  Kelly Laflin, et al.
Gulfstream:  Robbie Cowart, Brian Cook, Joe Gavin, Matt 
Collmar, et al.
Lockheed Martin:  John Morgenstern, Tony Pilon, et al.
NASA:  Peter Coen, Kevin Shepherd, Alexandra Loubeau, Ed 
Haering, Larry Cliatt, et al.
Volpe: Juliet Page, Bob Samiljan
Wyle:  Kevin Bradley, Chris Hobbs, et al.



This	work	was	funded	by	the	US	Federal	Aviation	Administration	(FAA)	Office	of	Environment	and	Energy	as	a	part	of	ASCENT	Project	42	under	FAA	Award	
Numbers:	13-C-AJFE-PSU-020,	13-C-AJFE-GIT-023,	13-C-AJFE-UW-005. Any	opinions,	findings,	and	conclusions	or	recommendations	expressed	in	this	
material	are	those	of	the	authors	and	do	not	necessarily	reflect	the	views	of	the	FAA	or	other	ASCENT	Sponsors.

Project 42
Acoustical Model of 
Mach Cut-off Flight

Investigators: Victor Sparrow, Jimmy Tai, Michelle Vigeant, 
Juliet Page, Michael Bailey

Project manager: Bao Tong, FAA

September 27-28, 2016

Project Outline
1. Propagation Modeling

• Retrace Nicholls’ propagation theory to incorporate 
the proposed operational parameters

• Use ray calculation to assess the previous predictions 
for Mach cut-off operations

• Assess the robustness of the theory to realistic 
atmospheric conditions

2. Sensitivity Analysis
• Using the acoustical model, observe how Mach cut-

off flight would occur under various conditions
• Analyze input factors that have a significant effect on 

maintaining Mach cut-off flight
• Provide potential strategies for achieving Mach cut-

off flight in adverse conditions 

3. Human Subjective Testing
• Map descriptive words to Mach cut-off sounds
• Evaluate the effectiveness of existing metrics to 

predict the perception of Mach cut-off sounds
• Provide guidance for future subjective testing and 

assessment

4. Laboratory Experiment Design
• Determine the feasibility of laboratory-scale 

measurements of Mach cut-off
• Evaluate if turbulence-scattered energy increases the 

Mach cut-off sound heard on the ground, if viable

5. Technology Evaluation
• Using the sensitivity analysis, determine which 

factors are most important to achieving Mach cut-off 
conditions

• Assemble a strategy for required capabilities of 
current/future technologies

Background
Mach cut-off occurs when sonic booms are refracted
upward before reaching the ground. This
phenomenon typically occurs at low Mach numbers
and high altitudes (for example, 1<M<1.15,
h>35,000 ft. under standard atmospheric conditions).
Below is a ray diagram depicting this scenario.

[Maglieri et al., 2014]

Motivation and Objectives 
Motivation
The concept of Mach cut-off was introduced by
Lockheed engineers in the mid-1960s [Shurcliff,
1970]. Nowadays, Aerion Corporation and many
others believe that Mach cut-off supersonic flight is
both viable [Plotkin, et al., 2008] and very likely to be
acceptable to the public. Additional research needs to
be conducted to provide a technical basis for
rulemaking regarding Mach cut-off operations.

Objectives
• Model sonic boom propagation
• Identify an appropriate metric to predict 

annoyance
• Determine the feasibility  of measuring Mach cut-

off signals on a laboratory scale
• Analyze sensitivity of ray paths to atmospheric 

conditions
• Evaluate technologies to facilitate Mach cut-off 

flight

Initial Project Flow

This project has just started



This work was funded by the US Federal Aviation Administration (FAA) Office of Environment and Energy as a part of ASCENT Project 43. Any opinions, 
findings, and conclusions or recommendations expressed in this material are those of the authors and do not necessarily reflect the views of the FAA or 
other ASCENT Sponsors.

Project 43
Noise Power Distance Re-evaluation

Lead Investigator: Prof. Dimitri Mavris, Georgia Institute of Technology
Project Manager: Bao Tong, FAA

September 27-28, 2016

Vehicle Level Sensitivity Study on NPD Curve 
GenerationTask 1

•Determine number of additional modeling parameters needed
•Determine minimum number of states required in NPD to 
capture aircraft configuration and speed

Fleet Level SensitivityTask 2
•Use EDS to generate NPD+C curves for representative aircraft 
size classes
•Parametric sensitivity study of fleet noise including speed, 
ambient conditions, vehicle configurations, etc.

Validation of Proposed ApproachTask 3
•Compare against available measurements
•May include: Wyle, ASCENT 23, FDR data, certification data

Task Subtask Aug-16 Sep-16 Oct-16 Nov-16 Dec-16 Jan-17 Feb-17 Mar-17 Apr-17 May-17 Jun-17 Jul-17 Aug-17
2 2

2 2 2

2 2 2

2 2 2 2

2 2 2 2

2 2 2 2 2 2
Seek out validation sources Conduct validation

2 2

Analyze Results -> Make Recommendations

Validation

Reporting

Literature Review

Generate NPDC Curves for Each Aircraft Class

Parametric Sensitivity Study

NPD Sensitivity Study
Task 1

Task 2

Task 3

Key Study Outcomes
Understanding the sensitivity of aircraft configuration 

changes and speed on the resulting noise contours
Physics-based recommendation on format of NPD + 

Configuration Curves for use in AEDT
 Study representative fleet mixes and aircraft 

sizes
Validation against available measurement data



This work was funded by the US Federal Aviation Administration (FAA) Office of Environment and Energy as a part of ASCENT Project 45 under FAA Award Number 13-C-AJFE-GIT-020. Any opinions, findings, 
and conclusions or recommendations expressed in this material are those of the authors and do not necessarily reflect the views of the FAA or other ASCENT Sponsors.

Project 45

Takeoff/Climb Analysis to Support 
AEDT APM Development

Lead investigator: Dr. Michelle Kirby, Georgia Tech
Project manager: Chris Dorbian & Bill He, FAA

September 27-28, 2016

Task Plan/Schedule

Project Period: 8/15/2016-8/14/2017
Task 1: Literature review (2 months)
Task 2: Statistical Analysis of Flight Data (4 
months)
Task 3: Development of Aircraft State 
Estimators (3 months)
Task 4: Develop APM Enhancement 
Recommendations (3 months)

Task 2: Statistical Analysis of Flight Data

• Conduct a sensitivity study of the APM assumptions 
with different takeoff weights, thrust, and 
procedures using EDS generated vehicles

• Compare results to high fidelity operational data
• Compare environmental results with existing APM 

fixed assumptions
• Generate surrogate models of terminal area metrics 

to weight, thrust, GCD and procedure variations

Motivation and Objectives 

• Accurate modeling of aircraft performance is a key 
factor in estimating aircraft noise, emissions and 
fuel burn

• Various assumptions are made for aircraft 
performance modeling (APM) within the AEDT with 
respect to:
‒ Aircraft load factor
‒ Takeoff weight
‒ Departure flight profiles at maximum thrust

• The main objectives of this research are
1.Identify prior relevant research methods and 

benchmark the current APM assumptions
2.Conduct statistical analysis of real-world performance 

data
3.Develop a state estimator
4.Document recommendations for APM enhancements

Practical Outcomes

• Short term
‒ Assessment of current modeling assumptions within the 

APM
‒ Identification of modeling gaps to real world flight
‒ Identification of necessary flight data to represent real 

world flight
‒ Statistical analysis of real flight data
‒ Sensitivity investigation of modeling assumptions, 

including impacts to fuel burn, NOx, and noise

• Long term
‒ Recommendations for new algorithm to mimic real 

world takeoff performance
‒ Documentation of sensitivity analysis and implications 

of modifications to the APM

Task 1: Literature Review

• Gather reference material:
‒ ACRP 02-41, ACRP 02-55, Booz Allen Fuel 

Efficiency Metric task, ASCNET Project 35 results
‒ Review material and identify relevancy
‒ BTS data for weight estimations for comparison 

to Project 35 results

• Review current AEDT APM module and 
optional assumptions to test the sensitivities

• Extract MTOW, max thrust, and departure 
procedures from the Fleet DB and tabulate
‒ Model existing Fleet DB procedures within EDS 

for GT suggested aircraft (see next slide)

• Using SMEs, identify typical operational 
departures utilized by airlines
‒ Model within EDS
‒ Tabulate TOW and required thrust as a function 

of GCD
‒ Compare to existing procedures and fixed 

assumptions within the Fleet DB
‒ Compare environmental impacts between 

procedures

Task 3: Develop Aircraft State Estimators

• Based on the results of the prior tasks, investigate 
how the existing takeoff assumptions within the APM 
may be tuned to represent more real-world flight 
conditions
‒ Complete replacement of current modeling assumptions
‒ Modification of existing coefficients

• Compare new state estimators to high fidelity 
operational data

Task 4: Develop APM Enhancement 
Recommendations

• Report detailing physics and modeling gaps in 
current AEDT APM algorithms with suggestions for 
improvement

• Analysis of flight data and development of statistical 
correlation between flight data and aircraft state 
where possible

• Methodology to automatically calibrate aircraft state 
(thrust, weight) to available data for BADA 3 and 
applicability to BADA 4
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AEDT COEFFICIENT Min Max
Total_FB 

[kg]

Total_NO

x [g]

NOx_Dep

_3000 [g]

NOx_App

_3000 [g]

Dep_80d

b_area 

[nmi^2]

App_80d

B_area 

[nmi^2]

-0.4% -0.7% -5.0% 0.0% -2.0% 0.0%

0.4% 0.7% 5.0% 0.0% 1.9% 0.0%

1.2% 1.9% 14.0% 0.0% 10.5% 0.0%

-1.0% -1.6% -11.6% 0.0% -9.2% 0.0%

-5.4% -9.1% -11.7% 0.0% -11.0% 0.0%

5.0% 8.8% 12.5% 0.0% 11.3% 0.0%

0.0% 0.0% 0.0% 0.0% 0.0% -0.9%

0.0% 0.0% 0.0% 0.0% 0.0% 0.9%

0.1% -2.0% 1.5% 0.0% -21.3% 0.0%

0.0% 1.5% 0.9% 0.0% 16.1% 0.0%

-0.2% -2.2% -12.8% -2.4% -8.9% 0.0%

0.3% 0.2% -0.6% 3.5% 8.5% 0.0%

0.0% 1.0% 0.4% 0.0% 8.9% 0.0%

0.0% -0.8% -0.3% 0.0% -6.7% 0.0%

-0.5% -0.5% 0.0% -10.5% 0.0% 0.0%

0.5% 0.5% 0.0% 11.0% 0.0% 0.0%

-0.3% -0.3% 0.0% -5.6% 0.0% 0.0%

0.3% 0.3% 0.0% 5.7% 0.0% 0.0%

-1.2% -3.0% -11.8% 0.0% 0.0% 0.0%

1.2% 2.8% 8.9% 0.0% 0.0% 0.0%

ANP/FLAP/COEFF_B/D

EP_T_05
-14% 14%

ANP/FLAP/COEFF_C_D

/DEP_T_05
-14% 14%

ANP/WEIGHT/DEP -10% 10%

ANP/THRUST/COEFF_E

/T
-15% 15%

ANP/THRUST/COEFF_F

/C
-15% 15%

ANP_AIRPLANE/THR_S

TATIC
-15% 15%

ANP/THRUST/COEFF_E

/C
-15% 15%

ANP/TSFC/ALPHA -10% 10%

ANP/TSFC/K1 -10% 10%

ANP/TSFC/BETA1 -10% 10%

• 10% overestimation on 
departure weight results in 
more than 10% 
overestimation on 
departure NOx and noise

• Reduced thrust TO by 10% 
reduced terminal NOx by 
13% and noise contour area 
by 21%
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Methods and Materials [2]  
 

§  Validation of aircraft surface performance 
model enhancements 
§  Use independent (i.e., not used in model 

development) set of FDR and ASDE-X data 
to validate proposed aircraft surface 
performance model enhancements 

§  Validate estimates of fuel burn associated 
with surface (ASDE-X) trajectories by 
comparing to “ground truth” from FDR 
data 

§  Assess uncertainty (confidence intervals) 
associated with fuel burn estimates 

§  Evaluate sensitivity to factors such as 
aircraft takeoff mass, ambient conditions, 
etc. 

§  Recommendation of APM enhancements  
§  Synthesize findings to develop targeted 

APM  enhancement recommendations 

Methods and Materials [1] 
 

§  Assessment of AEDT aircraft surface 
performance modeling needs  
§  Solicit stakeholder input (including AEDT 

developers and users, FAA AEE) 
§  Incorporate findings from related studies, 

e.g., ACRP 02-27 and 02-45 
§  Enhancement of AEDT aircraft surface 

performance models 
§  Use FDR data to develop models that are 

representative of a wider range of taxi 
conditions, aircraft types, airports, airlines, 
and weather conditions 

§  Analyze ASDE-X data from major airports 
to identify key locations and events (e.g., 
taxiway intersections, spot and departure 
runway queues, runway crossings, etc.) 

This	work	was	funded	by	the	US	Federal	Avia9on	Administra9on	(FAA)	Office	of	Environment	and	Energy	as	a	part	of	ASCENT	Project	46	under	FAA	Award	Number:	13-C-AJFE-MIT.		Any	opinions,	findings,	and	conclusions	or	recommenda9ons	expressed	in	this	material	are	those	of	the	authors	and	do	not	necessarily	
reflect	the	views	of	the	FAA	or	other	ASCENT	Sponsors.	Lincoln	material	is	DISTRIBUTION	STATEMENT	A.	Approved	for	public	release:	distribu9on	unlimited.	Based	upon	work	supported	by	the	Federal	Avia9on	Administra9on	under	Air	Force	Contract	No.	FA8721-05-C-0002	and/or	FA8702-15-D-0001.	Delivered	to	
the	U.S.	Government	with	Unlimited	Rights,	as	defined	in	DFARS	Part	252.227-7013	or	7014	(Feb	2014).	Notwithstanding	any	copyright	no9ce,	U.S.	Government	rights	in	this	work	are	defined	by	DFARS	252.227-7013	or	DFARS	252.227-7014	as	detailed	above.	Use	of	this	work	other	than	as	specifically	authorized	by	
the	U.S.	Government	may	violate	any	copyrights	that	exist	in	this	work.			2016	Massachuseas	Ins9tute	of	Technology.	

Project 46 
Surface Analysis to Support AEDT  

Aircraft Performance Module Development 

Lead investigators: H. Balakrishnan (MIT) and T. Reynolds (MIT LL) 
Project manager: C. Dorbian, FAA 

 
September 27-28, 2016 

Summary  
 

§  Actual taxi fuel burn and times differ from current 
AEDT assumptions due to a number of factors 

§  Need improved surface APM model since inaccuracies 
in fuel burn indices propagate to emissions estimates 

Motivation and Objectives  
 

§  Motivation 
§  Taxi phase in the Aviation Environmental 

Design Tool (AEDT) is currently modeled 
using default or user-specified taxi times, 
coupled with engine idle fuel and 
emissions assumptions from the ICAO 
Aircraft Engine Emissions Databank 

§  These assumptions reduce the accuracy of 
the taxi performance modeling and do not 
allow for calculation of taxi noise 

§  Objectives 
§  Identify and evaluate methods for 

improving taxi performance modeling in 
AEDT in order to better reflect actual 
operations 

§  Enhance the taxi models within AEDT’s 
Aircraft Performance Module (APM) by 
combining surface track data with 
statistical models of engine performance 
(using Flight Data Recorder information) 

 
   

AEDT APM 
surface model 

needs 
assessment 

   
Aircraft surface 

performance 
modeling 

enhancements 

   
Aircraft taxi 
performance 

model 
validation 

   
AEDT APM 

enhancement 
recommendations  

Stakeholder 
input, 

supporting 
documents & 
prior research 

ASDE-X 
data 

FDR 
data 

Model development data Validation 
data 

Conclusions and Next Steps  
 

§  Practical outcomes: Analyses and 
methodologies supporting enhanced taxi 
performance modeling 
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This work was funded by the US Federal Aviation Administration (FAA) Office of Environment and Energy as a part of ASCENT Project 48 under FAA Award Number: 13-C-AJFE-MIT-027. Any 
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Project 48

Analysis to Support the Development 
of an Engine nvPM Emissions Standard

Lead Investigators: Steven Barrett, John Hansman, Raymond Speth — Project Manager: Daniel Jacob, FAA — September 27-28, 2016

Motivation

• Exposure to fine particulate matter less than 2.5 µm (PM2.5) 
has been associated with health risks such as 
cardiopulmonary disease

• Aircraft engines are a source of PM2.5 emissions which are 
solid at the engine exit (non-volatile particulate matter, or 
nvPM)

• Engine-emitted particles include particles which are classified 
as “ultrafine” particles that may be more harmful than larger 
“fine” particles.

• nvPM emissions from aircraft at cruise contribute to aviation’s 
climate impact through direct black carbon radiative forcing 
and as ice nuclei which support contrail formation

• ICAO/CAEP is developing a standard for nvPM mass and 
number emissions for aircraft engines

Objectives

• Support FAA decision-making related to the nvPM standard 
and provide independent assessment of CAEP analyses

• Develop tools and processes to be used in cost/benefit 
analyses of possible nvPM standards including economic, 
climate, air quality, and noise impacts

• Generate and assess mappings from representative engines 
to a broader set of engine/airframe combinations accounting 
for variations in engine technologies

• Provide independent evaluation of candidate nvPM metrics 

• Verify estimates of technology responses to different nvPM 
metrics and stringency options

• Evaluate proposed fuel sensitivity corrections, ambient 
conditions corrections, and nvPM modeling approaches in 
collaboration with other FAA-sponsored researchers

Contributors & Collaborators
• MIT: Brian Yutko, Jayant Sabnis, Akshat Agarwal; Philip Wolfe 

(ASCENT Project 21); Irene Dedoussi, Guillaume Chossiere
(ASCENT Project 20)

• PSU: Randy Vander Wal (ASCENT Project 24B)

• MS&T: Phil Whitefield (ASCENT Project 2)

• Aerodyne: Rick Miake-Lye (ASCENT Project 2)

Cost-Benefit Analysis

• Cost benefit analysis will be done using the full FAA tool suite 
in order to inform the U.S. position for the development of an 
nvPM emissions standard

• Tool suite will be used to
compute monetized costs
and benefits and to compare
different potential nvPM 
metrics and stringency options

• Illustrative results from CO2

standard analysis show
contributions to total benefit
for different stringency options

• Sensitivity analyses will be used to inform decision makers of 
the range of potential outcomes under different scenarios 
and assumptions (illustrative results from CO2 standard 
analysis shown below)

Air Quality Tool

• Use a rapid-assessment air quality tool for global and regional 
analysis based on the GEOS-Chem Adjoint (developed under 
ASCENT Project 20)

• GEOS-Chem Adjoint
produces sensitivity
matrices of aggregate
impacts with respect to
spatially and temporally
resolved emissions

• Permits rapid assessment
of multiple policy options

Climate Tool

• APMT Impacts Climate (developed under ASCENT Project 21) 
is a simplified climate model which calculates the 
temperature response to short- and long-term climate forcing 
due to aviation emissions and computes monetized impacts 
(illustrative results from CO2 standard analysis)

Aircraft Design
Existing aircraft, new aircraft, 
and/or generic fleet

Operations

Aviation Economics 
(APMT-E)

Cost Benefit Analysis

Aviation Environmental 
Design Tool (AEDT)

Single 
flight/airport

Regional

Global 
studies

Integrated 
noise, 

emissions, 
and fuel 

burn 
analyses

Aviation Environmental 
Impacts Analysis (APMT-I)

Climate 
impacts

Air quality 
impacts

Noise 
impacts

Policy and Scenarios
including outputs from other tools and analyses as appropriate

Collected 
costs

Emissions, noise, 
and fuel burn

Monetized 
impacts

Emissions 
and noise

Emissions

Emissions

Noise

Stringency options
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• Non-Aviation Background 
Emissions

• Population Data

• Concentration Response 
Functions

Landing and Takeoff
Emissions

NOX SOX nvPM

Physical Impacts
Premature 
Mortalities

Other Health 
Impacts

• Value of Statistical Life

• Discount Rate

Monetized Impacts
Economic Impact of 

Premature Mortalities

Adjoint Air Quality Model

Sensitivity of US population exposure to nvPM emissions
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