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APPENDIX M3.1. EXECUTIVE SUMMARY

1.1 INTRODUCTION

CAEP organized the Technology Sgioup (Tech SG) within the LorBierm Aspirational Goals
(LTAG) task grougo better understand future evolutionary technologies for airframes, propulsion systems,
and advanced concepts (including energy storage) up to 2050. The intent of these aviation technologies and
advanced concepts is to reduce@missions in an efforot mi t i gate aviationbs ca
Technology Sulgroup has 102 members nominated by CAEP Member States and Observers. The Tech
SG is led by Dimitri Mavris, nominated by the United States, and by Wendy Bailey, nominated by Canada.
Dimitri Mavris is the Director of Aerospace Systems Design Laboratory at the School of Aerospace
Engineering at the Georgia Institute of Technology. Wendy Bailey is the Chief of Environmental Protection
and Standards in Civil Aviation at Transport Canadad i s @GBMMet®nd s C

The Tech SG members are divided into fag hocgroups relevant to their expertise including the
Airframe Ad Hoc Group, the Propulsion Ad Hoc Group, the Advanced Concepts and Energy Storage
(ACES) Ad Hoc Group, the Vehicle Impact AssessmenA\Ad Hoc Group, and the Modeling and
Simulation (M&S) Ad Hoc Group.

Collaboration both within the Tech SG Tahgs and the broader LT&GIn addition to other CAEP
Working Groups, including WG3, MDG, FESG, FTG, and ISG was critical to this efeithe Tech SG
was tasked with providing MDG, FESG, and SDSG with the data input they required to make their future
projections significant collaboration efforts were also made to better understand these needs and fulfill
their requirements in a productive atwhesive manner.

The Tech SG methodology for assessing @&duction potentials in 2050 is based on the Independent
Expert Integrated Review (2019 IEIFReport[1]. The main distinction for LTAG from the IEIR
methodology was a singular focus on&€duction potential, instead of interdependencies between noise,
emissions, and COFrom a higHevel perspective, the LTAG methodologywolved four main steps
including creating the technology reference aircraft (TRA), assessment of advanced tubregdAd' W)
configurations, assessment of advanced concept aircraft (ACA), and generation of the necessary
information for the fleetvide modeling and cost assessment.

The Tech SQusedthe four conventionaPO19IEIR TRAs for a Business Jet, Regional Jetn§e-
Aisle and TwinAisle Aircraft as a starting point for the analysis amutling a notional turboprop aircraft
as a fifth TRA, to serve as a foundation for study of alternative energy sources that may become available.
The objective of the Tahgs wasdetermine the additional benefits above and beyond the IEIR projections
for 2037 to a 2050 timeframe for each of the TRAs. The Tahgs also had to determine the level of
improvements expected for ATW configurations. For each TRA class, apbigeestimatefor each
airframe and propulsion technology area was provided to the M&S Tahg, which were defined as higher
progress (most aggressive technology level), medium progress (nominal technology level), and lower
progress (lowest technology level). The Tahgéectively agreed that the primary starting point for the
ATW and ACA projections to 2050 was the 2019 IEIR repdvhile the ATW assessment was
guantitatively based, the ACA modelling approach for future concepts was agreed to be qualitative and
relied onprevious highquality published studies to establish the improvement above and beyond future
ATWs.

1 dlndependent Expert Integrated Technology Goals Assessment and Review for Engines énd Aircr&@tA O Do ¢
10127, 201ttps://www.icao.int/environmentglrotection/Pages/ClimateChange_TechGoals.aspx
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In summary, the Technology Subgroup has completed its task by conducting an extensive and intensive
review of potential technological improvements availableircraft (airframes and propulsion), relating to
the reduction of C®emissions over the next few decades. In considering technological advances, both
evolutionary and revolutionary, for five TRAs, it was found that reductions of édissions may be
feasible in the ranges of approximately 30 to 40% in 2050, relative to the 2019 reference.

All aircraft follow similar improvement trends. However, the potential improvements are lower for the
smaller aircraft classes (turboprops, business jets and regita)acompared to the larger aircraft classes
(narrow body and wide body). This is due to the lower potential benefits achievable via technology
infusions, and to the shorter mission ranges that limit the ability for greater fuel burn reduction.

With regpect to advanced concept aircraft (ACA), these were considered to be possible by 2035 and
onward. Most neaterm applications are for smaller aircraft. Larger aircraft will take more time to develop
but will have a greater impact on carbon reduction. AGériaate airframes may yield a-16% energy
intensity reduction compared to the same year ATWs. ACA propulsion with or without alternative energy
could happen by 2035. Energy intensity reductions between 10 to 15% compared to the same year ATWs
is possibé. It is important to note that alternative energy solutions are highly dependent on the availability
of energy infrastructure. Both electrified aircraft propulsion and hydrfggled aircraft are examples of
evolutionary and revolutionary technologiesttican contribute to CQeductions. However, the carbon
reduction possible from electrification is highly dependent on the carbon intensity if the local electrical
grid, while the carbon reductions from hydrogen will be highly dependent on the carbosityntd
production method used for the hydrogen.

Change is possible by 2035, but there is no time to waste. ACAs will require large scale demonstrations.
In the case of nedrop-in energy, substantial change to the energy infrastructure availableatmmvn
required. Business models may have to change to adapt to low carbon aircraft range capabilities. Substantial
investment will be required.

The structure of the appendix is to introduce the Tech Sub Group and the reference aircraft utilized in
the dudy. Next, the technology bucket impacts to those reference airframes are provided based on the
Technology ad hoc group input. Subsequently, the results of the ATW are presented and the rationalization
of the ACAs in the out years is provide. And finallye data necessary by LTAG to complete the study is
discussed. A higrlevel overview of each step is provided here.

1.2 TECHNOLOGY REFERENCE AIRCRAFT

The Tech SG chose the same generic aircraft categories used by MDG/ES@s[forecast and
fleetevolution analysis which are defined by seat capacitjdsdm business jet up to wide body:

f Business Jet (BJ) 020 seats
1 Turboprop (TP) 20-85 seats

1 Regional Jet (RJ) 20-100 seats

1 Narrow Body (NB) 101-210 seats

1 Wide Body (WB) > 210 seats

These categoriggpresent the major classes of vehicles in service in 2018. The initial plan was to use
generic aircraft in each vehicle class to avoid competition within the group, but it became clear that
problems with availability and consistency of input daiad toallow for validation of the baselines by
International Coordinating Council of Aerospace Industries Associations (ICCAIA) made it more practical

2 MDG is the Modeling Design Group and FESG is the Forecasting and Economics Support Group
3 CAEP/11-FESGMDG/7 -IP/09
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to employ a specific aircraft fitting into each class as notional references. This also allowed for pagticipat
organizations to provide additional data points for the reference aircraft. The reference aircraft selected,
with guidance from ICCAIA, were:

T BJ Notional G650ER

T TP Notional DHC Dash 8100
T RJ Notional E190E2

T NB Notional A320neo

17 WB Notional A356900

1.3 WB NOTIONAL A350 -900MODELING APPROACH

The Tech SG required a M&S framework to assess the impacts of the technologies for timéhree
frames. The Aerospace Systems Design Laboratory in the Georgia Institute of Technology (GT/ASDL) was
chosen taassist with this task employing their integrated aircraft modeling and simulation environment
known as the Environmental Design Space (EBE)HDS can predict the fuel burn, N@missions, and
noise metrics in a single framework. The EDS modeling enrrient incorporates modules developed by
NASA for airframe and propulsion system modeling and includes four main phases of execution including,
initialization, vehicle design, vehicle performance evaluation, and data output. EDS uses a simultaneous,
multi-design point method to generate the engine cycle, which means EDS converges on five design points
simultaneously including ADP (Aero Design Point), TOC (Top of Climb), TKO (Take Off), SLS Installed
Thrust and SLS Uninstalled Thrust. It also incorporatessial performance constraints in both the engine
and airframe analyses to ensure the resulting model is a feasible design.

1.3.1 Technology Reference Aircraft

The technology reference aircraft (TRA) simulated within EDS are based on-gabiain available
dataand are representative of the five notional aircraft chosen by the Tech SG. These models were verified
in an iterative manner based on feedback from ICCAIA. This process yielded five TRAs upon which the
technology area impacts could be applied to a gaiesraft for 2030, 2040, and 2050. The calibration
process involved two stages, first calibrating the engine model and then the airframe model. Publicly
available manufacturer data, where available, took precedence over other sources because of its greater
accuracy. Since COnetric data is yet to be made publicly available, the calibration process utilized fuel
burn as a proxy matching parameter. Fuel burn has the added benefit of being a logical efficiency metric
for given vehicle settings and missionfpemance parameters that can be derived from paylarege data
published by manufacturers. The values used for the baseline TRAs with respect to payload, range,
passenger counts, cruise Mach number, and cruise altitude for each of the five vehicléesaegal
detailed in this report.

1.3.2 Advanced Tube and Wing

After baselining the TRAs, the ATWs are modeled for each time frame. In the first phase a notional
TRA is chosen based on passenger class and is used as baseline for comparison to assess aircraft
performance in the 2030, 2040, &#@b0timeframes. In the second phase of the ATW assessment process,
the aircraft model calibration is performed in EDS. Once the TRA models are calibrated, the future
technology impacts are applied to these baseline A&Nicles. As mentioned earlier, the LTAG modeling

4Kirby, M. and Mavris, D., "The Environmental Desige&ha® International Congress of the Aeronautical
Sciences, Anchorage, Alaska,1P4September 2008.
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only considered fuel burn as the proxy for the lbeign aspiration goal of reducing @O his leads to the

third phase of the ATW assessment process where technology impacts are identified in fouesdtegori

their respective Tahgs: propulsion technology impacts, system technology impacts, structures/materials
technology impacts, and aerodynamic technology impacts.

For each technology considered, technology impacts are identified for the 2030, 20410)58n
timeframes. In each of the three timeframkesver progress medium progress and higher progress
confidence levels are identified for the technology baskets in the future. In the fourth phase the technology
impacts are implemented into EDS usinDesign of Experiments (DoE)ethodologyto create surrogate
models that allow rapid exploration of the design space. The final selected designs for each time frame have
the minimum fuel burn at thRange at Maximum Takeff Mass and payloafR:) point com@red to the
optimized 2018 TRA.

In the fifth phase the vehicle level benefits are quantified. The optimized vehicle results are determined
at the R range but the final results sent to MDG are quantified at the aircraft design range. The results
include Maximum Takeff Mass (MTOM) and FB/ATK projections in the 2030/2040/2050 timeframes at
the lower, medium, and higher technology progress levelssikXtiephase of the ATW assessment process
projects the vehicle level results to future technology and vehicle scenarios to assess fleet penetration in
2030/2040/2050. There are three technology scenarios and each contains low, medium, and high progress
level projections. They all incorporate per annum energy intensity change reldatiegptevious decade.

The fleet penetration will be governed by a market split between ATW and ACA vehicles as well as future
demand scenarios and production rate considestiThe last step is to approximate cost estimation and
investment requirements for technology maturation and introduction. The costs associated with the ATWs
were determined in coordination with the Cost Estimation ad hoc group.

1.3.3 Advanced Concept Aircraf

The Advancd Concept Aircraft (ACAs) were not modeled quantitatively as with the ATWs. This was
a logical choice due to several factors including time and resource constraints, and the inherent uncertainties
related to ACA development which did not j@gtithe use of overly precise models. A different
methodology was needed than the ATW assessapgmbachThe methodology used by the Tech SG was
more qualitative in nature and involved the following steps: (a) Configuration/ architecture screening based
on potential benefits per scenario, (b) Technical andtachnical barrier identification, (¢) Assessment of
advanced aircraft concepts through scorecards, (d) Identification of representative aircraft for each class,
(e) Vehicle level benefit quantificath (compared to samgear ATW), (f) Technology and vehicle
scenariebased projection (fleet penetration), and (g) Cost estimation and investment quantification.

The ACA methodology begins with a wide search of all the aircraft concepts found in liteedrch
using authoritative published reports, ICAO Stocktaking, and LT&S member input. Then, these
concepts are mapped against the three technology scenariosgd¥anced tubeandwing, T21 Advanced
concept aircraft, drom-fuels, and T3 Advancedconcept aircraft, nedrop-in fuels and energies. Each
configuration is qualitatively evaluated based on its potential benefit which is then used to formulate a
subset of configurations that proceed to the next phase of the assessment process. Thésriextsteify
the technical and netechnical barriers of each representative aircraft configuration that is selected
previously. In the third step of the process, scorecards are used to assess a range of A@AsiadEhe
scorecard allows collectin of Subj ect Matter Expertso6 (SMEs) pe
and potential benefits of each aircraft concept for each technology scenario. Then, using the readiness and
attainability evaluations of the concepts collected throughscare d s, t wo over |l apping
innovation are identified beyond the ATW, with conventional or dnofjpiel: ACA T2 is representative of
alternative architecture airframes and/or propulsion (with conventional ofidfopls), and ACA T3 is
repregntative of advanced airframes and advanced propulsion characterized by the usirafnofuels
and energies, mainly hydrogen or battery electric. Each group of aircraft were characterized as a whole
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which is advanced to the next step of this metlamo This helps to avoid implying any single concept is
a winner over others by characterizing the potential benefits representative of a group of relevant concepts
rather than just one.

The MDG fleet analysis requires vehicle level benefits which aaetdied by referencing authoritative
studies previously performed by/for R&D organizations. The ACES Tahg isolated the benefits and
challenges associated with making a step change to an alternative architecture beyond an ATW by studying
equivalent technolgy advanced conventional architecture configurations. For each vehicle class, a range
of energy intensity changes (change in energy consumption per unit of transport (MJ/ATK)) representing
low to moderate and high progress relative to the same year AB#stimmated. Then MDG would need
the identification oproxy aircraft within each aircraft category to represent the basis of change of the ACA
energy intensities. The figures of merit for each ACA class were in terms of MJ/ATK to capture the energy
intensty independent of the type of fuel used. To obtain the impact one@i¥sions, this energy metric
is then combined with the lifecycle emissions factor provided by the Fuels SG. Finally, aircraft market
share projections of ACAs vs ATWs are made for 20Q80, with an extra 20 years of fleet assessment
included to realize potential reductions from the new technologies introduced in 2050.

1.4 AVIATION FUEL BURN AND CO > REDUCTION

Many future aviation technologies are linked to fuel burn improvements whichlylirektto aircraft
CO, emissiongreduction potential. Largscale national and international research programs with
cooperation between industry, government and academia continue to be key enablers to advance and mature
the state of art in breakthrougheégrated technologies. These technologies can be broadly categorized as
improvements in the areas of aerodynamics, structures and materials, systems, or prapalddition,
significant MDAO benefits are feasible via constraint relaxation of wing aspdio enabled by
structural/materials improvements and advanced load alleviation.

In aerodynamicghe Tech SG considered technologies in the areas of lift dependent or induced drag
reduction technologies like increasing wing span and aspect ratio atifieshavinglets. Viscous drag
reduction technologies like laminar flow and/or conditioned turbulent bouihalgey flow, micrescale
6ribletdé geometries, Hybrid Laminar Flow Contr ol
also integration andraulation technologies that represent improvements in CFD and modeling that have
enabled developments like Active Flow Control (AFC).

For structures and materials technologies, the Tech SG incorporated impacts from lightweight
technologiesuch asomposies and advanced metals, multifunctional optimized design, shape control in
terms of active or passive alleviation, and nacelle improvements with new designs and components for
weight savings.

The Tech SG recognizes the importance of benefits obtaimadsfretems integration in aircraft design.
This includes hybrid and more electric aircraft as well. Engine power extraction is one area that is currently
undergoing technology improvement where SFC gains can be made from replacing hydraulic and
pneumatic sstems with electric counterparts. Cabin environmental control can be done with adaptive ECS
(Environmental Control System) that also improves SFC.

I n the area of propul sion there are a nwmber o
emissions The Propulsion Tahg agreed that the propulsion impacts from the 2019 IEIR study would be
used as an initial set of values and updates were made based upon recent developments informed by
ICCAIA. The propulsion technology impacts forecasted improvementhe 2030, 2040 and 2050
timeframes for each vehicle class for improvements in thermal efficiency (represented by overall pressure
ratio and small core efficiency improvement parameters), propulsive efficiency (represented by the fan
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pressure ratio parang), and weight reduction (represented by propulsor and core component weight
reduction relative to TRA)

As a result of the Tahg efforts, a series of AT@hnology baskets were established for each vehicle
class and time frame of 2030, 2040, and 205@akh out year, a high, medium, and low progress level of
improvements were defined to apply thieAs to obtain the ATWSs, which are providedAnnex D,

1.5 PRINCIPAL RESULTS

1.5.1 ATW Findings

The vehiclemodelling approach utilized in the 201BIR study relied on the Georgia Institute of
Technology modeling capabilities for conventional aircraft was applied for the five TRAs to establish
the ATW configurations for 2030, 2040, and 2050. The relevant Tahgs provided guidance for design
constraints and ranges for each class of ATW in each time frame.

The ATW assessment methodology yielded redaitdlaximum Takeoff Mass (MTOM), Fuel burn
per Available Tonne Kilometre (FB/ATK), % FB/ATK relative to 2018 TRA, FB/ATK per annum
improvement relative to 2018 TRA, and FB/ATK per annum relative to the previous decade. This data was
calculated for all theetime frames that were studied, 2030, 2040, and 2050, for each of the five vehicle
classes. Within each timeframe, calculations are made and documented at lower, medium, and higher
progress levels. The results of each vehicle class ATW are organizethgieatable that summarizes the
calculations across all thréiene frames and progress levels. The wide body ATW results table is presented
as a representative example in the table below. The remaining vehicle class results are provide8 in Sec
of this report.

Tablel-1: WB ATW Results at the Design Range

FB/ATK Per
Timeframe Technology | o e FB/IATK % FBIATK Annum iEQﬁInK(E:
Confidence Level 9 (kg/ATK) Rel. 2018 TRA| (Rel. 2018 Previ D .d
TRA) revious Decade)
2018 TRA 280,000 0.1979
Lower Progress 276,585 0.1905 -3.73% -0.32% -0.32%
2030 Medium Progress 267,442 0.1794 -9.35% -0.81% -0.81%
Higher Progress 253,440 0.1648 -16.70% -1.51% -1.51%
Lower Progress 268,138 0.1694 -14.38% -0.70% -1.17%
2040 Medium Progress 255,106 0.1543 -22.02% -1.12% -1.49%
Higher Progress 240,933 0.1399 -29.30% -1.56% -1.63%
Lower Progress 260,628 0.1561 -21.11% -0.74% -0.82%
2050 Medium Progress 247,160 0.1429 -27.76% -1.01% -0.76%
Higher Progress 233,211 0.1304 -34.07% -1.29% -0.70%

When examining results in these tables across the vehicle c¢ldbsepotential percentage
improvements are lower for the smaller aircraft classes (TP, BJ, and RJ) than the larger classes (NB and
WB). One reason for this is the lower potential benefits achievable via technology infdsictified by
the Tahgsand the shorter misgiaanges thdimit the ability for greatefuel burn reductions.

The results were also visualized in plots to portray improvements across decades. As a representative
example, a plot of the wide body ATW results fdFBAATK relative to 2018 TRA is depicted in the figure
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below with all three progress levels indicated. The remaining plots for the other vehicle classes are
presented in Se&.3and show similar trends over the decades. All of these ATW projections are based on
improvements in aircraft fuel burn efficiency that are represented by the technology impacts provided by
the TahgsThis data is plotted in Figa 5.7 to Figure 5.11 to better illustrate the FB/ATK improvements
across decades. This shows the projected improvements in aircraft fuel burn efficiency given the technology
impacts provided by the Tahgs and after following the optimization processéelsicrihe full document.

It is observed how all airframes follow similar improvement trends. However, the potential percentage
improvements are lower for the smaller aircraft classes (TP, BJ, and RJ) than the larger classes (NB and
WB).

100%
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Figure 1-1. WB ATW FB/ATK Improvements Relative to the previous Decade

1.5.2 ACA Findings

While the ATW assessment was quantitatively based, the ACA modelling approach for future concepts
was agreed to be qualitative anglied on previous higlquality published studies to establish the
improvement above and beyond future ATWs. The ACES Tahg performed the ACA qualitative
assessments with a sevarp procedure including identifying barriers for each concept, determiaitg fl
penetration under different technology scenarios, and cost estimatioACEFhassessment methodology
was more qualitative in nature aage not based on MDAO design efforts as assembled for the ATWg's
ACA methodology yielded timelines about theliest potential entry into service (EIS) as well as tables
recording energy efficiency for all five vehicle clasbased on a qualitative review of reputable documents
and studies of numerous concepts. Observations were drawn and representative AGdaniiked for
each vehicle class and timefraageprovided below and further discusseARPENDIX M3 6.

1 ACES led the LTAG Teclassessment of ACAs. Existimmublishedmaterial was used to
develop consensus on potential timing astimatedenefits for each aircraft categofyare
was taken to not suggestexific winningaircraftconcepts.

1 Change is always hard. Stefpange is haler. Technical capabilitgnd maturityarenecessary
but not sufficient conditiosito implement a configuration stepange.

1 Major global drivers beyond the aviation sector are active now. The combination of factors sets
the stage for an ACAlriven revoluion in aviationto help provide further emission reductions
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1 Significant ACArelevant R&D is underwaypr planned for the next decadecluding flight
demonstrations. Most netarm application ignvisioned firstor smaller aircrafte.g. smaller
TP aircaft. Smalkraircraft provide learning opportunitiésr technologies that scale to larger
aircraft (RJ and NB)Larger aircraft will have more impact on carbon reduction but lag in time.

1 ACA-relevant airframes arassumed in current study to pessibleby 2035. Largescale,
integrated flight demonstration is requireBossible mergy intensity reductiordue to
configuration step chandmtweerb-15% compared to ATWs sssumed

1 ACA-relevant propulsion with or without alternative energy is possible b$.288ernative
energy solutions are highly dependent of availability of energy infrastructure.-teage
integrated flight demonstration is required. Energy intensity reduction bet&déido
compared to ATWSs iassumed

1 Electrified aircraft propulsionsi coming. Initial benefits will be small but significant and
instigate change. Hybrid systems are likely initially to balance weight and range challenges.
The carbon reduction from electrification is highly dependent on local grids around the world.

1 Hydrogenfueled aircraft may be achievable technically and redudiegim carbon emissions
to zero. The nottechnical attainability challenges and commercial viability are likely greater
challenges to overcome. Aircraft design and mission capability traddsevithpacted due to
the properties of hydrogen. Energy use may increase to yield a decrease in carbon emissions in
flight. The life cycle carbon reduction benefits will be highly dependent on the production
method for the hydrogen.

1 Change is possible by035, but there is no time to waste. ACAs will require large scale
demonstrations. In the case of mdmopin energy, substantial change to the energy
infrastructure available to aviation in required. Business models may have to change also
adapting to lowcarbon aircraft range capabilities.

The scenarios envisioned two different levels of innovation beyond the ATWSs. The first is ACA T2
which represents alternative architecture airframes and/or propulsion with conventional-iwr fdiep.
The second is AG T3 which represents advanced airframes and advanced propulsion characterized by the
useofnordropi n fuels with or without alternative airfr
and AT30 indicate a system ieeb: Tk ihcluding ATWs ortiynT®l ogy |
including the addition of ACAs with conventional or drivpfuels and T3 which includes all advanced
aircraft including ACAs with and without nedrop-in fuels. In addition, three integrated scenarios (IS#)
were defined fothe LTAG analysis. For each scenario, Tech SG provides a summary table for each of the
five aircraft classes under consideration. Each summary table includes information on per annum efficiency
improvements, range and payload information, and new airngaftet share from 2018070.

Based on this review, ACES established the EIS timelines of when the T1, T2, and T3 concepts of each
vehicle category were projected to enter the fleet. As a representative example, the wide body EIS timeline
is provided inFigure1-2 below. The timelines for the other vehicle classes are documemd&PEBENDIX
M3.6 of this report. The ACA quantitativeresults include energy efficiency benefits relative to the
corresponding year 0s A h&Wwide bodexaniple is fravided imablelR2iarcdl e c | a:
was repeated for each vehicle clasprasided inAPPENDIX M3.6 This table only shows energy benefits
at2035 and 205aimeframes, because the ACE8hgbelieves T2 and T3 concepts for wide body aircraft
will not enter the fleethose yeardn addition only T2 concepts are expected in 2035 and wide body T3
concepts are not expected until 2058e tables indicate the ACES Tahg estimates for energy efficiency
improvements at three progress leybls only for the timelines when T2 and T3 concepts gpe&ed to
enter the fleet for a given vehicle clagther vehicle classes include @@40yeartimeframe.This data
would serve as the basis for the necessary calculations for the MDG analysis, described in the subsequent
section.
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2040

2045 2050

Figure 1-2. Wide Body ACA ldentification of Earliest EIS

ACA-T2 Bin

Benefits

Tablel-22 Wi de Body Energy Efficiency
Technology . ,
Scenario Point Estimates| 2035 o@( MJ 2050 o( MJ

Lower Progress -5% -5%

T2 Medium -10% -10%
Progress

Higher Progres: -15% -20%

Lower Progress - +40%

T3 Medium i 0%
Progress

Higher Progres: - -10%

1.6 INPUT TO MDG

Rel

TheModeling and Database Gro(ildDG) needs two key inputs from the Tech SG: The fuel demand

of the future fleet and mix of aircraft in the future fleet. The fleeel fuel demand is modeled by Tech SG
as the energy intensity in each time frame. These are the predicted trendsyirueagrgr available tonne

kilometers (MJ/ATK) for each vehicle class at the technology levels T1, T2, and T3. The energy intensity
predictions are also made for each of the lower, medium, and higher progress levels in the future.

The aircraft fleet mix irthe future is the predicted combination of ATV, ACA-T2, and ACAT3

entering the fleet in all the future time frames. This represents the market share for each vehicle concept
and technology level and their respective entry into service timelines. ditketrshares are estimated for

all of the vehicle classes and provided to MDG for fleet analysis. The market share mix is rounded off to

the nearest 5% by theorecasting and Economics Support Gr@aRSG) so it includes at least this level

of imprecision.The data tables showing the market split extending out to the 2070, which is beyond the
2050time frame when the technology level is frozen. This is a logical step in order to give the 2050
technology vehicles enough time to enter the market and havasairable impact.

The input data sent to MDG is presented in a series of threecmmled tables for each of the five
vehicle classestudied by the Tech SG. The orange aircraft represent the RI&\green aircraft represent

at
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the ACAT2s, and blue aircraftepresent the ACA3s. The bands around the medium progress line
represent the uncertainty between the lower and higher progress scenarios.

The wide body vehicle class energy intenktyelsand fleet mix are presented here as a representative
example bthe input data sent to MDG for all the vehicle classes. The other vehicle classes are summarized
in sectionsAPPENDIX M3.60f this report and detad inAnnex G

The first table below represents the wide body energy intelesigjsrelative to the 2018 TRA for
ATW-T1 from 2018 to 2070 at thewer, medium, and high progress levdlse next table below represents
the wide body energy intensity reductions of the ATAand ACAT3 relative to the ATWT1 from the
year they enter service onward, at the lower, medium, and high progress levaiexitable is the last
one provided to MDG to summarize the wide body vehicle class market share mix of vehicles entering the
fleet across all the time frames from 2018 to 2070 in the three integrated scenarios IS1, 1IS2, and IS3.

Table 1-3: Wide Body ATW-T1 Energy Intensity at Each Waypoint Normalized to the TRA

Wide Body
2030 2040 2050 2070
Lower Progress ‘ 96.27% 85.62% 78.89%
T1 ATW-T1 Medium Progress ‘ 100.00% 90.65% 77.98% 72.24%
Higher Progress 83.30%  70.70% 65.93%

Energy Intensity Relative to 2018 TRA ‘

Table 1-4: Wide Body ACA Energy Intensity Deltas from The Respective ATWT1 of the Same
Year

ACA Energy Intensity Change Relative to Wide Body
Same Years ATW 2040 2050 2070
Lower Progress -5.00%

ACA-T2 Medium Progress -10.00% -10.00%

Higher Progress -15.00% -20.00%
Lower Progress 40.00%

T3 ACA-T3 Medium Progress =ATW

Higher Progress -10.00%

Market Share for New Wide Body
Deliveries 2050 2060 2070
100% 100% 100%
50% 25% 0%

50% 75% 100%
45% 10% 0%
50% 50% 50%
5% 40% 50%
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While the three tables above comptethe datarequirementsieeded for MDG, plots of the data in
these tablewvere also generated as waypoints in the relevant years to better visualize the data trends and
fleet changes. The first two plots below are representative figures for the wide body vehicle class with
waypoits indicated out to 2050 at the three lower, medium, and higher progress levels. The first plot
(Figure 1-3) includes the actual energy intensity values and the sg€ogare 1-4) has the normalized
percentage comparison of those energy intensities to tf&T®A. The third(Figure1-5) and last figure
below depicts the wide body vehicle class market share split over time from 2018 out to 2070 faz all thre
Integrated Scenarios IS1, 1S2, and IS3. The corresponding figures for all five vehicle classes are provided
in sectionsAPPENDIX M3.60f this report.

2018TRA  B.468 100.0%

Lower Progress ATW -5%  81.3% Lower Progress ATW-5%  74.9%

Medium Progress ATW-10%  70.2% Medium Progress ATW-10%  65.0%

Higher Progress ATW-15% 60.1% Higher Progress ATW -20% 52.7%
Lower Progress ATW +40% 110.4%

Medium Progress ~ =ATW 72.2%

Higher Progress ATW -10% 59.3%

Figure 1-3: Wide Body ATW Waypoints, ACA Entry Into Service and Energy Intensity Values

MI/ATK

100% ?(

90%

110%

80% MI/ATK
70

70% MI/ATK

60% MIJ/ATK "l

50%

Lower Progress ATW —5%

40% Medium Progress ATW —10%
Higher Progress ATW —15% Lower Progress ATW —5%

30% Medium Progress ATW - 10%
Higher Progress ATW —20%

04
20% Lower Progress ATW +40%

Energy Intensity (MJ/ATK) Normalized to 2018 TRA

Medium Progress =ATW

10% -
Higher Progress ATW —10% ecn

2020 2025 2030 2035 2040 2045 2050
Year

Figure 1-4: Wide Body Technology and Concept Energy Intensity Trend Normalized to the 2018
TRA
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Integrated
Scenariol
(1s1)

Integrated
Scenario 2
(1S2)

Integrated
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(1S3)

-12-

Covid19 transient i 2050+ Tech. Freeze

dynamics and FESG
2000 gccounting effects
(e.g., parked aircraft
returningdesfleet

€ 1000 counted as news
deliveries)

2500

Number of deliveries
(in given year)
£
g

Number of deliveries
(in given year)
g8 8. 58 88

g

Number of deliveries
(in given year)
. =
£ 828 ¢§
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2020 2025 2030 2035 2040 2045 2050 2055 2060 2065 2070

Figure 1-5: Market Share Timeline for Wide Body Class of Vehicles

Legend: Aircraft
technology Categories

B ATW-T1

B ACA-T2

(drop-in fuel)

B ACA-T3
ino‘r;-drop‘in

Note 1. — Unconstrained
delivery market share for
ACA-T3s. Range
constrained ACA-T3s
would be substituted for
ACA-T2s for unfeasible
distance bands.

Note 2. — Delivery market
share in target years
(modeled by FESG) will be
rounded tonearest 5%.
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APPENDIX M3.2. INTRODUCTION

2.1 ROLE OF THE TECHNOLOGY SUBGROUP

The role of the Technology Swgroup (Tech SG) within LTAG G is to assess the potential of new
and evolutionary technologies for airframes, propulsion systems and advanced concepts (including energy
storage) to reduce G@missions b&teen now and 2050. The LTAG Technology Subup is led by
Dimitri Mavris, nominated by the United Statesxd by Wendy Bailey, nominated by Canada. Dimitri
Mavris is the Director of Aerospace Systems Design Laboratory at the School of Aerospace Eggaheerin
the Georgia Institute of Technology and was theGbair of the Independent Experts Integrated
Technology Goals Assessment and Review Panel for CAEP and author of the subsequent report. Wendy
Bailey is the Chief of Environmental Protection and Stashslar Civil Aviation at Transport Canadad
i s Canadab6s . Té&EehnoMdgy 8khoup has 102 members nominated by CAEP Member
States and Observers.

2.2 TECH SG ORGANIZATION

Five Technology Ad Hoc Groups (Tahgs) were created to organize the work B¢¢h Sulgroup:
the Airframe Ad Hoc Group (35 members), the Propulsion Ad Hoc Group (39 members), the Advanced
Concepts and Energy Storage (ACES) Ad Hoc Group (75 memtiergghicle Impact Assessment (VIA)
Ad Hoc Group (36 members), and the Modelind &imulation (M&S) Ad Hoc Group (36 members). Four
of the Tahgs have two focal points {ceads), one nominated by a State and one by an International
Organization. The Airframe Tahg is led by Michelle Kirby (Georgia Tech, nominated by the United States)
and Paul Vijgen (Boeing, nominated by ICCAIA). The Propulsion Tahg is led by Arthur Orton (FAA,
nominated by the United States) and Andrew Murphy (Pratt & Whitney, nominated by ICCAIA). The
Advanced Concepts and Energy Storage Tahg (ACES) is led by Ribls \WASA, nominated by the
United States) and Thomas RoetgHAW, nominated by Switzerland, formerbATA). Lastly, the
Vehicle Impact Assessment Tahg (VIA) is led by Artur Mirzoyan (Central Institute of Aviation Motors,
nominated by the Russian Federaj and by Eric Maury (Airbus, nominated by ICCAIA). Dimitri Mavris
led the M&S Tahg.

2.3 TECH SG RESOURCE REQUIREMENTS AND COLLABORATION

A significant level of resources was required to meet the objectives and timeline of the LTAG. The
Tech SG held 38 plenavirtual calls between May 2020 and January 2022. In addition, adbseeirtual
Technology Interchange meeting was held on Jun@4222020 and an additional thrday virtual
workshop focusing on the ACES Tahg over three weeks in December 2020.tbe¢atrge workload and
compressed schedule towards CAEP/12, additional calls were scheduled for each of the Tahgs, attended by
the respective Tahg team members, in addition to smaller focus group meetings to resolve methodology
items. The Airframe and Ppalsion Tahgs had regular jointwieekly calls, and the ACES and VIA Tahgs
had joint weekly calls through September 2020, then ACES had weekly calls through January 2021, and
bi-weekly calls since then to allow for some work progress between calls. Ti® T4&g was formed
October 2020 to focus on the modelling work related to the vehicle impact assessment and held biweekly
calls since then, in addition to smaller group calls to focus modeling efforts on the turboprop class. Airframe
had 13 calls, Propulsiol3 calls, ACES 29 calls, VIA 15 calls, and M&S 24 calls leading up to the CAEP/12
meeting. This listing does not include a multitude of additional calls that were conducted with smaller non
regular groups as needed and collaboration efforts. Theadsrecognize the need for collaboration and
coordination with the broader LTAGG, in addition to other CAEP Working Groups, including WG3,
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MDG, FESG, FTG, and ISG. In addition, the-lomads had a series of calls with MDG and WG3 co
Rapporteurs to gain indigjto the fleet level assessment data needs required from the Tech SG.

2.4 OVERALL TECH SG METHODOLOGY

To assess the G@eduction potentials in 2050, the Tech SG identified the most recent Independent
Expert Integrated Review (2019 IEIR) report as a founddtio the methodology developed herein. The
IEIR methodology was adapted for the purposes of the LTAG remit to focus omed{@tion potential, in
lieu of interdependencies of noise, emissions, ang E@m a higHevel perspective, this included four
man steps, establishment of technology reference aircraft (TRA), assessment of advanced tube and wing
(ATW) configurations, assessment of advanced concept aircraft (ACA), and generation of the necessary
information for the fleetvide modeling and cost asse®ent. Each of these steps are briefly discussed here
and will be described in detail in subsequent chapters.

From the IEIR study, the Tech SG agreed on the 2BIR TRA as a basis for the analysis. The TRAs
available are Business Jet, Regional Natrow Body andWide Bidy Aircraft. The group agreed to move
forward with the four TRAs from a conventional configuration perspective, but to also add a notional
turboprop aircraft as a fifth TRA, which serves as a foundation for study of alternative energy sources that
coudbemai | able. The focus of the Tahgbés was to dete
|l EIR projections for 2037 to a 2050 timeframe for
the level of improvements for ATW configurations. e@ach TRA class, a thrgmint estimate for each
airframe and propulsion technology area was provided to the M&S Tahg, which were defined as higher
progress (most aggressive technology level), medium progress (nominal technology level), and lower
progresslpwest technology level).

The five Tahgs reviewed the relevant submitted Stocktaking Questionnaires in the ICAO Virtual
Library and identified what gaps in data exist to support proper assessment of future technology
opportunities. Given the limited data the submitted Questionnaires, each of the Tahgs conducted a
literature review to identify the possible technologies and advanced configurations possible to support the
Tech SG effort with credible studies and other public sources, in addition to reaahitaginternational
research institutes on recent ACA studies conducted within the classes of aircraft under consideration. The
Tahgs collectively agreed that the primary starting point for the ATW and ACA projections to 2050 was
the 2019 IEIR report.

The vehiclemodelling approach utilized in the 2G1RIR with the use of the Georgia Institute of
Technology modeling capabilities for conventional aircraft was agreed to for the five TRAs to establish the
ATW configurations for 2030, 2040, and 2050. Tiframe and propulsion Tahgs provided input for the
design constraints and variables to utilize for each class of ATW for each time frame. The ACA maodelling
approach was agreed to be qualitative and relied on previous|ingjty published studies to ebtsh the
improvement above and beyond future ATWSs.

ACES established a series of configurations for potential consideration acréige trehicleclasses,
for either a quantitative or a qualitative assessment. These ACAs included (but were notdjrbiteded
wing bodies, trusbraced wings, and supersonic aircraft, and incorporating alternative propulsion systems
based on nodrop-in energy such as electricity or hydrogeACES carried out an assessment process for
the ACAs, consisting of the folaing steps: (a) Configuration/ architecture screening based on potential
benefits per scenario, (b) Technical and-teehnical barrier identification, (c) Assessment of advanced
aircraft concepts through scorecards, (d) Identification of representatiseal@ircraft concepts for each
class, (e) Vehicle level benefit quantification (compared to sgae ATW), (f) Technology and vehicle
scenariebased projection (fleet penetration), and (g) Cost estimation and investment quantification.
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Two overlappingACA fAbasketso of i nnovation whiehrusesconsi
conventional or drofin fuel: ACA T2 is representative of alternative architecture airframes and/or
propulsion (with conventional or drap fuels), and ACA T3 is representative of adved airframes and
advanced propulsion characterized by the use ofdnopin fuels with or without alternative airframe
architecture changes. Note that an ATW configuration withdrop-in fuels would also be considered as
an ACA T3 alternative. Thequai fi ers fAT20 and AT30 indicate a sy
alternatives: T1 including ATWs only, T2 including the addition of ACAs with conventional oridrop
fuels and T3 which includes all advanced aircraft including ACAs with and withoudragrin fuels.

In collaboration with the other LTAG St®Broups, three integrated scenarios (1S#) were defined for
the LTAG analysis. For each scenario, Tech SG provides a summary table for each of the five aircraft
classes under consideration. Each surgrtale included the following information:

1 For IS1: T1: Advanced Tube & Wing (ATW) per annum energy efficiency improvements
relative to ATW of previous decade at three progress levels (lower, medium, higher) for 2030,
2040, and 2050

1 For 1S2: T2: Advancedoncept Aircraft (ACA) energy efficiency improvements relative to
same year ATW at three progress levels (lower, medium, higher) for applicable timeframes

9 For IS3: T3: Advanced Concept Aircraft (ACA) energy efficiency improvements relative to

same year ATWat three progress levels (lower, medium, higher) for applicable timeframes

Range and payload information for all ATWs and ACAs, and applicable competition bins

New Aircraft Market Share (production/introduction) of ACAs vs ATWs for 22030

= =4

The remaindeof the appendix is dedicated to the execution of the Tech SG methodology and will be
described in detail.
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APPENDIX M3.3. TECHNOLOGY REFERENCE AIRCRAFT DEFINITION AND
MODELING APPROACH

3.1 INTRODUCTION

This chapter provides an overview of the modeling conducted forTi&lled process and a summary
of the technology reference aircraft used as the basis for the goal setting. Next, the modeling and simulation
environment utilized for the quantitative assessments is discussed along with the resulting Technology
Reference Airaft (TRA) baseline models.

3.2 AIRCRAFT CATEGORY SELECTION AND CONSIDERATIONS

MDG/FESG uses generic aircraft categories in its forecast and fleet evolution analysis and has defined
these different categories by seat capacities:

f Business Jet (BJ) 020 seats
1 Turboprop (TP) 20-85 seats

1 Regional Jet (RJ) 20-100 seats

1 Narrow Body (NB) 101-210 seats

1 Wide Body (WB) > 210 seats

The reference aircraft have been chosen to represent the five major categories of aircraft in service in
2018. Originally, the plan was to use generic (i.e. hypothetical) Technology Reference Aircraft (TRA)
representative of aircraft in service in 2018asoto avoid competitive issues. However, to ensure the
availability and consistency of input data and to allow International Coordinating Council of Aerospace
Industries Associations (ICCAIA) to provide an assessment of the baseline, notional represevitétie
most recently certified aircraft fitting as closely as possible into each class were used as notional references.
Also, by using actual as opposed to generic aircraft, the different participating organizations were in a
position to provide addibhal data points that could be used to establish the reference arheaffech
SG agreed to utilize the IEIR models with the addition of the turboprop class for the purpose oflliEAG.
reference aircraft selected, with guidance from ICCAIA, were:

T BJ Notional G650ER

T TP Notional DHC Dash 8100
T RJ Notional E190E2

T NB Notional A320neo

T wWB Notional A35G900

It became apparent during the review that the division between RIBaaidcraft was blurred because
RJs, such as the Embraer 190 and the Airbus A@2terly the Bombardier Geries), now have over 100
passengers and could be classed as a small NB. Likewise, a large BJ like the G650ER is comparable in size
(specifically with respect to maximum takeoff mass, MTOM) to some smaller RJs, althoughets, spe
range and payload capacity differ. All available public domain information on the notional aircraft, and
industry provided additional performance information, were used to form the basis of the modeling.
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3.3 MODELING AND SIMULATION METHODOLOGY

A modelng and simulation capability was required to assess the impacts of the technologies for the
threetime frames. The Aerospace Systems Design Laboratory in the Georgia Institute of Technology
(GT/ASDL) was engaged to assist the Tech SG in a modeling cafEcithe foundation for this systems
analysis capability is the advanced methods developed at GT/ASDL coupled with an integrated aircraft
modeling and simulation environment known as the Environmental Design Space (EDS). EDS is capable
of predicting thefuel burn, NQ emissions, and noise metrics in a single environment with an automated
link to provide necessary data for the LTAG assessment{gase3-1).

The majority of the EDS analysis components are NASA developed programs. EDS is capable of
modeling the thermodynamic performance (NASA's NPSS) of any engine cycle coupled with a parametric
component map generation tool (NASA's CMPGEN) and withiDagkeromechanical design/analysis for
flowpath and weight estimation purposes (NASA's WATE++). This propulsion system simulation is well
suited to assess the IEIR technology portfolio and in itéyafm match the engine to a sized airframe using
a simultaneous, multlesignpoint sizing algorithm developed by GT/ASDL. The propulsion simulation
module is coupled with the mission analysis module (NASA's FLOPS) in an iterative fashion, to ensure
tha all coupling variables are internally consistent and have converged, and then passes information to the
noise prediction module (NASA's ANOPP). These are used to assess acoustic impacts, including the
generation of engine state tables from NPSS ancethdting aircraft noise flight trajectories for the sized
vehicle. This data is used within ANOPP to generate the three certification noise values for sideline, cutback
and approach as well as characteristic noise power distance (NPD) curves. Furtherodetae
components of EDS are describedAimex B

The EDS environment executes four phases for each simulation run representing a single vehicle
system.

9 Phase 1: EDS Initialization Phase
o Establishes the different options for running EDS (e.g. WB, NB, RJ, TP, or BJ)
o Determines the settings of the design variables
1 Phase 2: Vehicle Design Phase
o Depending on the desired design there can be a diésigtion for the engine and a
design iteration between the engine and airframe
0 The vehicle size and weights are fixed at the end of this phase
1 Phase 3: Vehicle Performance Evaluation Phase
o In this phase all desired performance evaluatiomasducted including gaseous
emissions, noise certification, takeoff and landing performance, and fuel burn for off
design points on the payloadnge chart
1 Phase 4: Output Data Phase
0 All desired data is compiled into usgpecified summary files.

5The GT/ASDL has over 20 years of experience in the area ofkeyxatbamalysis of current and advanced vehicle
concepts and technology portfol@3/ASDL has used the EDS to assess unconventional aircraft and propulsion
systems in support of the NASA Fixed Wing (FW), FAA Continuous Lower Energy, Emissions, and Noise (CLEEN),
NASA Environmentally Responsible Aviation (ERA), and NASA Vehicle Systgrams. Within the context of the

NASA FW project, GT/ ASDL cr e aXcemtept (distriieuted tarlboelettricybouhdaltys o f
layer ingestion), the Boeing Subsonic Ultra Green Aircraft Research (SUGBRE&dsging (hybrelectre), and

the MIT double bubblenith boundary layer ingestion).
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Figure 3-1. Environmental Design Space (EDS)

EDS uses a simultaneous, mulésign point method to generate the engine cycle, which means EDS
converges on the following five design poisisiultaneously:

1 Point 1, ADP (Aero Design Point)
o Reference point used to define the performance of the turbomachinery components
o0 Typically, at cruise conditions for commercial aircraft systems
1 Point 2, TOC (Top of Climb)
0 Thrust point established by airfrenrequirements. Sets maximum mass flow and
corrected speed of the engifdaximum T could occur at this condition for BJ
1 Point 3, TKO (Take Off)
0 Another thrust point established at aircraft rotation. Maximunspecified at this
condition for high BPRengines.
1 Point 4, SLS Installed
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o Constraint point to ensure that flat rated thrust can be achieved. This point cannot
exceed maximum sb allowable.
M Point 5, SLS Uninstalled Thrust
o ICAO emissions poirfior turbofan enginesyhich sets the maximum SLS thr¢ssed
for Dp/Fog). Maximum SLS thrust is minimum of thrust generated at Nc = 100%yor T
= Taomax

EDS, like most conceptual sizing and synthesis design tools, uses physical performance constraints in
both the engine and airframe analyses to ensure thitirgauodel is a feasible design. Two additional
constraints were recommended by ICCAIA to the GT/ASDL team, specifically, engine ground clearance
and wingspan (gate) constraints, where the values utilized for the study are containeeéxrE The
following list enumerates the additional constraints used within EDS for all aircraft:

Minimum rate of climb (300 ft/min) excess power at top of climb

Turbine material limits (Zma/cooling flow)

Compressor material limits §Timits)

Thrust(or power)requirements for critical points in the mission

Fuel capacity volume must be available

Service ceiling constraint

Takeoff/Landing constraints (fiekdength, obstacle height, one engjiout, etc.)
Reserve mission fuel requirement

E R N

3.4 TECHNOLOGY REFERENCE AIRCRAFT

The technology reference aircraft (TRA) were simulated within EDS based on-gabiiin available
data and are representative of the five aircraft listed in Se&@0An iterative process was utilized to fine
tune the notional aircraft modeling with guidance and feedback from ICCAIA to provide performance
consistent wh published information. The result was five TRAs upon which the technology area impacts
could be inserted onto a given aircraft for 2030, 2040, and 2050.

The TRA models utilized aircraft geometry, mass, mission, and propulsion characteristics. Publicly
available manufacturer data, where available, took precedence over other sources because of its greater
accuracy. This data was taken from airport planning documents, CAD drawings, and brochures. Aircraft
geometries were derived from manufacturer CAD drasjirvghere available, and aircraft masses were
taken from airport planning documents. In the absence of publicly available manufacturer data, the Piano
database (a professionally recognized tool for analyzing commercial aircraft) was used. The models were
then calibrated to match this data.

The calibration process had two phases, one to calibrate the engine model and the second to calibrate
the airframe model. The first phase required that a nominal engine be created to simulate aamission
this was calibsted using a combination of publicly available manufacturer data and ICAO emissions
databank data. The manufacturersd data included i
etc. The notional model matched ICAO reported fuel flow and theusts.

The mission analysis model, FLOPS, was calibrated in two steps, one for each of its operating modes:
mission analysis of a fixed aircraft (an aircraft of defined geometry and size) or sizing an aircraft for a
specified mission. The first step wasdalibrate the aerodynamic module of the aircraft using the fixed
mode. This yielded aircraft maximum tak# mass (MTOM), fuel mass, operational empty mass, and
design payload for the aircraftés desdfpmaircratnge. T
payl oad range charts from the manufacturerds air|
typical seating class.
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To illustrate this process,onsi der t he i nformation provided by
for the EJetsE2 (APM 1 5824, revision 16, dated February 07 of 2020). The document shows three
potential seating arrangements for the EE20 104 pax (single class, 31 in pitch), 114 pax (single class,

29 in pitch), and 96 pax (dual class, 38/31 in pitch). Then,afilwadrange diagram for this aircraft class
(PW1922G engines, MTOW = 56,400 lgkijows that, for a 0.78lach cruise at 37,000 ft, the R2yload
range are 9,600 kg and 3,350 nmi, respectively. It becomes clear that, for thlagsiabnfiguration with
96 pax, this yields a passenger mass of 100 kg, which is approximated tor2@erlmax for modeling
purposes. This process was repe&e@ach TRA to determinteir respective number of passengers and
design payload.

Within the payloadange diagram of a given TRA, the design point utilized for this assessment would
typically be for a range near the Ringe, as depicted Figure3-2. Assuming a mass per passenger and
an OEW, the design range coul d +saageéenneopdthe Rerdngd r om t h
would be tilized for the optimization of the advanced tube and wings, which isaitigeat the maximum
structural payload.

A
Structural Payload MTOM Fuel_
Limited Limited Limited
Mau @ R is the optimization point
Payload
- ® Design range used
8 Cargo
> @ R maxrange at MTOM
o 2 ;
o) Mission and max fuel capacity
c
) Payload
?
©
o
0 >
Y Range

Design Range

Figure 3-2. Typical Payload Range Diagram

Once the aerodynamic parameters were calibrated, the second mode of FLOPS was employed. Using
the same design mission, scaling factors were used to match information from the Piano database. The
calibration consisted of setting component mass scalingrfatbomatch information from the Piano
database. After the mass scaling factors were set, these results were verified by performing the analysis
again using inputs for the thrust-weight ratio at takeff and wing loading. This calibration process
verified that the results from EDS would match TRA data. The details of the five TRAs are described briefly
below. All were analyzed with EDS and the detailed results are presertaden C

It should be noted that the calibration process utilized fuel burn as a matching parameter in lieu of the
CO. metric value, since that data is yet to be made publicly available. The actuatad@ard certification
data is expected to emerge piecemeal over the REXtyBars. Whethesedataareavailable, itwill allow
further confirmation of the modeled 281TRA aircraft fuel burn performance. However, for optimizing
the performance of the aircraft, the fuel burn metric has advantages because it correctly uses the physical
parameters, specifically fuel burned normalized by payload times distance carriedpespbitional to a
rational definition of efficiency.
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3.4.1 Turboprop Technology Reference Aircraft

The TP TRA is based on a notional De Havilland Canada Dd€l® 8The assumed payload is 16,650
Ibm, carrying 74 passengers at 225 Ibm each (including baggsightivat the design rangé] [of 1,100
nm on the payloadange diagram, which corresponds to maximum fuel capacity and mass-afftake
which is at a slightly shorter range than thecBndition (this is the case for all other TRAS). The design
cruise Mach number is 0.50 and the maximum cruise altitude is 25,000 ft.

3.4.2 Business Jet Technology Reference Aircraft

The BJ TRA is based on a notional Gulfstream G650ER. The assumed payload is 1,800 lbm, carrying
8 passengers at 225 Ibm each at the design range of 7500 nm. The design cruise Mach number is 0.85 and
the maximum cruise altitude is 51,000 ft.

3.4.3 Reqional JeTechnology Reference Aircraft

The RJ TRA is based on a notional Embraer EE20The assumed payload is 21,120 lbm, carrying
96 passengers at 220 Ibm each at a design range of 3,350 nm. The design cruise condition is at Mach 0.78
and the maximum cruise #ilide is 41,000 ft.

3.4.4 Narrow BodyTechnology Reference Aircraft

TheNB TRA is based on a notional Airbus A320neo. The assumed payload is 33,750 lIbm, carrying
150 passengers at 225 Ibm each at a design range of 3,360 nm. The design cruise condition & Mach
and the maximum cruise altitude is 41,000 ft.

3.4.5 Wide BodyTechnology Reference Aircraft

TheWB TRA is based on a notional Airbus A3900. The assumed payload is 68,250 Ibm carrying
325 passengers at 210 Ibm each at a design range of 8,000 nm.ighedgse condition is at Mach 0.85
and the maximum cruise altitude is 43,000 ft.

6 The typical payload or passengers carried quoted by the manufacturers was utilized at the design range, which falls on
the constant volume line of the payloathe diagram between th@RJIR, rangesk, range is maximum range for

takeoff with maximum takeff mass at maximum fuel capacity, whergange is maximum range for takewith

maximum payload and maximum ‘aftenass.
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APPENDIX M3.4. AIRCRAFT FUEL BURN AND CO > REDUCTION

4.1 INTRODUCTION

Improvements in aerodynamic, systems, structures and materials, as well as propulsion technologies
have a direct link toiecraft CO; emissions and are key to achieving future aircrafii@Quction goals. In
the past decade, additional advanced-@rge twinaisle airplanes with significant improvements in these
technology areas have entered operational service (the Boeirfyaf&¥%10, the Airbus A35®00 and
1000), while the new BoeinB7779 aircraft with a completely new composite wing is progressing
certification testing. Moreover, several recently introduced new saigle aircraft (such as the Airbus
A220-100 and300) and several derivative aircraft with major propulsion arfichaie technology upgrades
(such as the Airbus A320neo, A321XLR and A330neo, the Boeing B737MAX family, and the Embraer E
Jets E2), have entered operational airline service and provide substantial reductions in fuel burn. The
specific technologies and cdglities which underpin these aircraft, to the extent they are shared in the
public domain, represent the state of the art in larger sized turbofan aircraft design and hence the reference
for various new developments underway or approaching completioncatha worldi for instance in
China (C919), Japan (Spacejet) and Russia (MC21). These technologies and capabilities have also been
brought forward in the latest new and derivative business jets from manufacturers Bombardier (Global
7500), Dassault (FalcdX) and Gulfstream (G650 and more recent G700).

Largescale national and international research programs with cooperation between industry,
government and academia continue to be key enablers to advance and mature the state of art in breakthrough
integra ed technol ogies that can |l ead to further red
demonstrators offer important technical and integration data to progress technologies such as laminar flow,
and advanced structural designs as well as meotriel systems and more electrical propulsion.

The integration and certification challenges associated with advanced technologies are silyeificant
technologieneed time to mature arxk ready for adoption into new or derivative aircraft products. The
maturation alone can require up to-20 years, with further time required even after TRL 6 before the
proven technology can be integrated in a product and put into service. The maturation and adoption of the
key technologies summarized in this Chapter waqarbvide significant additional opportunities to reduce
aeronautical emissions, assuming they are successfully progressed through to and beyond TRL 6 maturity.
The definitions of the TRL scakreprovided inAnnex A

4.2 AIRCRAFT AERODYNAMIC EFFICIENCY IMPROVEMENT OPPORTUNITIES
(AIRFRAME TAHG)

Viscous drag and liftlependent drag are the largest drivers of the aerodynamic efficiency of
commercial aircril. Several technology improvements are being progressed towards possible practical
application in both areas. The applicability and maturation potential of several technologies are different
for the various aircraft TRA classes. As a result, projectdthtdogy opportunities for viscous and {ift
dependent drag reduction are not identical between the TRA classes. This section summarizes key aspects
of flow-physics and integration constraints and opportunities for potential aerodynamic technologies.

4.2.1 Lift Dependent / Induced Drag Reduction Technologies

Advances in materials, structures and aerodynamics can enable significantly rediaeguehfient
drag by increasing effective wing span, such that many aircraft designs now feature true wing spans at or
appraching the gate category limits specified by ICAO. In response, the adoption of some form-of wing
tip devicei be it substantially in the plane of the wing, or rising from the plane (classical winglet) or
featuring upward and downward pointing elemértitas become a standard part of wing design. The
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essential technical role of such devices is to increase wing effective span whilst maintaining acceptable
wing loading and aerodynamic interference consequences. The resulting benefits may be seen not just in
fuel burn through cruise drag reduction, but also in improved climb performance with implications for
aircraft noise and/or engine wear. To further increase wing span in flight some airplanes may include a
folding wingtip mechanism for use on the groundntbitigate the span constraints of existing airport
infrastructure, as depicted Figure4-1.

Dramatic increases in wing span may be enabled by novel configurations, such as the TTBW concept,
as described IMPPENDIX M3.6 Such concepts may require moving wing tips to facilitate ground
operations as well as incorporation of advanced-&viation technology during flight. Load alleviation
methods that may enable increased (tiffe) wing sparare furtherdescribed below.

Figure 4-1. On-ground folding wing tip to maximize in-flight wing span (Boeing B7779)

(Image courtesy Boeing)

4.2.2 Viscous Drag Reduction Technologies

Viscous drag due to profile and skinction drag generally is the largest drag component for
conventional aircraft configurations. Minimizing the wetted area of the aircraft and tailoring aerodynamic
design to minimize flow separation as much as possibley flight conditions is a basic principle of
aerodynamic design to reduce viscous drag. Over last decades, significant progress is being made in
development, maturation and introduction of practical aerodynamic and manufacturing technologies that
enalte reduced skin friction through maintaining laminar flow and/or conditioned turbulent botlagary
flow on portions of wings, nacelles, tails, and fuselages.

Methods to apply robust micckc al e o&6r i bl et 6 gflew skie-frictioneeslucibnor t ur |
continue to be developed and tested to progress maturation to practicality. Estimates suggest opportunities
on order of net 12% fuetburn reduction on new and existing aircraft with significant areas covered by
pr act i c arhe extrawelghtfeiblet appligues somewhat reduces the-tuain benefit provided by
riblet turbulent profile drag reductiong/hilst the flowphysics principles of turbulent drag reduction via
riblet-like micro-scale surface shaping are understood to allow design almigsd¢raditionally there have
been significant practical challenges to manufacture, install and maintain such surfaces for airline
operations. Nonetheless, a level of research has been maintained in this area looking at both maximizing
the potential savigs from riblets and/or easing their application and maintenance.

More significant reduction in skifriction drag is possible by achieving and maintaining laminar flow
on forward areas of engine nacelles, wings and tails. Surfaces intended for Natoirgdr Flow (NLF)
are already present on somepiroduction commercial and businges aircraft €.g.nacelleinlet lip and
winglets on some larger aircraft, and portions of wing and fuselage on some business jets). Achieving the
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potential for laminar flav on aircraft surfaces requires wbklanced aerodynamics and structural designs
together with aligned manufacturing methods to ensure the necessary surface quality and pressure
distributions under real flight conditions.

Research and developmental flighsting of integrated wing structures that offer substantial areas of
laminar flow as well as allow highate production are critical for technology maturation. Within the
European Cleasky 2 Prograni7], the BLADE (Breakthrough Laminar Aircraft Demoretbr in Europe)
project has delivered important data on such Mirkg design concepts. Flight tests conducted on an Airbus
A340-300 (with modified outer wings that are built to enable NLF) explored limits of robust laminar flow
at various flight conditios, as depicted ifrigure 4-2. These tests have-oenfirmed the viability of
achieving long runs of laminar flow over representatively manufactured aero structures and have broken
ground in terms of tolerance relaxatiaiative to the tolerance demands inferred from earlier academic
work. Nevertheless, significant further work will need to be done and challenges will need to be overcome
in the area of NLF before widespread exploitation will be commonplace on largeftaiszd in airline
service. Several business jets and gersr@tion aircraft already employ designs and manufacturing to
enable NLF on lifting surfaces, winglets, nacelle inletii@s well as on forward portions of fuselage.

Beyond the challenge okdigning and successfully manufacturing aircraft with NLF potential, there
lies the challenge of achieving the designed extents of laminarity in routine operations, in particular where
aircraft surfaces may be subject to contamination by insect residubeoforms of dirt or ice accretion.
There is active research in this area looking at@ntamination surface coatings. The exploitation of
shielding provided by suitably designed leadetpe higHift devices, such as Krueger flaps, may also be
corsidered for lifting surfaces, although such approaches are not applicable in other areas such as nacelle
intake lips.

Figure 4-2. Integrated wing NLF (Natural Laminar Flow) integration concepts installedon
modified outboard wings of Airbus A34G6300 (ClearrSky 2 flight demonstrator BLADE)

(Image courtesy Airbus)

On wings of very large aircraft and on geometries with significant sweep such as a vertical fin, laminar
flow can only be realized using suitalderface suction (Hybrid Laminar Flow Control, HLFC). Recent
flight testing of a verticafin HLFC configuration on a singlaisle aircraft under the European AFloNext
(Active Flow, Loads and Noise control on Next generation wing) program complethefitst HLFC

7 https://www.cleansky.eu/smdiikedwingaircraftsfwa



Reportonthe Feasibility of
LongTerm Aspirational Goa
-25- Appendix M3

application on the Boeing B787 tailsdepicted inFigure4-3. Asis the casavith NLF, HLFC benefit is

not given here for free; while sidimant progress has been made in simplifying the HLFC systems as
demonstrated before 2000, the achievement of HLFC continues to require the addition of sophisticated parts
and additional systems to the aircraft with implications for aircraft cost, wengimyfacturing tolerances

for laminar flow, and operability similar as for NLF application§.he HLFC drag increments have been
adjusted to include drag penalties equivalent to the weight and power requirements involved in achieving
the HLFC.

Figure4-3. AFLoNext HLFC empennage flight test on
(Image courtesy DLR)

Overall, practical and robust achievement of significant laminar flow on wings and other surfaces could
reduce aircraft fuel burn otihe order of 5% for larger aircraft. The magnitude of the potential benefit
depends on the fraction of the airplane sugananufactured to achieve laminar flow, the traffavhere
applicable in terms of airframe weight, and the missions and operational conditions to which the airplane
will be exposed. On smaller aircraft, lower chord Reynolds numbers may facilitate [iovnabustness,
however, the significantly larger number of takés and landings for turboprops and regional jets may
result in larger insect contamination, reducing the effective average laftiowasenefit. In addition, for
aircraft with pneumaticwigicepr ot ecti on systems, t hdanthecr@ésewimgce of
leading edgevill likely greatly limit the achievable extent of lamirthow in view of laminarflow surface
tolerance requirements.

Beyond the efforts to reduce aircraftt ous drag t hrough Abroad brusho
large areas of the aircraft, further useful and-effgictive progress can also be made at the local level. This
can be achieved in a traditional way through attention to excrescence dramiioyzing the number of
excrescence items (including antennas etc.) on the aircraft and by optimizing the design of those that are
required considering both shaping and manufacture aspects. Here there is a key synergy with progress in
manufacturing engirexing and production technologid¢dowever, additional potential may be provided
through morphing structures, potentially allowing the elimination of some of the panel breaks seen on
traditional aircraft structures which are required to allow the movewofemaditional control surfaces.
Replacement of such surfaces by morphing structures achieve the same functionality without panel breaks,
although this potential may not be achievable for movables with difti§imction where slotting is a key
part of tie highlift functionality.

4.2.3 Integration and Simulation Technologies

In addition to the technologies so far mentioned directed at the largest drag terms for a particular
aircraft, there is also an evienportant role for technologies and capabilities tangetirag due to shock
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waves, interference drag and other sources of drag coming from adverse bdayelabghavior. A first

and key line of attack in combating these drag terms comes through the abilityCionugetational Fluid
Dynamics CFD) at will in the various stages in the aircraft design process, enabled by increases in
computing power, in the CFD algorithms that are affordable, and in the complexity of configuration that
can be meshed and solved. CFD methods that can model increasing levsisicdlgidelity at local as

well as completaircraft scale are used at different stages in the aircraft design pi@icess

Particularly for the most recent lomgnge aircraft, operating at high Mach and Reynolds numbers with
very adverse exchange rates between drag and weight, these methods have had a decisive impact on product
performance. They will have a central role ire thevelopment of all future aircraft, especially where
operational efficiency is paramount. That said, the level of improvement potential will vargresiass
of aircraft to another, with some benefits achieved in recent years in thealuyey aircrafsector likely to
be difficult to transfer over into some of the smaller aircraft categories.

One major current area in the exploitation of CFD relates to its usage for improved design optimization.
This may come through the hugely enriched informatioithvban be fed to the human engineers in the
multidisciplinary optimization (MDO) loop or through the automated coupling of CFD tools with tools
from other disciplines to try to replicate and go beyond the potential of traditional, fhased, manually
coupled design processes. Accordingly, it has been deemed appropriate to include figures fothdDO
is, aircraft improvement through better integration without regard to any particular techindloglie
performance improvement figures quoted in theo@gmamics area. In particular, the use of composite
materials and advanced load alleviation technology can result in increased wing aspect ratio (and span).

Limitations on what can currently be achieved through CFD and throughb@sé&d MDO should be
noted In particular, the progress to date in achieving efficient and highly accurate CFD capabilities has had
a focus on cruise design where the imperative to achieve low drag typically demands robustly attached and
benign flow over almost all the surfacestud aircraft. By their nature, such flows are particularly amenable
to accurate and efficient CFD analysis and optimization. A considerable mountain remains to be climbed
in ensuring the validity of CFD for the much wider range of flow conditions whichngpertant in
achieving valid aircraft designs. There is an important and continuing role for high quality experimental
wind-tunnel test capabilities to provide confidence in CFD analysis results in these wider areas of the flight
envelopei in particularin conditions with strong shockwaves and significant flow separagan i
presence of deflected control surfaces, an example is showigune 4-4). There is also a role for
international activities such as the AIAA Highft Prediction Workshop activity to address flow prediction
in the particularly complex and critical legpeed perfonance envelope.

8 Slotnick, J., and Heller G., Emerging Opportunities for Predictive CFD-foe€)ih Commercial Airplane Flight
Characteristics,6 Proceedings of the 54th 3AF Internat.
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Figure 4-4. CFD Flow Simulation on wing with deflected control surfaces (Widdody Aircraft
Configuration) (Image courtesy Airbus)

Returning to physical, as opposed to capahidithnologies, the types of benefits that can be targeted,
thanks to high confidence in simulation capabilities, include:

1 Maintaining and improving the state of the art in propulsion / airframe integration to ensure the
benefits of the propulsion concepts the next decades are not negated by adverse
conseguences for airframe drag.

1 Correspondingly, the ability to look at concepts such as short nacelles aimed at minimizing the
upward creep in friction drag which is associated wewenlargea engine diametsr Such
concepts can only be adopted so long as their implications at all flight conditions can be
understood and optimized at the design stagensidering, for instance, crossflow conditions
on the ground.

1 Giving confidence to adoptnovel propulsion ancept such as boundagyer ingestiori as
can be seen in a number of research investigations in recent years

1 The full exploitation of variable camber and multifunctional trailing edge systems to manage
in flight loading distributions (linked to struatl loading but also induced drag) aneflight
camber (controlling drag due to shock waves).

1 The adoption of morphing technologies to enable tkifight adaptation of aircraft shape to
current flight conditions as an extension of, or complement toapipdication of variable
trailing edge camber. Several modern wixely aircraft already incorporate cruise trailing
edge variable camber technology whéne position (small deflections)of the flaps and
ailerons are adjusted at regular intervals in angiflight to minimize total drag.

Lastly, Active Flow Control (AFC) should be mentioned as a key potential technology in addressing
aircraft interference and bounddayer phenomena. At this time, many AFC technologies have remained
squarely onthelounat ur ity side of the ATRL valleyodo over a
demonstration of their theoretical benefits at bench test level. However, there have been significant and
tangible maturation steps in the past decade including the achieverse o f Boeingbés EcoD
program and activities in Europe as part of AFLoNext. Localized suction and/or blowing systems have
demonstrated the potential for increased control surface effectiveness through delayed separation (with the
potential to snevball through to reduced tails sizing and reduced skin friction drag) and improvelifthigh
performance again through delayed flow separation in the wing / pylon junction (with the potential to
snowball through to enabling the integration of larger tab@&ngines with minimized high lift penalties).
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AFC technologies require close integration with Systems and Propulsion technologies to reliably provide
(and account for) energy required to power the AFC actuators at key conditions.

4.2.4 Aggregation of the Aeroghamic Benefits

For each of the TRA configurations, aerodynamic increments were assembled in various technology
categories and aggregated into indudeay and viscoudrag improvement terms by the Airframe
Technology AdHoc Group. Inputs from available KO stocktaking events were reviewed and
technologies not yet assumed were incorporated with consideration of the increments they might practically
achieve. The aerodynamic technology benefits for flow control techniques were corrected to net benefits
afterdrag penalties equivalent to assumed weight effects and power demands had been subtracted.

The increments iAnnex Din this LTAG report diffebetween the five TRA configurations in assessed
magnitude of achievable, practical and certifiable application of the various potential technologies. Both
logical and quantitative factors were considered:

1 Logical: for example, avoiding both natural lamireaxd hybrid laminar increments being
applied to the same component of the TRA

1 Quantitative: for example, recognizing the greater potential for excrescence drag reduction on
(typically smaller) aircraft with higher percentage levels of excrescence dragntiiypically
larger) aircraft with lower percentage levels of excrescence drag.

In addition to a nominal technology projection for the various future decades relative to the reference
TRA configuration, estimates are provided at loywssgress (higherltielihood) levels as well as at higher
progress (lower likelihood) levelsii pr ogr ess o6 being judged neutrally
funding, effort or innovation, slowed by lower general investment, or halted by known or unforeseen
physical oregulatory boundaries. A&nnex Dindicates, the rates of aerodynamic drag reduction potential
reduce for later decades. The aerodynamic techmsaconsidered have a finite maximum practical and
certifiable increment, and, as a result, the relative technology increments will inevitably reduce over time.

The key geometric parameter that drives induced drag reduction opportunity is wing spsahedtien
of wing span (or aspect ratio) is a key result of extensive MDO type integration and optimization
composite materials and load alleviation can allow increased wing aspect ratio, whilst minimizing wing
structural weight. The MDO preliminary dgs process done as part of current LTAG study by Georgia
Tech M&S team accounts for wing span and wing weight trades within specified wing aspect ratio
constraints. The assumed wing aspatio constraints are different for the various TRA configurations
(Annex Ein this LTAG report).

Once the above considerations of key viscous and induced drag potential had been quantified, a further
(modest) drag improvement potential was added for each of the WRAsheassumptions based on how
effectively the various technologieésiew and exisng i might be combined, integrated and optimized into
further drag improvement through multidisciplinary analysis and optimization processes (MDAO). For the
purposes of the Georgia Tech modelling activity, this opportunity was bundled within the wisagus
increments.

4.3 AIRFRAME STRUCTURE MASS REDUCTION OPPORTUNITIES (AIRFRAME TAHG)

The reduction of the structural mass of the aircraétkey parameter that can improve its fuel burn
performance. This structural performance can be generated by sevaral mea

9 Better use of technologies /materials (including relaxing conservatism linked to requirements,
optimization and multifunctional approach due to improved design and verification methods)
9 Introduction of new materials and or technologies
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1 New aircraft architecture (not included in the TRA technologies summarized in Appeindix D
which considers only wing and tube structural architecture opportunities)

It is important to highlight some intezgdendencies with other topics where weight penalties can be
identified €.g.higher aspeetatio wingswith increased end loads, or increased nacelle diameter for engine
efficiency). The savings identified as Airframe structure weight reduction are neitledng potential
interdependencies and are only quantified for the -Typ& aircraft configurations.

The structural layout of the reference aircraft configurations is key to evaluate potential improvements:
The large singlaisle aircraft, such as A320mand B737MAX, andong-rangetwin-aisle B777 and A330
have mostly metallic primary structures. The taisle B787 and A350 have mostly composite primary
structures limiting the potential for further significant benefits from composite technologies.

The airframe structures were split into four major groupings: wing, fuselage, empennage and nacelles
(importance of the reference Aircraft configuration and technologies). The technologies included in the
review are related to these groupings and do natdiecthe mass of associated items such as systems and
equi pment installed within the structural groups.
considered. Within the airframe structures topic, Rsassng opportunities obtained by the ofadvances
in the following areas were considered:

9 Lightweight technologies

9 Multifunctional optimized design
9 Shape control

1 Nacelle improvements

The structural / materials advances described hereafter are aligned with the benefits ideAtifiect in
D technologytables for the various TRA classes.

4.3.1 Lightweight technologies

The structure technologies and material are still evolving enabling weight savings. Two main families
can be defined: composite and metal options. The significant use of compatiigals on modern
commercial longrange aircraft can be further improveitwnew performance materials associated with
new joining technologies like welding (for thermoplastics resins), bonding and stitching. For metallic
technologies, some lodensity alloys with improved strength can be used with improved joining
technologiedike welding and bonding. The choice of the technology is mainly linked to the aircraft loading
and environment with a clear push towards empennage and wing composite solutiBiggi(edes, image
courtesy of Airbus9]). The challenges inherent to composite materials on syasailation (linked to
composite electrical property with strong interdependencies on systems assumptions) is an important
consideration for incorporation of compositeterials to fuselages for ndong-range aircratft.
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Figure 4-5. Composite Upper Wing Skin with Composite Stiffeners (WideBody Aircraft)

4.3.2 Multifunctional and optimized design

Another way to achieve additional weight savings is via integrated design that allows further
optimization as well ascorporates further multifunctional opportunities (these two items can be combined
via multifunctional optimization). In this case, new technologies such as addyie manufacturing
methodsandbionic structural concepiseeFigure4-6, image courtesy of Airbu®]) can permit design
solutions and opportunities not pitde with legag methods and technologiddaterials and structural
design and optimizatioare now more efficient thanks to greatly improved computational simulation
methodsFinally, integration of additional functionality in the structure can allow better integrated weight
performance.The multifunctional approach can be done at the materials lewgeldamping, thermal
insulation, surface treatments, electrical properiesit the part and component level (system/structure
functionality).

4.3.3 Shape control

On the wing, it is possible to reduce the loads by having a load alleviation approach. This can be an
active or passive alleviatiodvanced load alleviation is an exampiefavorable interaction between
aerodynamics and wing structural design. Further sgjpan increasewithout significant concomitant
weight increase are facilitated by introduction of reliable Jabelviation systemsThe active alleviation
solution is acomplished by moving winghounted control surfaces such as ailerons and spoilers using
suitable sensor and control parameters towards limiting wing root bending moment. This effect can be done
passively by means of flexible wing and wing tips with a highlvept planformSuitable design of
composite structure can contribute to passive load alleviation via optimized filagy [8ly The effect on
weight will be through reduction of sizing loads without impacting aircraft structural safety. Load
alleviation is already introduced on some of the existing TRA aircraft at various dégresdting in
differert opportunities for different aircraft classes.

9ICAO 2019 Environmental Rep@@hapter 4 Climate Change Mitigation: Technology and Operations)
https://www.icao.int/environmentgirotection/Pages/envrep2019.aspx)
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Figure 4-6. Additive-Layer Ma n u f a c tBiu 0 nh Typedtiuctural Optimization in Wing Spoiler
Component

4.3.4 Nacelle improvements

Concerning nacelles, introduction of new designs and component technologies can generate weight
savings. The structural improvement will be coupled to méfieient acoustic approach enabling the
overall performance. In addition to progressive increassénoflighter materials, potential reduction in
inlet length towards more compact nacelles can result in net nacelle weight reduction. Furthermore,
additional structural and materials optimization and enhancement in nacellerthreiter systems, and
nacellepylon configuration integration can enable additional nacelle weight improvements.

4.4 AIRFRAME SYSTEMS REDUCTION TECHNOLOGIES (AIRFRAME TAHG)

Improvemens in systems design are also key to achieving future aircraftréfDction goals. It is
essential to emphasize the increasing importance of systems integration in aircraft Stmsigrof the
technology opportunities discussed in Sections 4.2 and 4t8asuuael burn reduction due to wing structure
weight decrease or increased span, are subjde k@Y interaction between mechanical systems (actuators,
hydraulics, and electrical components) coupled with flight control computers and sensors to enable
advanced loads control.

In addition, several technology improvements are being progressed towards possible practical
application for systems. These technology applicability and maturation potentials are different for the
various aircraft TRA classes. Ttgsction summarizes the key aspects consider&dnex Dfor airframe
systems technologies.

4.4.1 Engine Power Extraction

Potential improvement increases as aircraft replace hydraulic and pneumatic systegptacedvith
(more) electrical equivalentas large engine BPRs have increased up to 10+, with small, high speed, high
temperature cores, the impact of an air bleed for all services has become more significant, in terms of SFC.
Shifting to electric offtakes for the aircraft environmental contral ige-protectionsystems comes out
more attractive for SFC, but raises new challenges such as engine compressor operability. The SFC
improvement is traded against the weight impact due to the increased capaldttrical generators and
electrical digtibution system compared to a pneumatic one considering a typical mission for a given TRA.

One version of this technology is-#ervice on the Boeing B787 (but was not adopted in the Airbus
A350). It has not reached TRL9 for singlisle, regional airplarse turbeprops or business jets. Such a



Reportonthe Feasibility of
LongTerm Aspirational Goa
Appendix M3 -32-

significant architecture change compared to a conventional solution is not likely to happen on a derived
version. Nevertheless, future clesimeet designs for NB, RJ and TP configurations that utilize propulsion
sysems with increasingly limited bleealr availability might adopt this new architecture if the technology
sufficiently matures.

4.4.2 Cabin Environmental ContrelAdaptive ECS (Filtration and Reconfiguration)

All the contemplated improvement here is subjectuaent Part 25.831 certification requirement
changes from 0.5parts per milliorof fresh air per occupant plus maximum £d CO concentrations,
to only retaining the latter requirement on maximum @l CO concentrations. The existing technology
compaments for air quality sensing and air treatment could be adapted in order to reduce the amount of air
bled from the engines whereas still addressing cabin pressurization demand and resulting in some SFC
benefit. However, reduced cooling performance dedighdry a smaller pack would have to be compensated
by additional ram air which would mean a drag increase partially offsetting the SFC improvement benefit.
The net fuel burn improvement is deemed as 0.5% * 0.25%. As this improvement is subject toioartificat
requirement change, the SFC benefit was considered for all TRA only in 2050. The adaptive ECS
(Environmental Control System) benefit is not additive to the one achieved in transforming pneumatic bleed
extraction into mechanical/electrical power exti@ct

9 Areduction of the cost of this power extraction will naturally lead to a reduced benefit if further
reducing the airplane pack flow.

1 An electric compressor feeding the air conditioning pack will always provide air with a pressure
closer to the minimmn required pressure than an engine bleed port. Thus, the pack cooling
performance (per the airflow expansion) will be lower in the case of an electric compressor and
will require a greater cooling demand for adaptive ECS. Any additional ram air need would
again reduce the benefit of reduced pack flow.

To sum up, the drag increases due to additional ram air that needs to be accounted for in order to assess
the net benefit is greater when combining adaptive ECS and swjtffom pneumatic bleed to
mechanicHelectrical power extraction.

4.5 PROPULSION FUEL BURN REDUCTION TECHNOLOGIES (PROPULSION TAHG)

A Propulsion Tahg was formed to consider a range of technologies as part of its assessment of existing,
foreseen and innovative concepts that could reduce thebedittn of the propulsion system to future
ai r cr afemissiens. The Propulsion Tahg included 39 individuals with diverse backgrounds and
globally distributed from a variety of academic, governmental and industry entities. Work within the Tahg
suppored the determination of impacts of future propulsion systems on both ATW and ACA vehicles for
the LTAG analysisFor reference, a configuration summary of a modern state of the art commercial
propulsion system is provided Figure4-7.
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Figure 4-7. Modern commercial engine outlining a Geared Turbofan Configuration (image adit:
Pratt & Whitney)

In order to support the assessment of the ATW vehicles, the Tahg met to compare perspectives on the
readiness, attainability, and feasibility of future technologies. In support of LTAG modeling and analysis
objectives, the Tahg considered how those tecigires would impact key propulsion design and
performance parameters in future aircraft. This included a literature review and data gathering process
during which Tahg members brought forward academic papers covering technologies relevant to the effort.

The Tahg agreed that the propulsion impacts from the 2019 IEIR study would be used as a format for
documenting technology impacts. The 2019 IEIR inputs were used as an initial set of values and updates
were made based upon recent developments, new findingsnput from ICAO Stocktaking events and
Tahg members. A sdieam of ICCAIA industry experts met to formulate initial updates for the propulsion
technology impacts for each aircraft class in 2030 and 2040, as well as generating new impacts for 2050,
and brought those results back to the larger Tahg for review and approval. Turboprop (TP) propulsion
systems were not part of the 2019 IEIR effort and the IEIR parameter set was found to be unsuitable for TP
configurations. Therefore, a stdéam of propulsiorsystem experts was formed to work witie M&S
Tahgto identify parameters suited to TP applications and create propulsion impacts at the required time
horizons.

The Propulsion Tahg outputs represent the potential changes in propulsion system cafmabiiitas
category of aircraft. The LTAG M&S team used the new ranges of technological capabilities to perform
aircraft level optimization and provided detailed outputs on the propulsion systems selected for each
category of aircraft so that the Propulsibathg could review the integrated results and update as needed
(seeFigure4-8).

ICCAIA Input - Propulsion
* Propulsion Tahg
Stakeholder questionnaires » Modeling & Simulation
+ Airframe Tahg Optimize for F&

i Other LTAG Groups
(scenarios etc)

ICCAIA Input - Airframe
Figure 4-8. Flow of Information from Subject Matter Experts to Modeling & Simulation

Details of the M&S Tahgés modeling and analysis
(i.e. impacts)are documented in Section 5.2. Onitee ATW iterations with M&S were completed the
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Propulsion Tahg held a formal review meeting to allow all members of the Tahg to ask questions, raise
concerns and provide feedback. At the conclusion of the foewew,the Propulsion Tahg unanimously
conaurred that:

1 The M&S results adequately captured the Propulsion System Technologies andarBfipose
In the LTAG Modeling Process
1 The M&S process was logical, reasonable and appropriately implemented Propulsion Tahg inputs
for key parameters:
o Fan pressure ratio(not directly applicable for turboprops)
o Core weight reduction
o Propulsor weight reduction
o Overall pressure ratio (OPR)
T The Propul sion Tahg recommended Asmall cor e
similar to IEIR modelers valgeand appear to have been transferred appropriately
1 The optimal aircraft solutions identified liye M&S Tahgare reasonable and within Propulsion
capabilities defined by Propulsion Tahg.

Upon completion of the inputs for the ATW vehicles, the Propulsion Tahg engaged with the ACES
Tahg to capture the impacts of propulsion systems on ACA vehicles. The proc&€afois necessarily
more complex given the wide variety of potential ACAs, many of which change conventional technical
trade decisions and integration approac@@gen this complexity, the LTAG agreed to consider propulsion
and airframe ACA technologiems combined entities distinct propulsion technologies/trends and their
related fuel burn impacts were not assesSedexample, Boundary Layer Ingestion configurations require
complete integration of the propulsion system into the airframe to suctedsiiver the aircraft boundary
layer in the propulsor while the fan must Hesigned to deal with high levels of flow distortion
(circumferential, radial and swirl) without compromising structural integrity andefficiency. More
information on how thA CA vehi cl esd propul sion i mpacts were
ACES effort is covered in section 4.5TFhe following five sections will focus on Propulsion Tahg results
in more detail summarizing the ATW propulsion trends assessment prdaasengine design/efficiency
improvement elements, weight reduction technology trends, and interdependencies betwékrelCO
burn) reduction and other propulsion/airframe figures of merit.

45.1 Integration with the LTAG Technology Assessment Process & Kegnfiters

One of the first tasks of the Propulsion Tahg was to dlignr A b u ¢ klasses of prapulsion
system technologies consistent with the LTAG technology modeling process. As sh&iguria4-9
below, the Propulsion Tahg chose 3 buckets: conventional technologygnuantional technology
contained within the engine control volume, aneconventional technology requiring airframieanges

ef

(
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Propulsion
Technology

Un-Conventional Un-Conventional
Conventional /Advanced /Advanced

Technology Technology
TECh nology (within the engine (beyond the engine
control volume) control volume)

Evolutionary improvements New approaches to engine Alternative energy sources/storage;
in thermal/propulsive ' components/systems; Mild heavy hybridization and ,
Examples: ' efficiency via materials, i ' hybridization without energy electrification; open rotors, BLI, |
| design, etc. i | storage onboard required distributed propulsion and other i
| E H concepts with major PAl implications E
I I
L ATW !l ACA :

Figure 4-9. Propulsion Tahg Technology Buckets

4.5.2 Propulsion Technology Buckets

For purposes of ATW detailed modeling, only the conventional technology bucket was considered. The
two unconventional technology buckets were considered as part of the ACA assessment process. Most of
the content covered in the remainder of the propulsiectia addresses the ATW technology
trends/modeling activity. Discussion of the propulsion inputs to the ACA assessment process are discussed
in Sectior4.5.6

The following sections cover the key propulsion parameters that drive energy efficiency and thereby
CO; emissions for aircraft, and discuss the relevant technologies and impacts deterntlirecErbypulsion
Tahg. The contributions of a propulsion system to
in terms of the thermal efficiency, propulsive efficiency, and the weight of the engine, as well as its
contribution to aircraft dragrhis approach and propulsion parameters were selected after discussions with
the M&S Tahglt allows thepotentialchanges in system level physical capabilities of the propulsion system
to be modeled and optimizead the aircraft levelvhile avoiding thecomplexity of modeling the wide
variety of features that make up a propulsion systéttmthe conventional Brayton thermodynamic cycle
employed by gas turbines. It should be noted that the final level selected for each aircraft and time horizon
was defind by the M&S Tahg (seEigure4-8) and represents the best overall aircraft solution and may
not necessarily align with the maximum values specified by the Propulsion TaddPropulsion Tahg
decided to capture the three maim eas of contri bution of the propul
performance using five parameters at key operating conditions (Aero Design Point = ADP, Max Climb =
MCL and MCR = Max Cruise Condition):

1 Thermal Efficiency

0 Overall engine pressureti@a(atMCL)

o Small core efficiency improvements (relative to TRA, MCR)
1 Propulsive Efficiency

0 Fan pressure rati@(MCR) / Propeller Efficiency for TP
1 Weight

o Core component weight reduction (relative to TRA)

0 Propulsor weight reduction (relative to TRA)

ThePropulsionTahg tackled the parameters associated with the engine itself, rather than its installation
aspects (nacelle weight and drag impacts), which were handled by the Airframe Tahg. Full documentation
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of the propulsion impacts provided by the ProjmuisTahg to the M&S Tahg for each aircraft class are
documented iMnnex C

4.5.3 Improved Thermal Efficiency

Throughout the course of history of gas turbine development, designers have sought to increase thermal
efficiency by increasingOPR of the engine, increasing turbine inlet temperature (TIT), improving
turbomachinery component efficiencies, and reducingirercooling. These changes have been enabled
by the development of materials capable of routinely withstanding temperatures of 1,000K, turbomachinery
that is well over 90% efficient, and cooling schemes, materials and coatings that enable turbinaseto oper
safely at 2,000K for many thousands of hours. However, the rate of improvement in materials, cooling and
efficiency has reduced over time. Additionally, with the conventional Brayton physical cycle employed by
gas turbines the fuel burn improvementdogiven improvement in OPR or TIT is reaching asymptote as
the cycle reaches the theoretical limit. With the current state of the thermal efficiency at around typically
50-53%, it is becoming progressively more difficult to improve thermal efficiencyurghér factor in
improving thermal efficiency is the balance between engine Bme/ing, a key factor in maintenance
cost and operating economics, versus improved fuel burn through thermal efficiency which will increase
operating temperatures. Gas turlsinare necessarily optimized to operate at the highest feasible
temperatures and most materials rapidly deterigrajgerated at higher temperaturessulting in shorter
component lives and substantially higher maintenance costs which are not offseé byodest
improvement in fuel burn.

Relative to a 2018 TRA-82% improvement in small core thermal efficiency improvement is possible
by 2030, with10-19% by 2040 and0-25% by 2050, ranging from low to high progress scenarios. Engine
overall pressure rat at MCL is foreseen to increase byb8% by 205or the lower progress scenarios
and from 3@888% for the higher progress scenarios compared to the 2018 TRA. The level of improvement
varies drastically within each progress scenario depending upontaarttdagngine size clasghe trend of
OPR vs. Entry into Service (EIS) timing provided by the Propulsion Tahg for widebody market aircraft is
shown inFigure4-10 below. Inputs were provided for high, nominal, and low probabilities of realization
by the given EIS year.

Widebody OPR vs. EIS Year
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Figure 4-10. Widebody OPR vs. EIS Year
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The largest OPRs, as expected, are possible for widebody aircraft with the largest engines, as high as
61-72 by 2050 because of the relatively lower portion of the mission at high temperature conditions such
as takeoff and climb and relatively higher fraon of the mission at high altitude cruise conditions which
are cooler. Additionally, WB aircraft consume a large absolute volume of fuel meaning that a given
percentage improvement is substantially more valuable than in other chasseg)st the RJ, NBnd WB
aircraft classes, the future versions of the larger aircraft are projected to achieve larger relative gains in
OPR when compared with their TRA aircraft. The TP and BJ aircraft classes are also foreseen to achieve
even larger relative gains in OPBngpared to their TRA aircraft, as additional technologies are applied to
these smaller engineghe economic feasibility of applying these technologies to TP, BJ and RJ aircraft is
unclear because while the percentage reduction in fuel burn is simitaetatasses the absolute reduction
in fuel is substantially lower.

Increases in thermal efficiency through increased OPR Hiid will require turbomachinery
technologies that mitigate current inefficiencies and challenges with high temperature turtatieropad
cooling. The thermal efficiency opportunities and challengesdepicted ifrigure4-11. The Propulsion
Tahgnoted thathiese challenges can be grouped into three main categories:

1 Improved component efficiencigimcluding enablers such as hybridization

1 Hot sectionmaterials & combustion technologies to minimise parasitic cooling air losses at
higher compressor delivery temps with commercially acceptable durability

1 Small core enabler technologies; improved cooling schemes, tip clearance management and
scaling of keyphysical features

Opportunities Challenges

; roaching turbomachinery loss reduction

Trades verses cost, weight
+ Requires new manufacturing te hniques
+ Predictive tools for full life cycle
+ Exceed Nickel alioy vapac ties

Combustion and Fuel Management

ﬁ“‘ iel system complexity ->
weight, volume, cost

Figure 4-11. Thermal efficiency technology opportunities and associated challenges

The (adiabatic) efficiencies of the gas turbine turbomachirieryfgn, compressor and turbine) are
already very high given extensive development over many decades. At constant turbomachinery size, there
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is certainly some further gain to be obtained, although the improvement rate is likely to be substantially
lower thanhas been the case in the past. As an example, several academic studies have defined 95%
polytropic efficiency as the theoretical limit for axial compressors, representing a highly idealized
configuration such as zero thickness airfoils, ideal surfacénfifdeal clearances and no leakage. Current
world class largeWB compressors are in the 92% efficiency range. Therefore, achieving a 1%
compressor efficiency improvement, resulting in-0.6% fuel burn reduction would require a 25%
reduction in the lasbetween current statd-the-art and ideal theoretical performance. Over the-temg,

it is viewed that the polytropgfficiency of the compression system might be improved b2%lbeyond

the current statef-the-art through the application of advatcaerodynamic design methods, clearance
management, sealing and potentially new aerodynamic design space selection to trade cost for performance.

Increasing turbine inlet temperatures and/or reducing cooling flows required to provide commercially
accepable durability has a direct beneficial impact on thermal efficiency. Extensive research, and many
technological breakthroughs, over many decades has resulted in nickel superalloys, cooling schemes,
materials anénhancedaoatings enable turbines to suiat2000K for many thousands dlight cycles
However, current research on superalloys indicates that no further radical improvements are to be expected.
The current development in temperature capability seems to be levelling out and designers rawvirfgce h
to trade one property for another.

The focus for higher capability materials has shifted from nibkskd superalloys to other potential
solutions. These new materials offer the potential for higher temperature capability but pose different
challerges such as structural capability limitations, lower resistance to environmental pollutants and
significantly different mechanical properties to surrounding hardware. Ceramic matrix composites (CMC)
are expected to be progressively introduced into eveerhparts of the combustor and turbine system.
Longterm, it is feasible to have HPT parts including the nozzle and, ultimately, possibly turbine blades
manufactured using CMCs. There are also newshotion materials like eutectic ceramics and
intermetalic alloys which may be able to operate at higher temperature than superalloys currently in use.
These new materials do not appear to be readily applicable to rotating components such asddisks
therefore sealing and cooling technologies will be required for these components to enable higher gas path
temperatures, although this is considered significantly less challenging than maturing the new material
systems.

It is expected that the desigi HPT airfoils will continue to be refined, including the high thermal
effectiveness cooling circuits inside blades and vanes, albeit with ever decreasing returns on temperature
capability, reduction in cooling mass flow requirement, and efficiency pemabimilar evolutionary
progress is expected in the areas of thermal barrier coatings. A less conventional way to improve
temperature capability is to use novel means for heat management. The introduction of variability in the
cooling flow to adjust tohte flight envelope requirements is expected.

The highpressure compressor (HPC) exit is also becoming very hot relative to material capabilities,
but suitable and promising new materials are not evident. Additionally, the increase in OPR reduces the
sizeof the last stages of the higihessure compressor to a degree that the achievable compressor efficiency
starts to drop. This reduction is driven by relative increases-atdgyances, reduction of Reynolds number,
smalktsize manufacturing imperfectioasnd enewall boundary layer interaction.

A consequence of higher efficiency, lighter weight aircraft is that less thrust is required. At the same
time more efficient, higher OPR concepts result in smaller, hotter turbomachinery. Based on these trends,
turbomachinery will be required to scale down to new design spaces below conventional axial
turbomachinery experience. In this design space, the compressor outlet and HPT turbine blade heights are
small in relation to diameter, and this makes it particuldifficult to achieve high efficiencies and maintain
high performance cooling systems. Here, tip clearance management, leakage management, and high
temperature materials are key enablers. Without new technologies and techniques, the detrimental impact
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of saling down on efficiency and cooling requirements will offset any potential benefit from OPR and T41

increases.

A wide variety ofpossibletechnologiesxist, including aerodynamic technologies to desensitize the
design to clearances, leakages and varnatmanufacturing technologies to enable highly repeatable
precision manufacturing, materials to deliver additional structural capability, and mechanical concepts to
mitigate clearances, leakages and structural responses. These challenges are mosthacSi and
smaller classes due to the smaller scale of turbomachieguired The Propulsion Tahg chose to capture

t hese

future

ismal

[ cor e

efficiencyo

technol ogi e

turbomachinery. n the M&S propulsiogssem modeling process, this loss reduction was used to modify
(reduce) a base core loss curve applied as a function of core size (airflow). The table of Propulsion impacts
for small core efficiency loss reduction implemented by the M&S Talistéslin Table4-1 below.As an
example, a narrow body engine small core with a base curve loss of 20% for size effects would have that
loss reduced by 17% in 20 (mediumprogressscenario). This 17% loss reduction would result in a new

small core loss of 16.6%, and a corresponding improvement in core component efficiency.

Table 4-1. Small Core (SizeEffects) Loss Reduction as a Function of EIS Date

2018 2030 2040 2050

2010 TRL6 | 2023 TRL6 | 2033 TRL6 | 2043 TRL6

High Confidence|] BASE 8% 14% 20%)

WB Med Confidence BASE 10% 17% 23%
Low Confidence BASE 12% 19% 25%

High Confidence] BASE 8% 14% 20%)

NB Med Confidence BASE 10% 17% 23%
Low Confidence BASE 12% 19% 25%

High Confidence| BASE 8% 14% 20%

RJ Med Confidence BASE 10% 17% 23%)
Low Confidence BASE 12% 19% 25%

High Confidence] BASE 8% 12% 13%

BJ Med Confidence BASE 10% 12% 14%
Low Confidence BASE 12% 12% 15%

High Confidence] BASE 8% 10% 10%

TP Med Confidence BASE 10% 12.5% 15%
Low Confidence BASE 12% 15.0% 20%

This section and inputs to the M&S Tahg focused on conventional turbomachinery. Other, less
conventional, concepts for improving thermal efficiency exist such as water cooling, intercooling and
electricd hybridization. These concepts were treated as part of advanced concepts work due to the higher
level of interdependency with the airframe configuration through increased weight olt dsamportant
to note that modern turbomachinery is trending towalower specific thrust to achieve improved
propulsive efficiency. This design selection optimizes overall fuel burn but results in higher core
temperatures across the whole flight envelope, indeed the top of climb condition is close to replacing take
off as the most challenging operating point. This change means that technologies to improve thermal
efficiency must be capable of sustained operation across a large portion of the flight envelope.

Thermal efficiency has a direct impact on fuel efficiency.ifreparameters for thermal efficiency can
also strongly influence ne@0O; emissions. A relevant example is the correlation between higher T3 and
higher NQ generation. These dependencies are noted in the Dependencies sectiorm heldvermal

efficienciesc o mput ed

by

t he

M&S Tahgods

anal ysi s

efforts

and timeframe are illustrated below for the aerodynamic design point conditiéigure4-12, each solid

f
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line represents the medium progress scenario for an aircraft class, while the dotted lines represent the lower
and higher boundsf progresgor each aircraft class.
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Figure 4-12. Thermal Efficiencies at Aero Design Point Output by M&S Process

4.5.4 Improved Propulsive Efficiency

Improvements in propulsive efficiency are the result of lowdfiRBand increasin@PR, reducing jet
vel ocity and increasing the overall mass of air Dbe
efficiency of the engine, it drives increasesngine diameteinotional depiction irFigure4-13, thereby
increasing the weight of a range of propulsor components, increasing nacelle drag, and introducing
installation constraints as fan diameters increase.

Legacy 5:1 BPR Notional 18:1 BPR

(for illustration purposes only)

Figure 4-13. Comparison of Legacy and NotionalUltra -High Bypass Ratio Engine Sizes

The optimization of the engine and airframe integration is a complex undertaking across the airframe
and engine manufacturers. The optimal customer value depends significantly on aircraft level trades,
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technology assuptions and balancing these effects against the desired mission. Examples of some of the
trades are provideih table Table4-2. To support M&S ATW modeling, the propulsion Tahg provided
potential future engine FPR vs. EIS timing trends. An example for widebody (twin aisle) aircraft is shown

in Figure4-14.

Table 4-2: Example Airframe and Engine Integration Trades

Airframe structure
Propulsion system weight

Cost

Installation effects

Landing gear length, wing planform, additional structure
Engine, nacelle, pylon

Larger/heavier components, landing fees

Wing interference

Widebody FPR vs. EIS Year
175
e LTAG Prop Tahg Nominal Probability

= = LTAG Prop Tahg Low Probabiity

165 -~-

~a = = LTAG Prop Tahg High Probability

155

FPR

145
135 S 7
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EIS Year

Figure 4-14. Wide Body FPR vs. EIS Year Projected Tren

By 2050, fan pressure ratios at MCR may be reduced by between 5 and 11% for lower progress
scenarios and by between 7 and 19% for higher progress scenarios. The lowest fan pressure ratios are
expected foNB andWB aircraft, at 1.3 in the highest progress scenario by 2050.

These lowspeed fans will need to be accompanied by advanced nacelle technologies and design
methods that allow thinning and shortening the nacelles. In turn, this will demand moresxcompl
optimization for the propulsor including combined aerodynamics and acoustics considerations. Shortening
nacelles will limit noise shielding and use of acoustic liners; it will also make the fan more vulnerable to
crosswind distortion or the distortioat angle of attack, so that the fan and nacelle integration become
more challenging. Design methods will be required that include the intake, the fan and theags lojuct
taking multidisciplinary considerations into account.

The reduction in FPR pdoices larger and heavier engines with greater interaction with the airframe.
The fan is now the largest noise source for4afikebut the potential mass of the intake and nacelle tends
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to make these shorter with an adverse impact on noise. All thisesqrizgater use of multidisciplinary
engine design, but going beyond this requires strengtheredgineering between aircraft integrators to
include aircraft, engine and nacelle manufacturers. Imprboe#idw metallic andcomposite fan blades,
containmensystems and other advanced concepts for mass reduction will play a key role to enable future
ultra-efficient and ultrdow FPR designs. It is expected that improved integration of the whole power plant
with the wing may still bring benefits. For very larfan diameter installations, even the overall structural
concept to hold the engine under the wing may need revisiting, or a switch to a high wing may become
necessary.

At the start of takeoff, with low forward speed, low FPR fans are susceptibleuttefl or are prone to
stall and surge. Until now, this problem was managed by including margin in théesgga, perhaps with
a small penalty on performance at cruise conditions. As FPR is lowered further, it is expected that a
condition will be reachedt which this no longer provides an acceptable installation and new technologies
will be required. Potential technologies include variable area nozzles or variable pitch fans, however,
substantial advancements in mass reduction, cost reduction anditglisyibnd the current statd-the-
artare needetbr these technologids become attractive.

This section and inputs to the M&S Tahg focused on conventional turbomachinery. Other, less
conventional, concepts for improving propulsive efficiency exishsae Boundary Layer Ingestion or
Distributed Propulsion. These concepts were treated as part of advanced concepts work due to the higher
level of interdependency with the airframe and the low level of TRL. Additional information is provided in
the AdvancedConcepts section below and the ACES Tahg sections.

The propulsive efficiencies computed by the M&S Tahg for each aircraft class, development level, and
timeframe are illustrated below for the aerodynamic design point conditidrigiure4-15, each solid line
represents the medium progress scenario for an aircraft class, while the dotted lines represent the lower and
higher bound®f progresgor each aircraft class.
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Figure 4-15. Propulsive Efficiencies at Aero Design Point Output by M&S Process

455 Component Weight Reduction

Propulsion system weight has typically been a se@vddr effect on fuel burn compared to thrust
specific fuel consumption (TSFC) and other integration effects. Many technologies implemented to achieve
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the large historical improvement in fuel burn, for example turbofans and then hiBa€3yRatio (BPR)
engnes, have resulted in relatively heavier configurati@msl weight reduction technologies have been
Afspento to minimize the negative weight i mpact
flattening of the Thrusto-Weight (T/W) ratio of comrarcial engines as seenkigure4-16. The variation

in T/W is due to two primary factors: (i) the thrust class of the engine, with larger enginesdbetingly

more weight efficient because many components do not scale down (e.g. controls and externals) and (ii)
other requirements not represented in this simple plot such as thrust demands elsewhere in the
flight envelope.
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Figure 4-16. Commercial Gas Turbine Thrust / Weight History

The majority of engine weight reduction historically has come from material and manufacturing
technology advancements such as advanced titanium alloys or organic matrix tesn@asitinued engine
weight reduction is possible as engines are developed over the coming decades. Many weight reduction
efforts will be focused on the propulsor in order to offset the effects of lower fan pressure ratios and higher
bypass ratios on engg diameter and thereby enable greater propulsive efficiency. In modern engines the
fan module may constitute 0% of the overall engine mass and is therefore a natural focus area.
Reducing engine core size, made possible by advancements in aerodyesigncathd manufacturing
technologies, may help to minimize weight growth as fan pressure ratio is deckeaseder, there is also
room for continued improvement in component weights in other areas of the engine.

This is expected to result from continuexpbansion of new materials and their applications. Polymer
matrix composites have already brought significant weight reduction to some engine components, and
improved manufacturing processes are expected to improve the properties of these materiaésdowirdr
cost to enable application to additional engine components. Ceramic matrix composites, as mentioned
previously in the discussion of their benefits to thermal efficiency, are typically lower weight than their
equivalent metallic components, and Iwgbntinue to be applied to an increasing number of engine
components (including more rotating parts) requiring strength and temperature capability. Finally, additive
manufacturing opens up possibilities for better optimized design to bear loads, whdmgedeight as
compared to traditional components performing the same function.

The relative sizes of the propulsor and core are driven by the thrust requirements of a given aircraft and
design decisions such as Thoe-Wing, bleed extraction and powexteaction. The M&S optimization
was expected to modify each of these parameters during the optimization process resulting a wide variety
of potential engine configurations. The Propulsion Tahg therefore needed to provide weight information in
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a manner thataptured changes in technology level that could be used to assess the various M&S
configurations. As a notional example, an advanced fan case material might allow a 10% reduction in
propulsor weight at a given fan diameter which represents a changénoltey level. However, M&S
optimization for a given application might select a 5% larger fan diameter as a lower fuel burn configuration
which would result in a ~16% increase in propulsor weight at constant technology. When combined the
propulsor weight ni the aircraft level analysis would increase 5% (=(20¥¥116). The technology

capability improvements were provided separately for the Propulsor and Core with each being independent

of the other:

1 Propulsor Weight reduction @ constant fan diameter (Psoput Aflange or aft fan case
flange)

1 Core Component Weight reduction @ constant core size (Core =
LPC+HPC+Combustor+HPT+LPT)

Accounting for the overall effects of these different weight reduction technologies against engine sizing
trends, relative to 2018 TRA, 04% weight reduction in engine core components is possible by 2030, with
2-6% by 2040 and 8% by 2050, ranging from low to high progress scenafgsan example of the
Propulsion Tahg provided weight technology information, the core weighttied trend (at constant core
size) vs. EIS timing is listed ihable4-3.

Table 4-3: Core Component Weight Reduction vs. EIS Date

2018 2030 2040 2050
2010 TRL6 | 2023 TRL6 | 2033 TRL6 | 2043 TRL6
High Confidence| BASE 0% 2% 4%,
WB Med Confidence BASE 2% 4% 6%
Low Confidence BASE 4% 6% 8%
High Confidence| BASE 0% 2% 4%
NB Med Confidence BASE 2% 4% 6%
Low Confidence BASE 4% 6% 8%
High Confidence| BASE 0% 2% 4%
RJ Med Confidence BASE 2% 4% 6%
Low Confidence BASE 4% 6% 8%
High Confidence| BASE 0% 2% 4%
BJ Med Confidence BASE 2% 3% 5%
Low Confidence BASE 3% 4% 6%
High Confidence| BASE 0% 2% 4%,
TP Med Confidence BASE 2% 4% 6%
Low Confidence BASE 4% 6% 8%

4.5.6 Advanced Propulsio@oncepts an€onfigurationdComplete Rewrite)

Through continuous improvement and substantial investment, the modern commercial engine has
become one of thenost efficient machines known to mankind while delivering remarkable levels of
durability reliability and safety. However, it is becoming increasingly challenging to further optimize the
Brayton cycle employed in traditional gas turbines powering comnhaiotgaft and therefore researchers
are examining advanced and alternate concepts. The Propulsion Tahg worked collaboratively with the

ACES Tahg in discussions on the fuel burn reduction impacts of these advanced propulsion systems on

future ACA vehiclesA r ange of alternatives were identifi
gathering process for concepts contained within the engine control volume, and those requiring larger
architecture changes (see Figus&)4

ed
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45.6.1 Concepts and Configurations lmnd the Engine Control Volume

The Propulsion Tahgés <coll aboration with the A
propulsion concepts that would have large effects on and interdependencies with aircraft design, including
changes in propulsor aitécture (open rotor, boundary layer ingestion, and distributed propulsion
concepts) as well as energy source (varying degrees of electrification, including hybridization, as well as
nortdrop in fuel sources, such as hydrogen). Consistent with the lasgeriin ol ogy S G6s appr o
vehicle assessment, the Tahg agreed that rather than picking individual propulsion configurations as for
specific vehicle classes in specific timeframes, a representative additional fuel burn delta from the ATW
vehicle in a gzen aircraft class in a given year was determined, including impacts of airframe and
propulsion technologies combined.

The Propulsion Tahg believes that a move to any of the advanced propulsion concepts considered would
represent a onéime stepchangein impacts on energy efficiency, from a propulsion perspective. These
architecture changes would not modify the rate of improvement to the other fundamental parameters within
the engine control volume, such as component efficiencies, materials propdréeseament, etc. in any
way that would be distinctly different from an AT
This approach assumes that the initial version of an aircraft would take maximum advantage of the
configuration with available tdnology. For example, while the configuration change of the aircraft
fuselage on an ACA might open up constraints on engine fan diameter, once that design space is modified,
further advancements are within the context of the components, materials, ag@malithin the
propulsion system that are captured well by the ATW propulsion impacts. This conclusion supports the
approach chosen to capture ACA vehicles impacts as a delta to the ATW vehicle in the same aircraft class
in the same year. This approaeiiad upon review of research reports and past engineering experience of
the Tahgs in order to gquantify the potenti al bene
class.

Additional detailed discussion of the advanced propulsion confignsationsidered as part of the ACA
assessment process are document&edtion6.3.2

45.6.2 Concepts within the Engine Control Volume

The Propulsion Tahg also reviewed advanced propulsion system concepts that were within the control
volume of the propulsion system (see center elemdfigafe4-8) in order to provide ACES with guidance
on the readiness, attainability, and timing of these concepts. These are concepts which do not depend on
new fuels and are approximately independent of the airframe configuratione . t hetyhdifd dv evri & th
of traditional propulsion systems. Concepts that have a strong dependency on the airframe such as
hydrogen, open rotors or distributed propulsion system were considered as potential integrated system
ACAs in the ACES Tahg.

These advanced teablogy propulsion system concepts are primarily low TRL (typically TRL2)
meaning that they are physically feasible and some fundamental building block components may have been
proven at a design point condition in a laboratory environment. However, sidistasearch effort
remains and there are practical challenges to be overcome before these propulsion systems become suitable
for safe and reliable option in commercial revenue service. Based on stakeholder questionnaires and
available open sources of d#tase technologies have not yet reached a maturity level suitable for transition
from research facilities to industrial maturation. It is worth noting that most of these concepts have been
known for many decades and may only now be enabled by new amlabajsabilities, materials, and
controls.

The Propulsion Tahg reviewed stakeholder questionnaires and availabubigi reports relevant
to these concepts. The information was used as input to develop and provide the ACES Tahg with guidance
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on readness, attainability and timing for consideration of potential improvements. The advanced concept
cycles fall into the following broad categories that will be described further in this section:

I Pressure rise combustion

1 Waste heat recovery cecuperation
1 Intercooling

9 Fluid augmentation

Pressure rise combustion

One area of potential large efficiency improvement is constant volume combustion, which may result
in lower entropy generation and cooler exhaust streams than the conventional guestane Brayton
processes. These concepts are relatively immature and require demonstration of the cycle across the full
envelope and operating range, piston control and/or actuation, transient capability and reliable heat
management systems in a mediurRLT environment before being considered for industrial scale
demonstration. There are several potential technologies in this area:

Piston based combustion through the composite cycles

Composite cycles combine conventional axial turbomachinery with pisggneecomponents in order
to achieve substantially higher OPR. Key challenges with this architecture are high operational
temperatures of the piston system, very heavy core installation (Gp%dncrease in engine weight),
reduced flow capacity at key mh points in the mission, N@missions, system volume, vibration and
reliability. Some of these challenges could be mitigated by using intercooling at the expense of even further
weight, volume and maintenance burden. Composite cycles have been studianyfalecadeseeFigure
4-17[10], and many of the key mechanical challenges are yet to be mitigated. However, analytical studies
continue on advanced designs suitable for commercial applicati®epicted ifigure4-18[11].

10Nomad 1, Napier & Son, 1949
11Gronstedt, T., Xisto, C., Sethi, V. et al (2019) Paradalesign of ultrafficient coes for midcentury aircraft
turbine engines 24th ISABE conference
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Figure 4-18. Advanced commercial engine study concept

Nutating disk

The nutating disc (ND) concept attempts to combine the cycle benefits of the piston engine without the
weight, volume and vibration challenges and therefore might be more application for aircraft applications.
The ND concept engine uses separate chambeesath element of the thermodynamic process. A unique
feature of the ND engine is its ability to use both sides of its working disc during a full shaft revolution
contributing to its potential for high power densiggure4-19illustrates the components of a naturally
aspirated single disc ND engifie2]. The layout comprises an inlet, compression chamber, accumulator,
combustion chamber, expansion chamber and exhaust manifold, with the nutating disc mounted inside the
compressor and expander chambers. The excess power from the system is transmisteaftoytach
converts the nutating motion into a rotating motion. The main challenges of the ND concept are very uneven
thermal loading during operation, seal deterioration, matching between the ND modules and adjacent
turbomachinery, and scaling. Some loéde challenges may be mitigated by-tligc arrangements that
allow tuning of the system and improved thermal management. Due to mechanical limitations and very low

TRL, studies have typically focused on application of ND to smaller, shorter life prosiuchs as
Unmanned Aerial Vehicles.

12Korakianitis, L. Meyer, M. Boruta, H.E. McCormick, Introduction and Performance Prediction of alNskating
Engine, J. Eng. Gas Turbines Power. 126 (2004) 294. doi:10.1115/1.1635394
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Figure 4-19. General arrangement of singledisc ND

Pulse detonation engines (PDE)

Conventional gas turbines are based on the deflagration of fuel via the rapibsahic combustion
of fuel. PDEs operate on the principle of supersonic detonation of fuel which takes place so rapidly that the
working fluid does not have time to expand and therefore takes place undecapsiant volume. In
principle PDE may offerhie benefits of pressure rise combustion with lower mechanical complexity.
However, there are substantial challenges that remain before PDE can be used in any application, and
particularly for commercial aircraft. These challenges include packaging of cemiso reliable starting
across the flight envelope, noise (often described as like a jackhammer), severe vibratiemigd@ns
and longterm durability due to high temperatures and cooling difficulties. PDE are considered very low
TRL but are being aistely researched for necommercial applications that may mitigate some of the
fundamental difficulties. Additional research will be required for commercial requirements such as noise
and emissions.

Bottoming cycles and recuperation

Bottoming cycles and oeperation recover heat from the primary engine exhaust with an additional
closed cycle, often implemented using a closed Brayton cycle using supercritical carbon dioxide as its
working fluid. The recovered heat energy from the core exhaust flow is ugeddoate additional power
for the lowpressure shaft of the turbofan. The concept is summariZzédune4-20[13]. It is important to
note that the components are not to scale ansuppercritical carbon dioxid@irbomachinery components
would be even smaller relative to the main engine componenttodhe substantiallyhigherpressure
levels. The colors are inditive of the gapath temperatures in each component, with blue being cold and
red being hot. Bottoming cycles are used in grebasked power generation application and the concept is
generally understood. However, transitioning the concept to flightcapiplins will require developments
in high thermal gradient heat exchangers, failure tolerant systems integration, &ydtsabpackaging.

13Fr. Jacob, R. A., S. J., V. Sethi, MCOBottdmngQ@ytleforand P.
Aero Applications, 6 Appl . Sci ., vol. 7, no. 3, 2017
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Figure 4-20. Notional Architecture for a Bottoming Cycle with Recupemtion
Intercooling

Intercooling employs heat exchange in the compression system to reduce the temperature of the core
flow. This enables increased overall pressure ratio and/or decreased compressor discharge temperature.
Intercooling helps increase coreesfiic power and can be used to reduce NOx emissions. Intercooling is
well suited to being combined with other advanced concepts such as pressure rise combustion because it
reduces temperatures reducing the mechanical and emissions challenges inhetieosavitbncepts. The
primary challenge of intercooling is the mechanical integration and weight of high efficiency heat
exchangers which tend to be very large within the fan stream and core stream. Currently, the negative
impacts of mechanical integratidmave not been sufficiently mitigated to enable application to a
commercial engine.

Fluid enhanced cycles

Water was used in the past to improve thrust and emissions for a short duration during-tifie take
phase of the flight. Modern engines are now chgheinfor temperature capability and durability, and
emissions, at top of climb and in cruise. Therefore, researchgeing on how to use water in steady state
to yield efficiency improvements and N@duction a notional depiction is provided Figure4-21[14].
Carrying sufficient water for this purpose would be prohibitively heavy and therefore congelptass
using exhaust from fuel cell Auxiliary Power Units or recovering water from the main engine exhaust are
being assessed. An example of these cycles is the Water Enhanced Turbofan which condenses water from
the engine exhaust and then uses to theedraust to generate steam which is then injected into the core.
This cycle may offer improved efficiency, reduced ,N&hd reduced contrails. The configuration is
currently low TRL with orgoing fundamental research and development in the area of corsjdresdr
exchangers, high humidity combustion and climate impact. Challenges includes@ffi and transient
operation, controls, component volume and-vealld effects such as icing, dirt and failure conditions.

14Pouzolz, R.; Schmitz, O.; Klingels, H. Evaluation of the Climate Impact Reduatitied Bbtee WateEnhanced
Turbofan (WET) Concept. Aerospace 2021, 8, 59. https://doi.org/10.3390/aerospace8030059
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Figure 4-21. Water Enhanced Turbofan

45.7 Interdependencies

During the process of reviewing existing, foreseen and innovative propulsion technologies for
consideration of their impacts on fuel burn of future aircraft, the Propulsion Tahg also conidextbelct
that new technologies may have on other key environmental metrics (including noise &G renyine
emissions). While no quantitative analysis of impacts on these metrics was run as part of the LTAG effort,
a qualitative discussion was conducted.

In general, the Tahg concluded that technologies improving efficiency of propulsion systems on ATW
aircraftwill yield at a minimum nois@eutral results relative to current technologies, if not yielding noise
reductions. However, in the case of propulsion technologies that alter the energy source of the propulsion
system, weight can often be impacted. For exapptroduction of hybrid power components to the engine,
or a change to hydrogen as a fuel, will result in a heavier overall aircraft for a given number of passengers
or payload, and as a result the aircraft may be louder during takeoff and landingopera

For full ACA aircraft architectures, the impacts on interdependencies are highly configuration
dependent. Some of these may offer challenges to noise (e.g. BLI and open rotor propulsion configurations
will likely increase source noise vs. a convendl ducted turbofan of similar thrust), while other
configurations may yield noise reductions (e.g. shielding of engine noise radiating downward to the ground,
or lower takeoff thrust requirementshhis is further discusseith Section6.3.2 However, no specific
advanced propulsion configuration was selected for the ACA assessment activity. Rather, the energy
efficiency benefits of a range of cogiirations were captured as part of the advanced concept aircraft
improvements over the advanced tube and wing aircraft.

With respect to nai€O, emissions, for a jet fuglowered engine, combustor technology is a primary
driver of NQ: and nonvolatile particulate matter (nvPM). As engine OPR increases with technology
development focused on thermal efficiency, combustor inlet temperature (T3) rises, making the challenge
to further reducing NOmore difficult. Concerted research and depenent effort will be needed to
maintaining or further reducing N@missions as OPR and T3 rises. As described in the IEIR report,
advanced combustion technologies currently applied to larger engine sizes require development to be able
to yield similar enissions reductions benefits on smaller engine sizes. nvPM emissions will be highly
dependent upon lean vs. ribarn combustion architectures in future designs, but, for the purpose of the
LTAG exercise, are largely independent of technologies increfsetgefficiency and decreasing €O
emissions from future engines.

4.6 Impact of Cruise Speed on Fuel Reductions

Aircraft cruise speed reduction has been acknowledged in the literature as one way to reduce aircraft
fuel consumption. Since drag is proportiottabquare of the flight speed, flying slower will provide some
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fuel savings if aircraft are designed for these spetflsEconomon analyzed the impact of cruise speed
reduction and found that moving from Mach 0.84 to 0.70 will allow for a 13.1% fuelgsabut 11.4% of

these savings have been realized at Mach[@6]. The Subsonic Ultra Green Aircraft Research (SUGAR)
study acknowledged that if meeting the NASA fuel burn goal was the only objective, aircraft cruise speed
would be Mach 0.60However, economic concerns set the minimum cruise Mach to 0.70. It should be
noted that lower speeds increase the operating costs on airlines as well as reduce the utilization of the
aircraft.

Two key changes enable the improved fuel burn at lower capiseds namelywing and engine
redesign: wing redesign occurs because the sweep is reduced while the thickness is increased. Less sweep
creates a lighter wing and this translates into fuel savings. Engine redesign improves the cruise performance
as the lowe cruise speed results in less energy in the airflow entering the engine. Given the existing
temperature limits of materials, this means that the engine can operate under higher pressure ratios and
allows for more efficient combustioiThese work togetheto provide fuel savingslp]. This reference
provides plots of percent fuel burn reduction with cruise Mach number variation for different vehicles
ranging from regional jets to large twin aisle. Data points visually extracted from this reference indicate
mission fuel burn savings ranging fre@16% to-8.8% over the respective baseline vehicles of each class
as depicted ifrigure4-22. Greater fuel burn savings trend with larger vehicle classes and the savings tend
to be maximized around M = 0.7, with a resized vehicle.

The NASA SUGAR project 17] and media reports have acknowl e
recently reduced cruise spesed t o i ncr e d§. & the SUGAR reperty anyndial $izing process
is used (discussed in Section 5.1.3) where several vehicles are optimized for varying cruise Mach numbers.
The initial cruise altitude (ICA) was allowed to vary but was limited 3,000 ft. The fuel burn for these
optimized aircraft is shown iRigure4-22 as replicated froml1b]. Each vehicle is optimized to minimize
fuel burn for the given Mach number and their results plot clearly shows an advantage for slowing down.
It should be noted that SEAR adheres to the lower limit of Mach 0.70 for medium sized airplanes as
suggested by the Boeing Current Market Outl ook (CI
cruise speed should be considered for its increase in productivity and thus highe onomi ¢ val ue.

15Brett, P., A Methodology for Evaluating Fleet Implications of Mission Specification Changes, Georgia Institute of
Technology Dissertationecember 2014

16Economon, T; Copeland, S; Alonso J. Design and optimization of future aircraft for assessing the fuel burn trends of
commercial aviation. #9th AIAA Aerospace Sciences, [2e#iing

17Bradley, M. and Droney, C., Subsonic Ultra GreerafiiResearch: Phase | Final Report, NASA20Rt216847

18MSNBC (May 1, 2008); Airlines slow down flights to save on fuel, Retrieved May 20, 2008 from
http://www.msnbc.msn.com/id/24410809/
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Figure 4-22. Percent Change in Fuel Burn with Cruise Mach # Variation for four vehicle classes

The SUGAR study phase | final report indicates that a fuel burn trade was performitaalithumber
in their Refined SUGAR concept (2030 Reference Configuratimot)ng that these designs were a clean
sheet aircraft and not just taking the existing aircraft and flying slower spieettss study, the span
constraint was active leaving wingrea, thickness to chord ratio, and sweep ashibbestlevel
optimization variables of interest. The results show the fuel optimum at M = 0.70 with a fuel burn of 6,388
Ibs for a 900 nmi mission compared to their SUGAR Free (2008 Baseline Configuvdtioh)had FB of
12,681 I bs on the 900 nmi mi ssi on. However0, t he |
minimizes fuel burn, higher cruise speed should be considered for its increase in productivity and thus
higher econgmic valueodo |

This review found that significant fuel burn savings are wiel€umented in the literature at lower
cruise speeds due to the lower drag conditions, particularly if the wing and engine arewdscteinplies
a clean sheet designed aircraft and enditmveve, the minimum commercially acceptable cruise speed
seems to be M).70, below which economic utilization concerns may offset fuel savings for operators.

19Bradley, M. and Droney, C., Subsonic Ultra Green AircraftdResdese b Volume 18 Truss Braced Wing
Design Exploration, NASA/C32015218704
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APPENDIX M3.5. ADVANCED TUBE AND WING MODELING APPROACH AND RESULTS

5.1 INTRODUCTION

ATW assessment process is comprisédeven steps as depictedrigure5-1. below. These phases
include notional aircraft selection for each clasgs TRAs), model calibration in the M&S tool, technology
impact identification for 2030/2040/2050 as defined by the Airframe and Prop Tahgs, technology impact
implementation into M&Sool, vehicle level benefit quantification, technology and vehicle scebasged
projection, cost estimation and investment quantification. Each phase is elaborated upon in the following
subsections with each step described in detail.

|

Airframe and
PropulsionTahgs

Vehicle Level
Benefit
Quantification

(Per Annum
Improvements)

Notional Tube
and Wing

Technology
Impacts

Identification for
2030/40/50

Technology
Impacts
Implementation
into M&S Tool

Aircraft Model
Calibration in
M&S Tool

Aircraft
Selection for
Each Class

Fleet
Projection
Penetration

(Technology
and Vehicle
Scenario
Based)

Cost
Estimation and
Investment
Quantification

Readiness and Attainability
Implicit in numbers used in
tables.

Figure 5-1. ATW Assessment Process

5.2 ATW MODELING AND SIMULATION METHODOLOGY

In the first phase of the ATW assessment process, a notional technology reference aircraft (TRA) from
the current fleet is chosen for eachgma®er class. These passenger classes are binned into categories of
similar sized vehicles and five notional vehicles are chosen to represent all the classes. The first bin is the
turboprop size which includageaterthan 19 passengers and up to 85 paggsrand is best represented
by a notional DHC Dash-800 aircraft. The second bin comprises regional jets from 20 to 100 passengers
and is represented by a notional EEE®aircraft. The third bin is made up of narrow body jets from 101
to 210 passengerspresented by a notional A320neo aircraft. The fourth bin is composed of wide body
jets from 211 to more than 400 passengsravell adreighters, and is represented by a notional AS60
aircraft. The final bin comprises business jets and is repreksbpta notional Gulfstream G650 aircraft.
These notional TRAs are used as baselines for comparison to assess aircraft performance in the 2030, 2040,
and2050time frames.

In the second phase of the ATW assessment process, the aircraft model calibpatifmrrised in the
selected modeling and simulation tool. This study chose to use the EDS tool for aircraft level assessment
due to its accuracy, fidelity, and flexibility. A detailed description of how EDS works and its structure is
provided inAnnex B
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EDS models the TRA, which are based on a technology level in line witfostdate art of the vehicles
currently in production. For example, in the wide body sample problem, the TRA isdrasiesl A350
900 and has an 8,000 nm design range. Théstag metrics identified for the TRA are related to fuel burn
including the total trip fuel and the fuel burn per availgblekilometer (R range). Once the TRA models
are calibratedo their inservice equivalent aircradind assessed, the future technology impacts are applied
to these baseline vehicles. It should be noted that unlike the IEIR study which considered noise and
emissions, the LTAG modeling only considered fuel burn as the proxigddongterm aspiratioal goal
of reducing CQ.

In the third phase of the ATW assessment process, the technology impacts are identified in four
categories from their respective Tahgs: propulsion technology impacts, system technology impacts,
structures/raterials technology impacts, and aerodynamic technology impacts. In each category,
technology impacts are identified for the 2030, 2040, and 2050 timeframes. In each of the three timeframes
lower, medium, and higher progress confidence levels are identdireachieving introduction of the
technology baskets on future integrated aircraft designs. An example of wide body impacts is provided in
Figure5-2 below.

Input Technology Impacts from Propulsion / Airframe Tahgs
Timeframe and Confidence Level
2030 2040 2050
Propulsion Technology Impacts Lower Medium Higher Lower Medium Higher Lower Medium Higher
Overall Pressure Ratio (MCL¥) 4 29 66 57 64 69 61 68 72
Fan Pressure Ratio (MCR*¥) 16 1.53 14 1.55 148 1.33 15 144 13
Small Core Efficiency Improvements (%) 8 10 12 14 17 19 20 23 25
Core Component Weight Reduction (%) 0 2 4 2 4 6 4 [ 8
Propulsor Weight Reduction (%e) 0 2 4 2 4 [ 4 G 8
2030 2040 2050
Systems Technology Impacts Lower Medium Higher Lower Medium Higher Lower Medium Higher
Total Systems Improvements (% TSFC Improvement) 0.00 035 0.70 035 0.70 112 0.66 110 1.60
2030 2040 2050
Structure / Materials Technology Impacts Lower Medium Higher Lower Medium Higher Lower Medium Higher
Wing Weight Reduction (%) 396 695 9.88 57 9.77 13.72 6.58 11.19 15.64
Fuselage Weight Reduction (%o) 317 584 8.47 472 84 11.99 541 9.62 1371
Empennage Weight Reduction (%) 317 584 847 472 84 11.99 541 9.62 1371
Nacelle Weight Reduction (%) 3.00 5.00 7.00 5.00 7.50 10.00 6.00 9.00 12.00
2030 2040 2050
Aerodynamic Technology Impacts Lower Medium Higher Lower Medium Higher Lower Medium Higher
Viscous Drag Improvement (%) 0.25 1.30 244 232 405 6.07 3.27 490 6.81
Induced Drag Improvement (%) 0.00 0.00 0.70 0.06 0.63 131 0.53 1.06 1.67
Total Aerodynamic Drag Improvement (%) 0.25 1.30 312 238 466 7.29 3.79 591 837

Figure 5-2. Example of Wide Body Technology Impacts

In the fourth phase of the ATW assessment process, the technology impacts are implemethied into
M&S tool, which is EDS, as shown Figure5-3. This is a structured process with multiple steps in order
to ensure accuracy. After the calibration of TRA and implementation of techriaipggts for each time
frame to TRA, the next step is to determine which design parameters to vary or not, and to identify the
constraints. It should be noted that the TRA results were deemed fit for purpose by the Tech SG as the point
of departure for théechnology impacts. Subsequently, each of the actesgdrivice aircraft on which the
TRASs are based were optimized to a particular set of objectives defined by the manufacturers to produce a
competitive product for the market, but the exact parameteirsinptl are not the same as those in the
EDS modeling and the industry objectives are unknown to the Tech SG and also the modeling team.
Therefore, each of the TRAs were optimized at the 2018 TRA technology levels within the ranges of the
design parametefgasible in 2017, which were defined by the Tahgs, subject to a set of constraints. This
would serve as the basis for the ATW improvements in FB/ATK and energy intensity.

The design parameters that were fixed for technology infused vehicles include rdesigndesign
payload, design cruise Mach number, field length requirements, sweep angle, average uatress
ratio. The design variables that are varied to perform design space exploration and optimization for a given
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technology level are: wing loing, thrust to weight ratio, aspect ratio, combustor exit temperature and the
fan pressure ratio. Ranges were determined for these EDS design variables and applicable constraints for
each timeframe, as provided by the Airframe and Propulsion Tahgs.

. Inputs to Modeling & Simulation
TRA Generation A

Step t Calibrate 2018 Technology Step 2 Receive 2030 / 2040 / 2050 Step 3 Determine Design Paramete|
Reference Aircraft Technology Impacts from Propulsiol and Constraints for each Timeframe
& Airframe Tahgs and Implement in and Corresponding Ranges
M&S Tool

Step 4 Generate Design Space for Step 5 Develop Surrogate Models to

each Timeframe / Confidence Level Represent Design Spaces and Utilize

Combination Models to Optimize for Lowest FB/AT
at R1 Range

N ATW Results
Design Space Exploration

Figure 5-3. ATW Modeling Methodology

To enable rapid exploration of the design space, a Design of Experiments (DoE) was defined to create
surrogate models of fuel burn at Bnd the design range as a function teé tlesign parameters and
technology impact factors. Once created, a time frame and a technology progress level were fixed and
uni form distributions of the design variables wer
to select, as shown asept4 inFigure5-3. Based on the fAcloudso, alll con
constraints were filtered out and then a subset of IoWBATK at R, were selected and inspected for
trends over time across the design parameters. For example, does the progression in aspect ratio for a NB
seem reasonable for a given technology progress level based on review of tHeTreh@§RA are also
optimized for fuel burn to ensure that the comparison between TRA and ATW is a reasonable one. The
final designs for each time frame are selected as the designs that have the minimum fuek lcompéired
to optimized 2018 TRA.

Once the ATW for a given timframe was selected, the FB/ATK improvement was calculated relative
to the optimized TRA. To obtain the per annum improvements relative to the TRA to provide to MDG, the
optimal ATW needs to be shifted relative to the difference in the TRA and the opfalo ensure an
apple to apples comparison to provide to MDG. This is calculation is notionally depiétiediias-4.
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Figure 5-4. Notional ATW Fuel Burn per ATK Calculations

In the fifth phase of the ATW assessment process, the vehicle level benefits are quantified from the M&S
tool in the previous phase. The optimized vehicle results are determithedratange but the final results

to be passed on to MDG are quantified at the design range. The results include Maximoff Vilss
(MTOM) and FB/ATK projections in the 2030/2040/2050 timeframes at the lower, medium, and higher
technology progress lels. FB/ATK values are automatically calculated by EDS using Equatidrelow,

where the weights are in #gnnes, and the range is in kilometers.

B 6 YO 5-1

A sample of the projected results with % decrease in FB/ATK and the band formed at the various
confidence levels is shown Figure5-5.

Advanced Tube and Wing FB/ATK Reduction 202850: Wide Body
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Figure 5-5. ATW Fuel Burn per ATK Benefits with Time

In the sixth phase of the ATW assessment process, the vehicle level results are projected for future
technology and vehicle scenarios to assess fleet peoetirma2030/2040/2050. There are three technology
scenarios and each contains low, medium, and high progress level projections. They all incorporate per
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annum energy intensity chargelative to previous decade, ATW/TRA in units of %Megajoules/ATK.

The feet penetration will be governed by a market split between ATW and ACA vehicles as well as future
demand scenarios and production rate considerations, which will be discugdglENDIX M3.7. The

final phase of the ATW assessment process is to approximate cost estimation and investment requirements
for technology maturation and introduction. In this phase, various cost elements are considered) includi
R&D cost s, ma-recufrirgcasts, and a stopedleynee of operations and fuel costs. The scope
is determined through coordination with the other Tahgs and MDG/FESG, and may include qualitative cost
analysis for some elements. The costs agtatwith the ATWs were determined in coordination with the

Cost Estimation ad hoc group. After the ATW aircraft are quantified, the ACAs are then assessed using the
methodology in the next Chapter.

5.3 ATW RESULTS

The ATW assessment process was applied th eahicle class for each time frame under
consideration. For the technology impacts, the Airframe Tahg provided total system improvements that
would result in SFC reduction, and airframe component weight reductions and aerodynamic improvements
in viscousand induced drag, which were modeled in EDS as the total change in dr&gophksionTahg
provided target efficiencies for the engine turbomachinery components at the maximum cruise (MCR)
condition, which was equivalent to the aero design point (ADP) in EDS. These component efficiencies
consisted of the adiabatic efficiencies for the fad the turbines, and the polytropic efficiencies for the
multi-stage compressors (LPC and HPC). These target efficiencies were provided for each timeframe and
confidence interval, and illustrated trends in engine component technology development that were
consistent with the estimations from the differBrapulsion Tahg members.

In addition, thePropulsion Tahg delivered impacts for OPR at the maximum climb (MCB) condition,
which was equivalent to the cruise top of climb (TOC) condition in EDS. FPRsaxgee also specified
at the ADP condition. However, it is important to note that the FPR providdérdpulsion Tahgs
represents a notional FPR value to calibrate the target engine component efficiencies. FPR was allowed to
vary during the ATW optimizatin process. The small core efficiency improvements were implemented at
a constant engine core size and translated to a polytropic efficiency loss. Additional weight reductions were
also provided for the core components and the propulsion system, as aMaedkechnology impacts were
provided by the Tahgs and are listedAimex Dfor each vehicle class, time frame, and progress level.

The design vaables utilized for the optimization of the TRASSs included takeoff wing loading, takeoff
thrust to weight ratio, aspect ratio, fan pressure ratio, and the combustor exit total temperature (T40). Each
vehicle was constrained to a compressor exit temperéfitdmax), a fan diameter, and a gate constraint
(effectively wing span). The fan diameter constraint was set to ensure at least two feet of ground clearance
for the engine for all vehicle classes. For the RJ, NB, and WB, if the wing span ttee#uebold of
the gate constraint, a folding wing tip device was added to meet the constraint. The NB wing weight penalty
was 4.4% and 6.6% for the WB, which resulted in a 10% drag penalty for the WB. The design variable
values and constraints utilized for thgtimization of each class are provideddmnex E

With the technology impact and design variable ranges defined, a DoE was executed to cogate surr
models of fuel burn per ATK at the;Rnd design range. For a given time frame and progress level, the
design variables were varied with a uniform distr
filtered to contain only those desithat met the constraints. The WB medium progress clouds of
%FB/ATK at R versusMTOM relative to the 2018 TRA are depictedrigure 5-6. The ficloudso
explored for the region of optimal designs (lower left for each cloud with maximum fuel burn reduction at
Ri and minimum MTOM) for repeated patterns, design variable tremibperformance with progress
level and time frame. Once selected, the fuel burn at the design range was determined.
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Figure 5-6.

Once the optimal design for each time frame, progress level, and vehicle were determined, the FB/ATK
improvements at the design range relative to the 2018 optimized TRA were calculated. Based on the
optimal ATW to reference to the 2018 TRA, the FB/ATK and MTOM were
shifted based on the difference between the 2018&ptmized TRA and the 2018 optimal TRA. The shift
values utilized for each vehicle are listedlable5-1 and the resulting FB/ATK per annum relative to the
2018 TRA and also relative to the previous decade, which is the value utilized by MDG, were determined.
It is important to note that for the TP and RJ airframes, the TRA was found to be at an alreadynopti
level given the bounds of the design variables explored. Therefore, no shift was required. The results for
the TP, BJ, RJ, NB, and WB are listedTiable5-2 throughTable5-6 and plotted irFigure5-7 through

notionallogic of shifting the

Figure5-11, respectively.

Table 5-1: Shift Values from 2018 Optimized TRA to the Noroptimized TRA s

Table5-2 throughTable5-6 lists a highlevel summary of the ATW results for each aircraft clabss
summary consists of MTOM, FB/ATK at their design range, percentage FB/ATK with respect to the 2018

-58-

% FB/ATK at R1 Range Rel. 2018 TRA vs. % MTOM Rel. 2018 TRA

2030 —
Medium Progress

2040 —

Medium Progress

2050 —
Medium Progress

85 90

% MTOM Rel. 2018 TRA

WB ATW Optimization Clouds for Medium Progress

95 100

Aircraft FB/ATK at Design
Range
TP 0.0000
BJ 0.0193
RJ 0.0000
NB 0.0037
WB 0.0031
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TRA, and per annum improvements. These results have been grouped for each timeframe (2030, 2040, and
2050) and confidence interval (lower, medium, higher progress).

Table 5-2: TP ATW Results at the Design Range

FB/ATK Per
Timefame | ¢ Tecoonr | row e | FEATK | S0FRATC | e | hamum el
TRA) Previous Decade)
2018 TRA 29,577 0.2058
Lower Progress 28,692 0.1929 -6.23% -0.53% -0.53%
2030 Medium Progress 28,077 0.1812 -11.96% -1.06% -1.06%
Higher Progress 27,522 0.1730 -15.93% -1.44% -1.44%
Lower Progress 28,050 0.1814 -11.86% -0.57% -0.62%
2040 Medium Progress 27,221 0.1691 -17.83% -0.89% -0.69%
Higher Progress 26,595 0.1604 -22.05% -1.13% -0.75%
Lower Progress 27,659 0.1758 -14.57% -0.49% -0.31%
2050 Medium Progress 26,876 0.1630 -20.76% -0.72% -0.36%
Higher Progress 26,177 0.1541 -25.13% -0.90% -0.40%
Table 5-3: BJ ATW Results at the Design Range
Timeframe Technology MTOM (ko) FBIATK % FB/ATK FB//QI\ErE ° ZEQ GLK(EE[
Confidence Level (kg/ATK) Rel. 2018 TRA (R_?IF.{ 5;318 Previous Decade)
2018 TRA 46,992 0.6341
Lower Progress 43,802 0.6041 -4.74% -0.40% -0.40%
2030 Medium Progress 42,409 0.5740 -9.48% -0.83% -0.83%
Higher Progress 41,861 0.5539 -12.66% -1.12% -1.12%
Lower Progress 42,683 0.5709 -9.98% -0.48% -0.56%
2040 Medium Progress 40,964 0.5377 -15.21% -0.75% -0.65%
Higher Progress 39,343 0.5067 -20.10% -1.01% -0.89%
Lower Progress 41,302 0.5402 -14.82% -0.50% -0.55%
2050 Medium Progress 39,761 0.5078 -19.92% -0.69% -0.57%
Higher Progress 38,037 0.4753 -25.04% -0.90% -0.64%
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Table 5-4: RJ ATW Results at the Design Range
FB/ATK Per
FB/ATK Per
. Technology FB/ATK % FB/ATK Annum
Timeframe |~ cdence Level| MTOM®KA) | /ATK)  |Rel. 2018 TRA| (Rel. 2018 | _ Annum (Rel.
TRA) Previous Decade)
2018 TRA 56,400 0.1726
Lower Progress 55,390 0.1677 -2.87% -0.24% -0.24%
2030 Medium Progress 54,539 0.1613 -6.55% -0.56% -0.56%
Higher Progress 53,356 0.1534 -11.14% -0.98% -0.98%
Lower Progress 54,371 0.1577 -8.65% -0.41% -0.61%
2040 Medium Progress 53,053 0.1483 -14.12% -0.69% -0.84%
Higher Progress 52,012 0.1410 -18.35% -0.92% -0.84%
Lower Progress 53,713 0.1494 -13.49% -0.45% -0.54%
2050 Medium Progress 52,505 0.1418 -17.85% -0.61% -0.44%
Higher Progress 51,549 0.1356 -21.44% -0.75% -0.38%
Table 5-5: NB ATW Results at the Design Range
FB/ATK Per
Timeframe Technology MTOM (kg) FB/ATK % FB/ATK Annum iﬁ:wﬁ;K(Eeei
Confidence Level 9 (kg/ATK) Rel. 2018 TRA| (Rel. 2018 Previ X
TRA) revious Decade)
2018 TRA 79,000 0.1575
Lower Progress 76,252 0.1512 -3.99% -0.34% -0.34%
2030 Medium Progress 74,411 0.1405 -10.78% -0.95% -0.95%
Higher Progress 72,684 0.1303 -17.26% -1.57% -1.57%
Lower Progress 74,105 0.1369 -13.10% -0.64% -0.99%
2040 Medium Progress 72,492 0.1278 -18.87% -0.95% -0.95%
Higher Progress 70,833 0.1194 -24.21% -1.25% -0.87%
Lower Progress 73,210 0.1281 -18.68% -0.64% -0.66%
2050 Medium Progress 71,135 0.1194 -24.20% -0.86% -0.68%
Higher Progress 69,623 0.1134 -27.97% -1.02% -0.51%
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Table 5-6: WB ATW Results at the Design Range

FB/ATK Per
Timeframe Technology MTOM (kg) FBIATK % FB/ATK Annum ZEQﬁInK(E‘;
Confidence Level 9 (kg/ATK) Rel. 2018 TRA| (Rel. 2018 - .d
TRA) Previous Decade)
2018 TRA 280,000 0.1979
Lower Progress 276,585 0.1905 -3.73% -0.32% -0.32%
2030 Medium Progress 267,442 0.1794 -9.35% -0.81% -0.81%
Higher Progress 253,440 0.1648 -16.70% -1.51% -1.51%
Lower Progress 268,138 0.1694 -14.38% -0.70% -1.17%
2040 Medium Progress 255,106 0.1543 -22.02% -1.12% -1.49%
Higher Progress 240,933 0.1399 -29.30% -1.56% -1.63%
Lower Progress 260,628 0.1561 -21.11% -0.74% -0.82%
2050 Medium Progress 247,160 0.1429 -27.76% -1.01% -0.76%
Higher Progress 233,211 0.1304 -34.07% -1.29% -0.70%

This data has been plottedRigure5-7 to Figure5-11to better illustrate the FB/ATK improvements
across decades. This shatws projected improvements in aircraft fuel burn efficiency given the technology
impacts provided by the Tahgs and after following the optimization process described previously. It is
observed how all airframes follow similar improvement trends. However, potential percentage
improvements are lower for the smaller aircraft classes (TP, BJ, and RJ) than the larger classes (NB and
WB). This is explained by the fact that the smaller aircraft had TRAs that were prahried(such as
the RJ), the decreagethe potential benefits achievable via technology infusions, and the shorter ranges
that prevent the airframes from realizing greater fuel burn reductions over the course of their mission.

100%
95%
90%
85%
80%
75%

70%

% FB/ATK Relative to 2018 TRA
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60%

2015 2020 2025 2030 2035 2040 2045 2050 2055
Year
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Lower Progress Anchor Points Medium Progress Anchor Points Higher Progress Anchor Points

Figure 5-7. TP ATW FF/ATK Improvements Relative to the previous Decade
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Figure 5-8. BJ ATW FF/ATK Improvements Relative to the previous Decade
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Figure 5-9. RJ ATW FF/ATK Imp rovements Relative to the previous Decade
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Figure 5-10. NB ATW FF/ATK Improvements Relative to the previous Decade
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Figure 5-11. WB ATW FF/ATK Improvements Relati ve to the previous Decade

Finally, detailed data tables for each airframe have been compiledniex FE These tables show
FB/ATK summaries for both design and R1 range, a mission performance summary, and detailed
propulsion and airframe informatioMDG prioritized the medium progress results the fleet level
analysis. ie FB/ATK percentage savings relative to the 2018 TRAs for each aircraft and ATW for the
Amedi um pr ogr es s i3depiced fHgurebriZlen i e rearvall, e aeddte AT W6 s
relative to the prior decade, with the WB providing the most reductions ind®@gproximately 23% and
the RJ the least with ~17% beneliitthe nearer term of 2030, the TP has npmtential for improvements
than the other classes dughe potential for more technological gains possible for that vehicle class, but
tapers with timeThe resulting ATWSs in each time frame served as the basis for the possible ACAs that
couldpotentially enter service in future years, as will be discussed in the following chapter.
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Advanced Tube and Wing FB/ATK Reduction 2018 - 2050
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Figure 5-12. All ATW FB/ATK Improvements Relative to the previous Decade at the Medium
Progress Level



APPENDIX M3.6.

6.1 INTRODUCTION

Previ

oOus

chapters

- 65-

focused

Reportonthe Feasibility of
LongTerm Aspirational Goa
Appendix M3

on t he

ADVANCED CONCEPT AIRCRAFT ASSESSMENT

projected

noting the increasingly difficult challenges associated with improving highly optimibeern aircraft ah
enginesThis chapter focuses on advanced concept aircraft (ACA) as potential pathways to additional fuel

burn and carbon emission reduction with discussion on associated challenges of readiness, attainability,
potential benefits, and interdependencyhwother factors such asduction ofnoise andocal pollutant

emissionsRecall that an ACA differs from the ATWs in that an ACA includes an airframe, propulsion,

energy and/or integrated vehicle architectural change from the TRA/ATW in aajieeaft categoryThe
status of several ACAs was reviewed by IEs from 2097as part of their review published in 20E3R
report Unlike the current study, the scope of the IE Review was limited to entry into service horizons of

2027 and 2037 and dicbhconsider the TP aircraft category. At that time opinions varied amongst the IEs

mpr c

as to the likelihood that any of these configurations could be in service by 2037, though no one disputed

that there are significant technical and nontechnical challengesvduld have to be overcome before a

product launch.

The scope of the current study is broader, adding TP aircraft and with a longer time horizon.
Additionally, a stillincreasing sense of urgency to address climate change combined with an opportunity
to build back greener as the world recovers from the global pandemic is leading to more R&D activity that
should increase the possibility for step changes relative to that envisioned even a couple years ago. That

being said, research and technology developrard subsequerdircraft development and certification

take time, so insertion of new aircrafispecially radically new onesan only happewith considerable
lead time Throughout this report, as in the Reéport a nominal timeline of 7 years from TRto TRL8 is
used, capturing the time from the point of aircraft product launch signifying confidence in commercial

viability through aircraft and production system development and certification. Major derivative aircraft
can take 12 years less, and hisy has shown that surprises along the way can extend any timeline. As

shown inFigure6-1, a commercially viable product opportunity requires many factors to come together
broadly a combination of readiness and attainability as used in the LTAG activity. It is clear that technica
readiness is a necessary but not sufficient condition to realize in practice a new ATW or ACA. The

realization of ACAs will require largecale,costlydemonstrations of critical technology elements (CTE)
necessary to achieve sufficient confidence in mantial viability given the substantial change in

architecture, as shown Ifigure 6-2. Additionally, confidence in the use of nrdnop-in fuel requires a
confidence in the progressive deployment of necessary supporting infrastructure reaching sufficient levels
and overall availability. But from the perspective of a business having confidence in the commercial

viability of a new product, whether an ATW an ACA, *years is a reasonable, oftased timeline.

Operations & Energy

Infrastructure

%4 N
Technical = Opportunity & Market
Readiness Product Viability Requirements
T ™ T
tech/system & Re_soufc_e & social-political
matiration At sty & economic

requirements

Figure 6-1. Commercial Viability - Many Dimensions Must Align to Realize a True Product Opportunity
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This chapter summari zes a wide range of ACAs
Through 2030, there is little doubt that new business and commercial transport aircraft entering service will
remain as a conventional configuration with balanoggrovement across allesign objectiveand meet
market requirements. There is neither enough time nor planned investment to allow alternative concepts to
reach TRL of 8 by 2030 for all but the smallest aircraft. Beyond 2030, it is likely that conwadigtion
configured business and commercial transport aircraft will continue incremental improvement and remain
the dominant configurationthis is characterized by LTAGech scenario T1 that relies on progressively
improving ATW configurations. But given th@ange of critical enabling technologies that enable-step
changing ACAs, their current state of development and readiness, an increased sense of urgency relative to
climate change and the time remaining to reach TRL of 8 for entry into service during 208@sore
than ever before within the realm of the possibility that an ACA could be developed and compete with or
replace conventional configurations. This is not
and sufficient, timely investnme, it is possible we could see change not so different from what we
experienced 570 years ago with the emergence and convergence of swept wings and jet propulsion. These
possibilities are represented in LTAT&ch scenarios T2 and T3 allowing for altaivea airframe and
propulsion systems compatible with dfispand nordropin energy sources, respectively, and with
evolution occurring differently dependent on aircraft category.

LTAG Advanced Tech and Alternative Airplane Insertionwith Fleet G&R LTAG FrozenTech Airplane Insertion with Fleet G&R
2010 ZUIZU 20|30 20I40 20|50 ZOIGO 20|70

2020 Fleet 2030 Fleet 2040 Fleet 2050 Fleet 2060 Fleet 2070 Fleet
Assessment Assessment Assessment Assessment Assessment Assessment

QOngoing technology advances
applicable to ATW & ACAs

2028
le Tech + CTE

2028 2035
ACA CTE Demos CA-T3
Large-scale, high S CTE dernos

necessary for ACA viability 2028

2043
ACA CTE Demos ACA CTE Demos

Tech + CTE

Progressive deployment 2!
Non-Drop-In Fuel Infrastructure

Fuel & Operations Infrastructure Evolution

. Commercial viability Confidence *—* Aircraft Program

Product Development ] Pvears Initial EIS
| Nominal

Research & Technology Maturation

Figure 6-2. Aircraft Level Technology Impact Timingi Nominal: 7 Years for Commercially Viable
Airplane Detailed Design/Development/Certification

Given the practical, reaborld challenges to substantial change that are easily lost in the optimism of
new technology researcthe IEIR report (Chapter 9) included a discussion of barriers to change and the
realities of aviation markets that is summarized as follows. Change is rarely as easy as it sounds or looks
on paper. Aircraft arbighly complex, integratedroductsof moderriechnology that provide value through
unmatched capability to transport people and goods safely and economically at high speed over long ranges
relative to other modes of transportatigircraft are performance guaranteed by OEMs to initial operators
beforedetailed design, build, or certification. As indicateéigure6-2, the decision to offer a new product
is a business decision made by business leaders in a complex, high technology marketpktimes

w



Reportonthe Feasibility of
LongTerm Aspirational Goa
-67- Appendix M3

withacertainr i sk to a companyb6és future existence. A new
on the covergence of technology readiness, market and regulatory requirements, resource availability and
financial viability. Aircraft design itself is a subtle and complex balance of interdependencies and trade

offs that ends with no compromise to safety, sudfitieconomics for industry and operators, and mission

capable performance that brings value to operators and society as the end users. Key aspects that must be
fully addressed arelementsof ec hnol ogy readiness i ncl udhichage many s
manufacturability, integrabililty, affordability, certifiability, reliability, sustainability, maintainability,

operability, and stakeholder acceptabiliBd]. All these requirements asvenmore critical to fulfil for

ACAs than for ATWsIf one dimension is missed, then there is no product opportunity.

For a truly disruptive technology or system concept, the uncertainty levels and lack of prior experience
will very likely drive a necessary but not sufficient requirement for laiggde, ntegrated technology flight
demonstrationT he case where an alternative configuration
to an X or Y-plane type demonstration, fasquently used fomilitary development programs. This is akin
t o B o e67-80girbthe 1850s that led to the Boeing 707. Such demonstrations require significant
investment and associated riskstlo@ir own but are necessary to demonstrate benefits and readiness in the
broadest sense before any business decision to launch aguwetpcould be made. Looking backthe
dawn of the jet age, several drivers of change are evident. First, the driver for a disruptive technological
change was economic, although not necessarily driven by efficiency as maintenance costs drove the change
from radial piston to jet engines. The second key enabler was substantial financial investment and
acceptance of associated risk, which involved government investment to help industry explore beyond a
risk threshold that they could reasonably pursue alBo@nomics remains an inherent driver today, along
with safety. Relative to disruptive change today, there is reason for optimism as we have a convergence of
environmental challenges and the opportunity to recover greener from a global pandemic, bath of wh
provide rationale for substantial government investment around the world to help innovate faster than
industry could alone.

6.2 ACA ASSESSMENT METHODOLOGY

Due to time and resource constraiatgl because the inherent uncertainties of ACA development did
not justify high efforts in overly precise modethe ACAs were not modeled quantitatively as with the
ATWs and required a different methodology to be develdbestssessment. The methodology adopted
for the Tech SG is depicted Figure 6-3 showing the following steps: (a) Configuration/ architecture
screening based on potential benefits per scenario, (b) Technical atethoital barrier identification,

(c) Assessment of adveed aircraft concepts through scorecards, (d) Identification of representative aircraft
for each class, (e) Vehicle level benefit quantification (compared to-gaaneATW), (f) Technology and
vehicle scenaritvased projection (fleet penetration), and@g¥t estimation and investment quantification.

The ACA assessment process starts with broad scanning of possible aircraft concepts, independent of
current TRL, for a given vehicle category from ICAO Stocktaking, LFAG members, and literature
search usin@uthoritative published reports from/for research organizations. Using these configuration
options, a Morphological Matrix is created, representirall possible combinations of
characteristics/attributes. Then, it is cebmded to determine which conceptould be seen undeach of
the three technology scenarios:

1 T17i Advanced tubendwing

1 T27i Advanced concept aircrafiropin-fuels

20Yu, J.et a) "Total Technology Readiness Leetelerating Technology Readiness for Aircraft DesighA
Aviation ForumAIAA-20212454 Virtual Event, 2 6 August 2021.
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1 T37i Advanced concept aircraft, nahmop-in fuels and energies

Recall that ACES specifically is not picking winners from the collection of ACAs; rather, the low,
medium, and high benefits provided will be representative of the collection of concepts wittecation
given to current state of study and projected readiness and attainability. Then, these concepts are mapped
against the scenarios, and each configuration is qualitatively evaluated based on its potential benefit. The
benefit information is useatrepresent a subset of most promising configurations to guide the remaining
steps of the ACA assessment process.

The next step is to identify the technical and -texhnical barriers of each representative aircraft
configuration that is selected previousThese barrierscan affect a wide variety of stakeholder groups
inside and partly outside of aviatidncluding governments, Original Equipment Manufacturers (OEMS),
airlines, airportspassengers, energy suppliarel so on. The importance of n@thnological feasibility
(Aattainabilityo) due to political, regulatory, e
will be magnified for advanced alternative concepts as they generally represprifieasit change from
todaybébs accepted approaches and will require sign

Vehicle and Scenario Morphological we=am Benefits are identified
Mapping Matrix “ & through previous studies
&

Vehicle Level Benefit
Quantification

ICAO Stocktaking

Configuration/

Solicit R&D ‘ Architecture

Barriers for
governments,
OEMs, airlines,
ail aSax

Technical and Non -

(Compared to
same-year ATW)

Required Information
Passed to
> A Fuels SG (hydrogen,

A

electricity)

Assessment of

Identification of

A Ops SG (Mach
V' dz2Y o SNE |t

organizations via........ » | Screening based on technical Barrier Advanced Aircraft Representative
LTAG members « Potential Benefits per |dentification Concepts through Aircraft for Each
Scenario Scorecards Class
i E o
. = Fleet Projection
Literature Search —\—-) A Penetration Cost Estimation and
Papers, articles, .T«AQ ’I “ (Technology and Investment
5S0aArAl84aX . &ﬁh = ll Vehicle Scenario Quantification
e Based)
—

Figure 6-3. ACA Assessment Process Overview

In the third step of the process;orecards are used to assess a range of ACAdislde. The
scorecard allows collection of Subject Matter
and potential benefits of each aircraft concept for each technology scenarimelReagliconsidered tse
degree of achievinggchnical maturity including overcomingchnical barriers, and the metric for readiness
is Technology Readiness Level (TRL). SMEs are asked to consider the form, fit, and function of the ACA
and its key enabiig technologies, its current state of development and geffestive path to production
and certification. In simple terms, the question being askeddreadiness perspective Gan the aircraft
be physically created and be approved as safe withceeghdenefits?

Exp

Attainability is treated athe ability to realize a commercially vialgeoduct overcomingorttechnical
barriers and the evaluation is performed in three areas: operability/syssstems infrastructure,
stakeholder acceptability and economics.
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Operability addresses the ability fdayto-day operations within the broader system of systems
inclusive of reliability, sustainability, and maintainability to address relevant requirements and meet
customer expectations for in service/operatiamithin the air transport system at the time of entry into
service and beyond. In addition, ACA®yrequire airport, airspace and energy supply infrastrudhae
is different f.iIncimpletteontsahe uestianiatkad aftthe S8MES in the scoreckrd is:
this aircraft concept consistent with the air transportation infrastructure operabnal environment

Next, stakeholder acceptability is addressed and is representative of the motivation, willingness, and
ability of financial investors, OEMs, regulators, operators, and the public to accept new aircraft concept or
technology in all waysgiven the perceived benefits and risks. In other words, SMEs are asked to answer
this questionWill the world accept this aircraft concept?

The final aspect of attainability considers affordability addressing R&D from discovery through
technology matur&n anddemonstration, airplane development through certification, airplane production
costs, and airplane operational service life costs. It also considers shareholder economic risk acceptability.
The SMEs are asked to evaluate the aircraft conceptsativally from cost perspective in the scorecards;
guantitative estimates are performed by the Cost EstimatidmoAdsroup. The question raised in this area
is: Can creating the aircraft concept and bringing it into eeffective service be afforded catesiing the
R&D investment (through TRL 6), airplane development through certification and initial EIS (TRL 6 to
8/9), and airline purchase and operations (TRL 9¥)? complete the scorecard, the SMEs are asked to
judge the potential benefits of the ACAsterms ofenvironmental aspectse. energy efficiency, carbon
intensity, noise and local air qualiyt also regarding operational aspestish as maintainability or airport
turnaround timeSimilar to attainability, there exists a giefined scale for benefits. Potential stdfanges
introduced via ACAs alternative architectures enabled by critical technology elements are judged against
timewise progressively improved ATW conventional d¢gafations. The entirety of the scenario
information is then used to visualize how the concepts would develop over time under the scenarios in the
context of the following questionére the projected benefits worth the investment considering the risks?

Next, using the readiness and attainability evaluations of the concepts collected through scorecards,
two overlapping ACA Abasketsdo of innovation are i
in fuel: ACA T2 is representative of alternative arebitire airframes and/or propulsion (with conventional
or dropin fuels), and ACA T3 is representative of advanced airframes and advanced propulsion
characterized by the use of ndrop-in fuelsand energies, mainly hydrogen or battery elecwith or
without alternative airframe architecture changes. Note that an ATW configuration withiapein fuels
would also be considered as an ACA T3 alternative. As defined in sedo@verall Tech SG
Methodology t he qual i fiers AT20 and AT30 indicate a sy
ATWs only, T2 including ACAs without nedrop-in fuels and limited infrastructure change required, and
T3 including all advanced aircraft including ACAs with and without-doop-in fuels allowing for more
major infrastructure change. Each group of airex&ite characterized as a whole, and that characterization
is carried through the remaining steps of this methodology. In this manner, the potential benefits
representative of a group of relevant concepts have been characterized without identifyingiog iamgly
single concept as a winner.

Vehiclelevel benefit quantification of the representative aircraft is needed for the MDG fleet analysis.
Since the advanced concepts are not modelled, the benefits are quantifefdrence t@uthoritative
studies peviously performed by/for R&D organizations. In these studies, the advanced concepts are
typically compared to baseline tube and wing configurations. The assumptions regarding the configurations
are extracted from each study. With the help of AirframeRuagbulsion Tahgs, the impacts of advanced
configuration concepts are isolated from equivalent technology advanced conventional architecture
configurations, and these impacts are applied to seae ATWSs. In this way, ACES has attempted to
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isolate the begfits and challenges associated with making a step change to an alternative architecture
beyond an ATW. For each vehicle class, a range of energy intensity chagdange in energy
consumption per unit of transport (MJ/ATKgpresenting low to moderate and high progress relative to
the same year ATW was estimated and documented.

For the modeling of the ACAs in the fleet by MDG, proxy aircraft within each aircasdigory were
needed, which would represent the basis of change of the ACA energy intensities. For example, in the
narrow body class, ACA T2 and ACA T3 were represented as an improvement from the NB TRA (notional
A320-neo) and its improved versions ovee tfearsSomeACAs have a lower range capability than the
corresponding reference aircraft. Whenever necessiaay, was also provided to the fleet evolution
modelers. It should be noted that direct comparisons across reports and concepts is genetdilgsliff
baselines and future technology assumptions including timeframes vary across the literature, thus the
characterization across a group of concepts requires some level of expert qualitative assessment to
effectively normalize the differences. Thgures of merit for each ACA class were in terms of MJ/ATK
to capture the energy intensity independent of the type of fuel usedn energysebased metric relative
to a same year ATWILo obtain the impact on G@missions, this energy metric is themntzned with the
lifecycle emissions factor provided by the Fuels SG.

Next, the aircraft market share (production/introduction) projections of ACAs vs ATWs was made for
20182070, with the extra 20 years of fleet assessment being included to realizeapogduatitions from
the new technologies, which would be introduced in 2030s is further discussed in the following
Chapter.

6.3 GENERAL TRENDS AND CONCEPTS

Research and development into alternative aircraft and propulsion system architectures continues
araund the world The increasindocus on combatting climate change is a strong motivation to reinforce
the efforts to find more sustainable solutions for future aviation and to overalbritee known and
potentially unknown barriers to changeoday more tha ever there is reason for optimisto achieve
disruptive changeas we have a convergence of environmental challenges and the opportunity to recover
greener from a global pandemic. Previous chapters focus on advanced technologies as applied to advanced
conventional configurations, with several having the potential to introduce a step change and shift curves
off historical trendsMany of these technologies are already buying their way on aircraft incrementally.
These technologies are generally applicablalternative configuration concepts as well. The question for
this section is whaare alternative architectures that enable step changes to new levels of performance
beyond that projected for conventional configurations, and when are they projecta@cthriically ready
and overall attainable. The assumption herein is that under some but not all scenarios, alternative
architectures will be realized between now and 28&dstlikely solutionshaveto befiltered out fromthe
many suggested arsudied in the recent padthe Venn diagram ifrigure6-4 provides a framework to
generalize the alternative architecture possibilities into categofiairframe, propulsion, energy systems
on the aircraft that must all fully integrate to have a viable solution. Brief descriptions of the major concepts
aregiven below with detailed information found in supporting references.
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Figure 6-4. Generalized Alternative Architecture Possibilities

6.3.1 Alternative Airframes

6.3.1.1 Hybrid WingBody

The hybrid wingbody (HWB) aircraft class has no clear external dividing line between the wings and
the main body of the aircraft external surfaces. Internally, it is composed of distinct wing and body
structures. HWB configurations may or may not be tailless, and generadll} the propulsion system on
the upper surface, which also enables noise reduction through acoustic shielding. The HWB shape
effectively blends volumetric and wetted area advantages for aerodynamic efficiency benefits and though
often sized to fit existig airport gate constraints, tends to fully optimize performance with a larger span
that would benefit from folding wing tip technology. The cresstional area distribution can be nearly
ideal for low transonic drag, and the more uniform distributiomadi$ provides structural weight benefits.

Several HWB configuration design variants have been developed including the Boeing Blended Wing
Body (BWB) [21, 22] concept with ovethe-body pylormounted nacelles, the Lockheed Martin Hybrid
Wing Body (HWB) R3] concept with tail and ovewning pylonrmounted nacelles, and the DZYNE tailless
BWB concept with flushmounted nacelles and bounddayer diverter in front of the inlets. Airbus
includes a BWB configuration as one of three hydreggewered study aircraii its ZEROe 24] program.
Figure6-5 shows the Boeing BWB concept on the left, Lockheed Martin concept in the middle, and the
Airbus ZeroE concept on the right. A recent review of HWB research around the world is found irethe pap

21Liebeck, RHO Desi gn of the Blended Wing Body Subsonic Trans

Januarfebruary 2004, p.-PG. https://arc.aiaa.org/doi/pdfplus/10.2514/1.9084
22Bonet  J . T.,n@BBehydedr &Misport Aircr afCAS, RARE8208 94 & Dev e

September 2018ttps://www.icas.org/ICAS_ARCHIVE/ICAS2018/data/papers/ICAS2018 0298 paper.pdf

23Hooker, J.RWick, A.T, Hardin, CJO Commer ci al C a r gfdhe Bdvanded Hybrid Weng Bdtlyu dy o
Configuration  with  OveWi n g Engine Na c e |-20E7219663, Nogke®gber 2R
https://ntrs.nasa.gov/api/citations/20170011487/downloads/20170011487.pdf

24 Airbus OZEROe: Towar ds t he wemisdiod dommeattiairceaft detreved20 September 2021
https://www.airbus.com/innovation/zeremission/hydrogen/zeroe.html.
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by Zhenli et al25]. The HWB concepts have typically focused on WB aircraft missions including freighters
but the DZYNE concept introduced a new landing gear concept that may enable an efficient single deck
design that could open the applicability oMB to NB, RJ, and BJ aircratft.

Figure 6-5. Representative HWB variants

The most developed HWB concepts are at a state of readiness requiringcklegd@ransonic
demonstration to reach TRL&hough many key technical barriers have been addressed, significant
uncertainties around manufacturing, family concept implementapassenger ride quality, unique
certification processes and challengeg ertifiable emergency exits from vehicle), and airport operations
present risks in the minds of mamossible entry into service is estimated in the 2085 meframe with
energyreduction estimated in the%% range relative to same year ATVZ§,[27].

6.3.1.2 Truss/StrutBraced and Boxed/Joined Wings

Alternative wing architectures on otherwise mostly conventional fuselages are another category of
ACA, as depicted iRigure6-6. Truss and/or stretraced wing technology has been studied for two decades
and are currently applied to some lovepeed (smaller) aircraft; the revolution here is the efficient
application atypical transonic speeds. The structurally braced wing can enable a substantial span increase
without the typical weight penalty through coupled agractural design, thereby reducing induced drag
to yield a net fuel burn benefit. Given the large sjitanill require folding wingtips to meet existing gate
constraints.

The relatively short chords and lower sweep are more compatible than current aircraft with natural
laminar flow design but provide added technical challenges in thin wing actuatiopsaeah sntegration.
The boxed/joined wing concept similarly targets induced drag reduction through joining two horizontally
offset wings at the tip and avoids the need for folding tips. The large span and small chords may challenge
high-lift integration andce-protection requirements.

25Zhenl i c. ., et al , OAssessment on cr-wiigbody ¢tecehhologi
Chinese Journal ofAeronautics, Volume 32, Issue 8, 2019, Pages-187R7 ISSN 1068861,
https://www.sciencedirect.com/science/article/pii/S1000936119302493

26Nickol,C. L., Haller W. J., O0OAssessment of the Performanc
NASAGa Environmentally Re s pAAA 20161036 48AvJarmuary 02016 Pr oj e
https://arc.aiaa.org/doi/10.2514/6.2016©30

27MavrisD. N., Schuttd. S.0Application of Deterministic and Probabilistic System Design Methods and Enhancements

of  Corceptual Design Tools  for ERA  Profect NASA/CR2016219201 May  2016.
https://ntrs.nasa.gov/citations/20160007420
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The trussbraced technology has been studiedseweraltransonic transport aircraft concepts since
2008 28, 29, 30, 31] and has led to focused research with key tests to address the most significant
uncertainties and refine design benefits; most development focus has been in the NB category, but
applicability to RJ and WB has also been studied. Interest in the boxed wing concept has revived more
recently B2, 33] with focus in the NB to WB seat classand RJ/NB speeds.

The configuration of the truss/strut or boxed/joined wing provides ample room to integrate future large
diameter turbofan engines as well for additional bené&figaire6-6 shows an example of both trussacing
(Boeing SUGAR concept) and a boxed wing (EU Parsifal project) concept. These wing architecture changes
are viewed as less radical than the HWB concepts and therefore aattaorable, though not without
further development to include a largeale aereelastic flight test at higspeed. The readiness of the truss
technology is estimated to be higher than the boxed technology today, but both will requiresadbrge
transmic demonstration to achieve TRL6. Possible entry into service is estimated in the 2035 timeframe
with energy reduction (exclusive of any enabled propulsion benefit) estimated i@8é &ange relative
to same year ATWSs.

Figure 6-6. Representative braced (left) and boxed (right) wing configurations

6.3.1.3 Novel Fuselages

Another path of potential airframe change focuses on the fuselage where there is ongoing research
ranging noncircular lifting fuselage84, 35| to the r el avtoi vceol 136 drigar@6-TAf | y i n ¢
shows examples. Approaches that fit in this category range from relatively small desvaftitATW
technologies to more dramatic change that often combined with or a variant of other revolutionary changes,
such a blending or novel propulsion airframe integration approaches. Thadl&Ant approaches are

28Bradley, M.KDroney, C.K.Allen,T.J0 Subsoni c Ul tra Gr eedVoldneldddrusa BracedRe s e ar c
Wing Design Explorationé N A S0@152C804, April 2015

29Droney K. C.,et al ,Subgonic Ultra Green Aircraft Research: Phadéviich 0.75 Transonic TreBsaced Wing

Design MASA/CR320205005698eptember 2020.

30HarrisonN. A., et al, Dewelopment of akfficient M=0.80 Transonic TruBsaced Wing Aircraft6 Al AA Sci t ec
2020 ForumAIAA-20200011 6-10 January 202tps://arc.aiaa.org/doi/10.2514/6.202011

31Chau, T., Rerodygagic OdiimizaWMin gf a Toansonic SBnaiceeMVingRegional Acraft Based on the
ReynoldsAveraged NavierStokes Equationsé Al A R0212526 August 2021.
https://arc.aiaa.org/doi/abs/10.2514/6.202526

32Ci pol | a,Preliminary degign antd performiance analysis ofveifgpxransport aircraftAIAA Sciteh 2020

Forum AIAA 20260267 6-10 January 202tps://arc.aiaa.org/doi/10.2514/6.202267

33PARSIFAL: Prandtl Plane Architecture for the Sustainable Improvement of Future Airplanes, retrieved 8 October
2021 https://parsifalproject.eu/

34Yutko, B,eta,0 Conceptual Design o6 Al AB AwimaneiABA 20273580 r Eo rad
5-7 June 201'https://arc.aiaa.org/doi/10.2514/6.20-B690

35 JAXA Aeronautical Tec hwmiod g gyt e dDh meelcd goyr ,ad e ,r e torEiceov e d
http://www.aero.jaxa.jp/eng/research/ecat/ecowing/)

360o0sterom, Wilco FidngV Family Design 6 Ma s t & TUWbBDelft Aehospace Engineering, retrieved 7 October
2021https://repository.tudelft.nl/islandora/object/uuid:9e8f9e88130405d86 76c46bf6b078P?collection=education
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estimated to be attainable in the 284¢th significant development required before a lesg@e transonic
demonstration. Depending on the approach, isolated benefits could range from 5% or lower for less complex
change to 10 to 15% for those that are effectively HWB/BWB derivatives, altheit much higher
uncertainty today. Applications range from RJ to NB and WB.

—

Figure 6-7. Representative novel fuselage concepts

6.3.1.4 Novel Propulsion Airframe Integration

Many ACA configurations under study around the world leverage novel propulsion airframe integration
(PAI) at the configuration level. This topic is discussed here as revolutionary changes are important and
obvious by observation of the external configuatithough most concepts also at least equally rely on
challenging propulsion system advances and PAI under the skin as well. In reality the HWB concepts
generally move away from conventional PAI, while the advanced wing concepts typically incorporate more
conventional PAI. The most prevalent and significant alternative PAI approaches include the concepts of
boundarylayer ingesting (BLI) and distributed propulsion (DP). Concepts with BLI and/or DP are not new,
and the principles are understood as waysprove propulsive efficiency, with additional potential
benefits of BLI to reduce drag though less wetted area for nacelles. But by their nature, each of these
concepts is highly sensitive to installation drag externally and internal propulsion sysesmimsthe least
of which isdue todistorted/nonuniform inlet flowor BLI and efficient power transmission for DP. The
IEIR report provides a wide range of aircraft concepts (repeated herdhiga® 6-8), describes
fundamental differences between installations causing d8860degree fan distortion fields, describes
remaining technical challenges and interdependencies, and provides afrhrgidurn estimates. There
is research that studies applications across the range of aircraft categories. Given the remaining technical
challenges and complexity of integration, potential entry into to service is estimated beyond the next
generation odircraft beyond 2040 at the earliest, apart from DP applied to small aircraft which could appear
sooner. Further technical development and system study is needed that will eventually lead to the need for
largescale demonstration at speeds relevant tyget aircraft category. Potential benefits are dependent
on the mission and application but are estimated to range from a few percent to approaching 10% in the far
term.
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Figure 6-8. Representative ACAs inorporating BLI (IEIR report, figure 9 -5)

6.3.2 Alternative Propulsion and Energy

6.3.2.1 Unducted Fans

Beyond turboprops, the advanced conventional propulsors are ducted. A revolutionary alternative is
the unducted fan (UDR) with higher loading and cruise spedtdan with propellers. It is also referred to
as open rotor and has enabled higiphgs ratio beyond what is possible with ducted turbofans. The counter
rotating open rotor (CROR) propulsor concept has been studied in Europe and the US for decades, with
surges in research and development aligning with high fuel prices, and less interest when fuel prices are
low. More recently and since completion of the IEIR report, technology demonstration plans for a new
singlestage concept have been announced by CBW [see Figure 6-9) as part of its integrated
Revolutionary Innovation for Sustainable Engines (RISE) program. In the EU Clean Sky research project,
the CROR propulsion system has been shown to be capablevidipgofuel burn improvement over
turbofans engines for shetb medium range aircraft at a negligible speed penalty.

The cruise speeds possible areinthe Mach0.758 0 r ange, t yapdiNBdabsaiccfaft.t oday 6
The EU Clean Sky program le@ to a ground test demonstrator campaign by Safran in 2017/2018. Results
presented to the IEs show potential fbatn savings for CROR of about 5% -@%) belowadvanced
turbofans at same date of 2037. Noting that noise of UDF has been a significaaut ¢gnmr attainability,
recent results have given confidence in the ability to be community noise compliant terGHayith
some margin. Recent research in the tifiminating in acoustic wind tunnel testhowed similar results
specifically, cumulatie noise levels for the CROR which wer@ @EPNdB below Chapter 14 noise limits,
with advanced ducted fans about a further 7 EPNdB quieter. However, in both European and US studies,
the potential benefits are subject to significant uncertainty and criicdlenges, including blaeeff
containment, installation and cabin noise treatment that will all lead to a weight penalty on the aircraft in
comparison to an equivalent technology level umdieig ductedfan configurationFrom an attainability
standpoit it is not certain that the acoustic margin versus the Chapter 14 noise regulation will be judged
sufficient by the customers, as compared to the quieter ducted fan systems, in view of potential future noise
certification stringency increase and indivadiuairport regulationsThe singlestage concept recently
announced should reduce some of the technical risks and the announcement of the flight demonstration
contributes to confidence in timing and investment. So, while the IEIR report (chapter 9)ex\/aheat

37AviationToday, OGE Aviation & Safr-68enS¥EMSEeRgaheabi Fetyi a
2021 https://www.aviationtoday.com/2021/06/21/gaviationsafrarseesustainabilitkeynextgencfm-engine/
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CROR and characterized the concept as an alternative not possible by 2037; today, the estimated readiness
and attainability is estimated to be by 2035 and applicable to RJ and NB class aircraft.

% %
* ¥

¥ ¥

Figure 6-9. CFM UDF rendering i not representative of any defined future aircraft configuration[37]

6.3.2.2 Electrified Aircraft Propulsion

The possibility of electrified aircraft propulsion (EAP) has emerged over the last decade with potential
applications envisioned a@® every air vehicle imaginable from small vertical tak#anding aircraft to
the largest of transports in one form or another. The interest is supported by a perceived relative ease of
electrical versus mechanical distribution of power around theaftiralong with maintenance benefits.
There is a range of EAP systems inclusive ofeldkttric, hybridelectric, partially turboelectric, and
turboelectric architecturel38]. From a configuration standpoint, the possibility of decoupling energy
source/power generation from a propulsor, or a having a single energy source/power generator driving
multiple distributed propulsors, is attractive. From an emissions standpoint, the potential impact is strong
but is highly dependent on both the system architestleeted and the source/mix of energy used onboard.
Taking a lifecycle view, an electric system could provide caffbe®m emissions if charged on a renewable
grid but could easily have higher carbon ngmissio
countries.

A hybrid or turboelectric system brings conventional (or SAF) jet fuel onboard aerprtof the
energy supply and impacts the emissions. Broadly speaking, key challenges of EAP center on weight (low
gravimetric energy and power densitf/battery storage systems and high weight of many components),
altitude effects, development of new certification rules for peslectric systems, and access to electric
power at airports sufficient for future large fleets. Additionally, it is commarport emission savings
through reduced fuel consumption, butr@ality, it is critical to report the energy savings and the energy
mix in order to understand tH#ecycle missions in the electrified world. Because electric grids are
changing andariable around the world, care must be taken to understand that quoted erhessgtioth
locationand timedependencgswelconsi dering todayés primary energy
is quite emissionftensive in many world regions, big undergoing agradual transition to more
renewable energy worldwide. Introducing electric aircraft in the near future may therefore deliver
significant emissions reductions only in later years once more renewable electricity is available, or if
operators alect specific renewable electricity purchase contracts.

38NationalAcademies of Sciences, Engineering, and Medcoremercial Aircraft Propulsion and Energy Systems
Research: Reducing Global Carbon Emissiof816 Washington DC: The National Academies Press.
DOI:10.17226/23490
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EAP-related research and development activities are rapidly expanding around the world, including

ground and flight tests from the component to airplane I®gh0, 41]. In Figure6-10, a wide range of
concepts and projects are presented and characterized by degree of hybridizatios of block energy
and power from alklectric to turboelectric conceftsiote that wihin the reference papetd depictedn
Figure6-10, there are references to each of the concepts shown. There are alredeigtridl commuter
class aircraft flying today and as technology improves with time and investment, so will thatapytic
larger and/or longerange aircraft. While the small, alectric or initial hybridelectricaircraftmaybe in
service prior to 2030 or 2035 and be important steppingstonesdsincreaingly larger aircraft for the
purposes of LTAG it is estiated the initial service for TP, RJ, and NB would occur by 2035, and by 2050
for WB. In this timeframe, it is estimated that initial applications will be of a hybrid architdat44].
The energy density of batteriagd system power densitf componentarethe keytechnologyfactors
limiting all-electric aircraft to the smallest si&z&here impact on global emissionssimall The energy
density of batteries today mpproximately 2 orders of magnitude lower thah fuel [45] and while
gradually improving, therobability ofa breakthrough significant enougt enablecommercially viable
all-electric large TPRJ, NB, or WBaircraftthrough 2050s very low.

Mild hybrid electric propulsion systems where thadtery is used to supply a relatively small amount
of power could also be adopted with little impact on infrastructure and could potentially enab% a 3
energy benefit to RJ and NB by 2035; note many concepts charge the battery during flight wiiyrelati
little charging at ground stations. As the vehicle sitkicesand energy requirement diiinybrid systems
with batteries amore substantiadecondary energy storage could become more viable. Such a trend is also
depicted inFigure6-10. A 5-20% fuel burn reduction could be achieved at a reduced range for a regional
size hybrid electric TP by the 2035 timeframe and with a commuter size daaliethat. However, all
electric propulsion systems are not likely by the same timeframe, and hybrid systems will remain heavily
dependent on conventional fuels or SAF and less so on ground charging systems for the RJ and larger
aircraft

39Cl ean Sky, 0Gr e@mRA)Red iroetarli eAv Htos:@advitleahskyreu/greargdrial2 1 .

aircraftgra

40Cent r al I nstitute of Aviation Motors, ORussia continu
engi nebo, r et r i bttpse/dam@uieh/mdssenterthews/Rissigahtinuedestsof-hybridflying
laboratorywith-superconductinglectrieaircraftengine/

4INASA, ONASA |Issues Contracts to Mature Electrified Ai
https://www.nasa.gov/preselease/nasagsuesontractdo-matureelectrifieehircraftpropulsiortechnologies

421 si kveren AHyD.r,i ddFErlegrtass iTmansport Aircraft Design,
France, Feb. 201#ttps://www.see.asso.fr/enfseel/eventbyyear/all

43Ber t r a n d Paralel Hybrig Rropwsion Systein for a Regional Turboprop: ConceptuahibBignefits

Analyss ,ABAA 20194466 AIAA Propulsion and Energy 2019 Forum22®Rugust 2019.
https://arc.aiaa.org/doi/10.2514/6.204266

4L ent s, C. Farallel Hpkaid Bropulsibn & Seoondary Power System Architecture Exploration and
Evalation 6 AIAA 20263555 AIAA Propulsion and Energy 2020 Forum,-284 August 2020.
https://arc.aiaa.org/doi/10.2514/6.20:3%55

45Langford, J.S. and Hall, D.K., OElectrified Aircraft
50, NO. 2Summer 2020, p 2¥. https://www.nae.edu/File.aspx?id=234402
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Figure 6-10. International studies related to electrified aircraft [42]

6.3.2.3 Hydrogen

Hydrogen is a theoretically unlimited energy carrier and has been periodically studied as an aviation
fuel over the last century thanks to its low specific weight and high gravinestergy density. Initially
hydrogenpowered aircraft were studied early in the jet age primarily for military purposes, then in the
1970s with NASAsponsored studies on liquid hydrogen (LH2) fueled {bagl subsonic transports, and
the late 1980s saw tligght demonstration of a modified 165 aircraft. Interest spiked again around the
turn of the century with multiple, comprehensive L-fd2led aircraft system studies, for example the
European Cryoplane project. In the few years since the IEIR repblisiped in 2019, interest in the
potential of hydrogetfbased aircraft has risen dramatically with the worldwide focus on decarbonization
and the potential of hydrogen as a carfiree fuel from tanko-wake leading to heightened levels of
research and delapment including activities ranging from flying demonstrations of small aircraft to
detailed concept studies of larger aircraft, plus an unprecedented level of study beyond the aircraft
technology on topics ranging from production and delivery to st@ad@perations at the airport.

The driver is the potential use of a zearbon fuel as a taro-wake solution addressing the challenge
of aviation decarbonization and impact on climate change. Several overview studies have been released



Reportonthe Feasibility of
LongTerm Aspirational Goa
-79- Appendix M3

that address the full lifecycle challenges of hydrogé6, 17, 48, 49 and include some information on

aircraft technology of direct interest to the ACES Tahg. Note that the EFé€ls Group has addressed

the wellto-tank portion of the energy challenge, irstlee but not limited to the challenges of eeffective

production of green hydrogen and delivery/storage around the iglihlese types of challenges related to
infrastructure have been and remain major barriers to the attainability of hydrogen poireneftl a
Todayodés gl obal drive towards sustainability econo
these barriers can be reduced or eliminated and forms the basis for ACES to consider such aircraft in
technology scenario T3.

From a technologgtandpoint, hydrogen can be used as a fuel in two ways. First, in direct combustion
replacing jet fuel, and second, in fuels cells as a source of electrical power. Relative to jet fuel, hydrogen is
about three times lighter per unit energy, but requiresitalour times more volume per unit energy, all of
which contributes to a different set of design and mission performance trades relative to aircraft with
conventional or drojin energy. Certification of new, unconventional systems, including cryogenigsto
onboard delivery, and thermal management, as safe for commercial operations present a range of challenges
and uncertainties. Safety risks of hydrogen are noticeably different from those of conventional fuels, and
its public perception widely vari¢s0], which dictates another attainability challenge relative to stakeholder
acceptability. The use of largeale demonstrations for performance, within vehicle and system of systems
integration, and safety will be required and are starting on scalefaircra

In reviewing how hydrogen may enter aviation as a ftiglyre6-11from Cranfield University presents
a likely pathway that grows from small, shortange fuelcell based electric or hybrid electric aircraft and
eventually to the larger, loaginge aircrafthat are more likely to use liquid hydrogercombustionnoting
that GT in this figurémplies gas turbinesThe concepts under study in the Airbus ZEROe program bridge
this range with the expressed plan to down select to a concept in 2025 and ddwetberifor EIS by
2035. There are a range of ongoing technology development activities with demaonatrdter small,
shortrange end of spectrum that are developing much knowledge and experience that can be applied to the
large aircraft later; it is @ssible several of the smaller, commuter sized aircraft reach limited commercial
service by 2030. The Cranfield University team also presented a series of innovation waves for larger
aircraft as shown ifrigure 6-12. Here one sees the impact of the volume requirement associated with
hydrogen has on aircraft design and a likely stepwise evolution that eventually leads to alternative airframes
characterized by adding volume. Initially, at least, the added volume has the impact of replacing payload
and/or increasing structural weight and drag and in turn the mission energy requirement. Herein lies the
trade that impacts the mission range and gnefficiency. In the farther term, concepts such as the
HWB/BWB appear to have some natural synergy with hydrogen volume requirements and increasing
airframe efficiency.

46McKinsey & Company, "Hydrogpowered aviation: A fabased study of hydrogen technology, economics, and

climate impact by 2050," May 2020,
https://www.fch.europa.eu/sites/default/files/FCR0Docs/20200507_Hydrogen%20Powered%20Aviation%20repo
rt_FINAL%20web%20%281D%208706035%29.pdf

47NLR and SEO, "Destination 2050: A Route to Net Zero European Aviation," February 2021,
https//www.destination2050.eu/wpontent/uploads/2021/02/Destination205Report. pdf

48Bruce S Temminghoff M Hayward.JPalfreyman DMunnings CBurke N, Creasey.® Opportuni ti es f o1
hydrogen in aviatigh2020CSIRO.

49 Airports Council Internationahd Aerospace Technology Instituted | nt egr ati on of Hydrogen
Transport System: An Airport Operations and I nfrastrucH
https://store.aci.aero/product/integratienf-hydrogeraircraftinto-the-airtransporsysterranarportsoperations
andinfrastructureeview/

501ATA fact sheet: https://www.iata.org/contentassets/d13875e9ed784f75bac90f000760e998/fdvydshget’
factsheet_072020.pdf
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Figure 6-11. Potential Innovation Waves for Decarbonization Using Hydrogen. Presented by the
Cranfield University ENABLE -H2 team to LTAG-Tech/ACES, April 2021.
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Figure 6-12. Potential Innovation Waves relative to Vehicle Performance. Presented hige
Cranfield University ENABLE -H2 team to LTAG-Tech/ACES, April 2021.

The authoritative literature has many design studies for LH2 aircraft. The range of trades is large as are
the range of technology assumptions at various time horizontheSimnge benergy intensity possible is
wide and varied from many concepts where energy use increases dramatically and/or useful ranges reduced
to some that foresee energy efficiency improvement, particularly as aircraft size increases and the
gravimetric efficieng of onboard tanks becomes more favorable at constant technology féyete6-13
from Verstraet¢51] studied several seatasses and compared the efficiency of hydrogen against kerosene
fueled aircraft as function of range. The figure shows a compromise of range ¢apatilse of hydrogen
at the NB sizes, and distinct crossover points that indicate hydrogen dissrelfietter range capability at
the large/longerange WB sizes. The specifics of any product desifiooursewill considermany unique

51 Ver str aetOa, the Dengrgy efficiency of hydrofesled transport airdta , 2015.
https://www.sciencedirect.com/science/article/pii/S036031991500943X
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design requiremnts and make many distinct trades. Given the current level of technical activity including
small aircraft demonstrations combined with heightened motivation around the world, ACES estimated
under scenario T3 by 2035 we could see TP, RJ, and/or NB hydecogasustion or hydrogen fuekll

based aircraft enter service. The TP would more likely bedelébased and the RJ/NB combustion based,

but each would be range limited relative to the same year ATW and likely have lower energy efficiency. It
was estimged that the technology applied to the BJ category would lag to 2040 and incorporate hydrogen
via a fueHlexible system that would not eliminate the use of drofuel on the same aircraft. The WB is
estimated to lag further out to 2050 but given theetiamd potential efficiency gains with increased
size/range, it has the best chance for synergy between mission range, energy use, and carbon intensity.
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Figure 6-13. Variation of Energy Efficiency with Range for Hydrogen and KeroseneFueled
Aircraft

So, hydrogetbased aircraft are possible in the LTAG time horizon. There are technical challenges and
broader attainability challenges. The technical challergesociated with hydrogen aircrafvhile
signficant, appear to be smaller barri¢gosovercomehanassociateéhfrastructure requirementBusiness
model changemay berequired of operatorand accepd by customershat areassociated with reduced
ranges andeductions imon-stopsflights. And aircraft owners, be they operators or leasers may have to
acceptlessasset range flexibilityAdditionally, it should be noted that if we achieve widespread and
affordable hydrogen availability, there will be competition with other sectors &mdithis could require
governments to enact policy incentives to prioritize the aviation séct@ddition, hydrogen use in aviation
may be directed to the creationofpotet i qui d SAF, considering that wusi
to aircraft desig.

6.4 ACAS BY AIRCRAFT CLASS

In the previous section, general trends and possible ACA concepts are introduced, and discussed
generally including mission applicability, associated challenges and potential impacts and timing. This
section summarizes the eartigossible EIS years, energy intensity benefits relative to same year ATWs
for each vehicle category in scenarios T2 and T3 andsaote mission limitation assumptions such as
range As such, the benefits provided by a given ACA concept relative tdeteree aircraft were adjusted
to the relevant year ATW.

The rationale for the earliest EIS years in each scenario was based on reports and evidence of past,
present or planned AGeelevant technology demonstrations or other research activity. More information
on announced demonstrators is provided in this@echis expected, there are differences between the
timeframes announced by various companies and research organizations for similar ACA concepts for a
variety of reasons, but the potential EIS years reported in this section represent the EIS yearsShat ACE
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members agreed on as representative of various estimates from the most credible studies for the purposes
of the LTAG study.

Using authoritative reports and research activities to isolate the configuration and/or propulsion system
impacts, ACES estimatete lower, medium and higher progress levels of impacts for ACAs with respect
to ATWs for each technology scenario and for each vehicle category. Because ACES avoided selecting
best, or winning concepts, the ACA impacts stated in this report do not cwma particular ACA concept
and are representative of a range of ACA concepts considered under each technology scenario.

Regarding the potential mission limitations for some ACAs with-diap-in fuels such as electricity
and hydrogen, ACES had to congideCAs with mission parameters vastly different from the relevant
TRA and equivalent year ATW. In such situations, ACES prioritized keeping the payload and field length
the same as ATW in order to not eliminate any airports under use. Knowing that mi@dt siday are
heavily used well below design ranges, ACES concluded that some range capability could be given up
where use of nodropin fuel could be traded for some positive characteristic on lifecycle carbon
emissions; the shorter range was ofterptedi with a slightly slower cruise speed as well. To estimate the
energy intensity of a rangeduced ACA, estimates were required of equivalent year ATWs at the same
mission parameters. To access a practical reduced range for such vehicles, ACESteo/&sig918 and
2050 fleet forecasts for fuel burn and operations to estimate an acceptable, reasonable reduction. To
visualize where the majority of fuel burn and operations happen, heatmaps were Bigttexb-14 and
Figure6-15are included here as examples of the heatmaps. ACES identifieshfes with approximately
90% coverage of fuel burn and operations for each vehicle class. Then, ACES checked these ranges against
the authoritative reports to finalize the range values for both-AZAnd ACAT3 bins.
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Figure 6-14. Competition Bin vs. Distance Band for Turboprop Operations (2018)
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Figure 6-15. Competition Bin vs. Distance Band for Turboprop Fuel Burn (2018)

6.4.1 Turboprop ACAs

For the purposes diis study, ACES is projecting 2035 as the entry into service of T2 and T3 turboprop
concepts. Some of the company announcements supporting this decision are provided here. De Havilland
Canada announced that a collaboration with Pratt & Whitney Canadfomrasd to develop a hybrd
electric demonstrator using Dast80 2. The ground testing is targeted to take place in 2022, and the
flight testing in 2024. NASA has recently announced that two U.S. companies have been selected to support
its Electrified Powertrain Flight Demonstrations (EPFD) to mature the propulsion technologies through
ground and flight demonstrators. MagniX has received the award to demonstrate technology-fangbort
and regional air travel over the next five years.

Regarding hydsgenp ower ed aircraf t, Airbus expressed thei
zeroemission commercial aircraft by 2035 and introduced the ZEROe concepts, one of which is a
turboprop. Universal Hydrogen, on the other hand, plans to retrofit ATRd&’RDash 8 class aircraft with
hydrogen fuekell propulsion systemand solve the supply chain issue of hydrogen with their modular
capsule technologys§]. Universal Hydrogen projects mD20s for the concept to be certified and enter
into service. ZeroAw has raised funding to start the development process forraeg@watt hydrogen
fuel-c e | | powertrain for ATR42/ 72 and De Havilland C
EIS is planned as 20264]. The majority of the demonstrations are nseeg precursors to development
and certification of product aircraft, which often translates into a time lag to EIS. Unknowns on certification
and in some cases sufficient energy infrastrucugesalso estimated to contribute to a time lag to EIS.

After a comprehensive scouting on company announcements, ACES concluded that smaller ACAs
(below 50 passengers, approximately) could possibly enter service before 2035, some even by 2030;

52De Havilland Aircraft of Canada LimiteDedHavilland Canada Working with Prattv&itney Canada to Support

the Development of Sustainable Hydgidelctric Aircraft Propulsion Technolpgg , r et r i ev2@@ Sept ember
https://dehavilland.com/en/news/posts/deavillanecanadavorkingwith-prattwhitneycanaddo-supportthe-
developmenbf-sustainablaybridelectrieaircraftpropulsiontechnology

53 Aviation Week Tegh Talk on How Universal Hydrogen Plans to Disruptidmi etrieved September 29, 2021
https://aviationweek.com/aerospace/podegesthtalk-howuniversahydrogerplansdisruptaviation

54AviatonWeek O Hy dr ogen Fuel Cells Advance as a Way to Decal
2021 https://aviationweek.com/aerospace/aircrafopulsion/hydrogeifue.
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however, the more significant impact on TP category from larger varianikl iikely be in 2035 and
onwards for both T2 and T3 ACAs. Once the EIS assumptions were finalized, ACES identified the concepts
that would be considered as T2 and T3 concepts. By definition, T2 concepts do not entail any dramatic
infrastructure change$herefore, ACAT2 bin for turboprop contains parallel hybstectric aircraft with
time-limited in-flight charging and/or minor ground charginging existing electrical infrastructures
around airportswhile battery or hydrogen fuel cell hybrids are considered in AGAin. Both the EIS
assumptions and the turboprop ACA concepts that are binned under T2 and T3 scenarios are depicted in

Figure6-16.
The

t ur b o p DeoHavillanR Banada Dash4®01 design range is 1,100nmi. The reduced

-84-

range for T2 and T3 aircrafiestimated as 500nmi lging the heatmaps generated for turboprop category.

Table6-1 provides the ACES range of estimated energy efficiency benefits of the aircraft comeepts
T2 and ACATS3 bins, in terms of MJ/ATK, for 2035 and 2050 for all thpsént estimates. The numbers

represent the relative change in energy efficiency with respect to the ATWSs of the same year. A positive
value means that the energy intensity @Adgroup is larger than that of ATW whereas a negative value
indicates that ACAs are performing better than ATWSs, keeping in mind that a higher energy intensity may

not be considered a drawback from some perspective if it allows a significant carboonresmsduction
through the use of cleaner energy. ACES put forward these estimates after performing a thorough literature
review on each concept while bearing in mind the technology bins and all concepts included in them.
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Figure 6-16. Turboprop ACA ldentification of Earliest EIS
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Table6-l. Tur boprop Energy Efficiency
TecNolO%Y  point Estimates| 2035 /AFKMI 2050 @ MJ
Lower Progresg -5% -5%
T2 Medium Progres;s -10% -10%
Higher Progresy -15% -20%
Lower Progresg +10% +10%
T3 Medium Progresg 0% 0%
Higher Progress -10% -10%

6.4.2 Business Jet ACAs

Rel

ACES members struggled to propose ACAs for business jets and to establish their energy efficiency

benefits because there were very few publicly available authoritative studies and reports encompassing this

vehicle category. Scaling was not considered @ jplausible approach because smaller aircraft sizes could

not incorporate the advanced technologies developed for larger aircraft directly. For example, the engines

at
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of business jets use centrifugal compressors, and the design process has differefur tregidht, fuel
consumption and nacelle drag on fuselagminted engines. Since business jets have a smaller market, the
economic opportunities for advanced technology insertion are also reduced. In addition to these economic
and technological differenceshe business jets are operated differently than other vehicle classes.
Customers use all airports from the large hubs and very often the many smaller and remote airports that
have shorter field lengths and thaty be less likelyo havethe necessary frastructures for ground
charging or nordrop-in fuel options (such as hydrogen supply)

Because of these reasons, it was challenging for ACES members to identify the vehicle concepts that
fall under the T2 and T3 scenarios. The Ascent business jet, designed by DZYNE Technologies (introduced
in section6.3.1.9), is one advanced configuration that could be considered inAZBin. There are also
electric concepts that are being studied by Ampaire, Inc. and Eviation. The Ampaire Tailevioldas
sheet design with hybrdlectric powertraings] . Eviationds Alice is a more
tail and two tractor propellers on the aft of the fuselage. The company plans to perform the flight testing in
2021 and targets entry intersice in 2024 96]. All of these designs are included in AER bin without
any range restrictions on operations. From the LTAG member discussions, use of a fufued fgstem
capable of hydrogen use is chosen as a T3 concept. This concept wolllel toeoperate on Jét, SAFs
and hydrogen. Because of volume constraints, when flying with hydrogen, the range would be limited. This
effect on operations is captured by assuming that the ranges over 1,000nmi would be flowrAvih Jet
SAF, not hydrogenThe EIS of the T2 ACAs is estimated as 2035 by ACES. ACES agreed to have a five
year lag for flex fuel concept because it is at an earlier stage in its development. The ACA concepts and
their projected EIS dates are depicte&igure6-17.
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- v

Figure 6-17. Business Jet ACA Identification of Earliest EIS

ACES needed to modify their approach to quantify the improvements in energy efficiency due to the
lack of published or otherwise public information in this category. The business jet subgroup proposed
applying half of the fuel burn improvement projectedriegional jet ACAs because the regional jet is the
closest in size to the larger business jets, and it is reasonable to assume that some fraction of the regional
jet improvement could be applied to business jet class. All ACES members agreed on thishagmd
the numbers used in this study Aséedin Table6-2.

55Amoairep Me et t h™d, @frievied Qectoberdd, 2021
https://www.ampaire.com/vehicles/tailwind%E 2%84 %sitraft

56Av i at i oBviatireRedesignDAlice-Electric Regional Airaft, 6 r et ri eved October 4,
https://aviationweek.com/aerospace/airciaftpulsion/eviatiorredesignaliceallelectrieregionahircraft
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Table 6-2. Business JetEnergfe f f i ci ency Benefits Relative to t
Technology . .
Scenario Point Estimates| 2035 o@(MJ 2040 om(MJ] 2050 o( MJ
Lower Progress -2.5% - -2.5%
T2 Medium 5% : 5%
Progress
Higher Progres; -7.5% - -10%
Lower Progress - +15% +15%
T3 Medium i +5% +50
Progress
Higher Progres; - 0% 0%

6.4.3 Regional Jet ACAs

ACES could find relatively little evidence of ACGrelevant demonstrations specific to regional jets as
the focus is significantly more on the narrow body class with regard to advanced airframe, propulsion and
energy concepts. However, due to the significiimilarities and increasing overlap in mission, ACES
leveraged the information gathered for narrow body when identifying the ACAs for T2 and T3 scenarios
and the projected entry into service dates as well as the relative energy efficiency benefitgnais sho
Figure6-18 andTable6-3,r especti vel y. T h &mbraer &19ER Tadesign rartge iF RA 6 s
3,350nmi. The reduced range for T3 aircraft is estimated at 1,000nmi by using the heatmaps generated for
RJ category.
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Figure 6-18. Regional Jet ACA ldentification of Earliest EIS
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Table6-3. Regi onal Jet Energy Efficiency Benefits Re

Technology . .
Scenario Point Estimates| 2035 o@( MJ 2050 o( MJ
Lower Progress -5% -5%
T2 I';"ri‘;'r“er; -10% -10%
Higher Progres; -15% -20%
Lower Progress +20% +20%
T3 I';"ri‘;'r“er; +15% +15%
Higher Progres; -5% -5%

6.4.4 Narrow Body ACAs

Aviation industry and research organizations have a high degree of focus in the narrow body category
due to its high utilization. As such considerable research and development focus on relevant revolutionary
concepts and enabling technologies in the cayegmting also that many technologies could potentially
be applied to other vehicle classes as well. The ACAs the ACES group decided to group under T2 scenario
include advanced aircraft configurations with advanced wings such abtages wings and bexl wings,
hybrid/blended wingbodies, unducted fans, and mild hybrid electric propulsion as these ACAs do not
require major infrastructure changes.

The NASAled US government Sustainable Flight National Partnership (SFWP)hhs recently
announced relent major demonstrations inclusive of A@é&levant airframe/configuration technology
and the EFPD including NB relevant electrified powertrain flight demonstration. SFNP aims to make
technology ready for industry design consideration in time for earlys2888. According to the RISE
program announcement, inclusive of UDF and hybrid electric technology, CFM and GE Aviation plan to
start testing in the mi@020s and then move to the flight testing. They envision that their engines could
enter service by thearly 2030s. Exploring the development of disruptive technologies such as hydrogen
and hybridelectric is also in their agenda.

While mild hybrid electric technology falls under T2, the hydrebased concepts fall under T3
scenarios due to the estimaladyer reliance on significant infrastructure change. For this vehicle class,
the concepts that are collected under T3 include electric propulsion and hydovgered aircraft with
either advanced conventional or alternative airframmmst likely modifial conventional airframes initially
-, ACES agreed that having substantial propulsion system change and configuration change at the same
time is highly wunlikely. Similar to T2, the proje
includes considerin of a reduced range (2000nmi+), hydrogenvered NB by 2035 and is indicative of
i ndustryo6s r eal Figuraétle demandtratds the ACA donaepiseand. their EIS years for
the narrow body category.

Table 6-4 shows the energy efficiency benefit percentage estimates for lower, medium and higher
progress levels. The values are representative of results from a range of authoritative reports, research
studies and company announcements considering all concepts under each technology scenario.

57NASA, ONASA AiFms efnadrl yClAivmmaatte oné, retrieved October 7,
https://www.nasa.gov/aeroresearchsaaimsfor-climatefriendlyaviation
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Figure 6-19. Narrow Body ACA Identification of Earliest EIS
Table 6-4. Narrow Body Energy Efficiency Benefits
Technology . .
Scenario Point Estimates| 2035 o@( MJ 2050 o( MJ
Lower Progress -5% -5%
T2 Medium -10% -10%
Progress
HigherProgress -15% -20%
Lower Progress +20% +20%
T3 Medium +15% +15%
Progress
Higher Progres; -5% -5%

6.4.5 Wide Body ACAs

Rel

The ACAs considered for wide body class are similar to those of narrow body because many NB

concepts could be applied to wide bodysimme formi due to higher cruise speeds, the UDF is not

considered for the WB. The only change from narrow body is the EIS year of T3 concepts. ACES members
believe that the narrow body or regional jet would serve as a pathfinder for th&a€éncepts, rd it

would take around 15 years to apply them to wide body aircraft. As shdviguire6-20, ACES decided
to have wide body T3 concepts enter service in 2050. Given the time and the studies that indicate- hydrogen
powered aircraft efficiency likely increases with range, it was estitithait by 2050 there will be no reason
to have a range constraint and avoid the resulting requirement for a second conventional wide body to fly

the longer ranges.
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Figure 6-20. Wide Body ACA Identification of Earliest EIS

The energy efficiency benefits for T2 are the same as those of narrow body. ACES is of the opinion
that T3 ACAs that are entering into service in 2050 have the potential to perform better than narrow body
ACAs as shown inrable6-5 due to the theoretical efficiency improvement with size/range for hydrogen
aircratft.

Table6-5. Wi de Body Energy Efficiency Benefits Rel at

Technology . .
Scenario Point Estimées 2035 o(MJ 2050 o( MJ

Lower Progress -5% -5%

T2 E,"r‘f)‘;'fer; -10% -10%
Higher Progres; -15% -20%
Lower Progress - +40%

Medium

T3 Progress ] 0%

Higher Progres; - -10%

6.5 NEW AIRCRAFT FOR EMERGING MISSIONS

While subsonic fixed wing aircraft represented the LTAG TRAs and their future versions represent the
vast of majority of commercial air transportation, there are several emerging markets. Two primary
emerging mission examples are Urban Air Mobility (UAMidasupersonics. There are many companies
and research institutes working on such UAM concepts, froal, unmannedircraft systems (UASp
provide package delivery for example, and shanige vertical takeff/landing vehicles that could serve
many purposes including air taxi services. Though the potential markets are large, the missions envisioned
are essentially domestic and outside sisope of LTAG which focuses on international travel. The UAM
vehicle missions are very much like that of helicopters which are not considered as well. For these UAM
vehicles to be successful, they will need to address sustainability from day 1 to sunmteenhpete against
other local modes of transport on the ground. Electrification is a key research focus and technology element
in this class, so access to clean grids is critical, much as it is for ground vehicles. It is the same with airships,
anotheffacet of aviation that is rising again with several projects across the world, that would mostly bring
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CO; reduction benefits out of the aviation sector, through domestic operations mainly in the field of
logistics, replacing other means of heavy goodsspartation.

Supersonic missions are a different matter. They differentiate themselves through significantly higher
speed relative to subsonic vehicles over long ranges, for exampléttansc routes, and are inclusive of
but not limited to internaticad travel. The commercial supersonic market is in the process of reemerging
after a dormant period since the Concorde retired with fleets envisioned in the hundreds, not thousands.
Several companidss, 59] are dedicated toringingback supersonic travel and make it economically viable
thanks tanew materials, advanced engines and innovations in aerodynamics. The focus is on long range BJ
travel andpremium classirliners in the 4680 passenger class markets which are currentiyedeby
subsonic travel options.

Supersonic flights require more fuel/energy than equivalent (payload/range) subsonic flights due to the
higher speedFor aircraft currently beingtuded cruise speedanges from Mach 1.4 to 2.2. As the
supersonic cruise Mach number increases, so does the difference in energy usetdeddings below
Mach 2. Similarly, fuel use increases wiittprovingLTO noise margins relativi® regulations as well. In
addition to the supersonic cruise Mach number sensitivity, the design choices aahinfpassenger
density, supersonic/subsonic cruise segments/capalilitgt sonic boom levels significantly impact energy
intensity. The trade space of future supersonic airdesfign choices and mission parameters is large and
estimates of energy intensity vary with these choices and assumed technology levels and time horizons. It
is reasonable to assume supersonic aircraft may be several times more energy intensive that subson
aircraft. Increased energy intensity 6ft3imes is likely but not a definitive upper or lower boundasy
new designs continue to be refindthe developers are committed to provide faster transportation in a
sustainable manner and counter the incre@&&dising SAF. Boom, for example, has announced that their
Overture aircraft will be capable of operating on 100% JA&B]. NASAG6s  xbBoém flight w
demonstratof61] will soon demonstrate design technolothat could enablsupersonidlight overland
Datafrom community overflightsvill be collected by NASA with collaboration from international partners
and provided to ICAO and other organizations with the purpose of eliminating rules banning supersonic
overland flight. The impact of increased emissions, particularly at higheuddtt with longetasting
effects, remains a concern from supersonic flights which cruise inherently higher with increased design
Mach. Due to the relatively small market size and plans to use 100% SAF from day 1, LTAG did
notmodelthis clasf vehicle ad mission within the study.

6.6 ACA OBSERVATIONS

The ACA assessment methodology was more qualitative in nature and are not based on MDAO design
efforts as assembled for the ATWs. The ACA methodology yielded timelines about the earliest potential entry
into sevice (EIS) as well as tables recording energy efficiency for all five vehicle classes based on a gqualitative
review of reputable documents and studies of numerous concepts. Observations were drawn and representative
ACAs were identified for each vehicleask and timeframe.

From the qualitative perspective, the LTAG Tech/ACES Tahg in partnership with other Tahgs studied a
wide range of ACAs across the LTAG Tech aircraft categories. ACES relied on existing publicly available

58Boom:https://boomsupersonic.com/

59Spike Aerospadettps://www.spikeaerospace.com/

60Boom, OHow Will Supersonic Travel Be Sustainable and
5 | ni t iriaved Octeber,76202htps://boomsupersonic.com/flyby/post/howill-supersonitravelbe-
sustainablandensurea-quietefride-boomandjapanairlineshighlight5-initiatives

6INASA, -BBoboomv FI1 i ght Demonstration Overview,o6 retri
https://www.nasa.gov/X59

€
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material rather than the modeling approach takemtiwé ATWs. ACES developed consensus estimates of the
potential timing and benefits of the ACAs grouped by LTAG aircraft categories of TP, RJ, NB, WB, and BJ,
without predicting any winning concepts out of the many alternath@sS led the LTAG Tech assesment

of ACAs. Existing published material was used to develop consensus on potential timing and estimated
benefits for each aircraft category. Care was taken to not suggest specific winning aircraft concepts.

ACAs are defined by steghanges to technolggnd/or vehicle system or subsystem architecture enabling
performance/capability beyond the sayear ATWSs. Development and maturation of technologies and
configuration technologies need to progress to sufficient Technology and Integration Readiress hevel
considered by OEM6s for detailed design and manuf a
achieve and the technical ability to do something remains a necessary but not sufficient condition to enable new
commercially viable producthe decision to take the leap will be made by informed business leaders making
business decisions. Government sponsored R&D can reduce the technical risks, while government policy can
influence the trade space for changhange is always hard. Stegghange is harder. Technical capability
and maturity are necessary but not sufficient conditioato implement a configuration step change.

Several major global drivers are active now that will affect future technology and configuration
developments. Climate ahge and the recovery from the global pandemic are worldwide drivers beyond the
aviation sector alone. Aviation has always been a leader driving innovation on the path to a more sustainable
future that considers the needs of society, business, and the Brvie n t . Todaybs combinat |
the stage for revolutionary chandéajor global drivers beyond the aviation sector are active now. The
combination of factors sets the stage for an AGAIriven revolution in aviation to help provide further
emisson reductions.

There are many ACAelevant technology development and demonstration activities ongoing and recently
announced. Most focus on the smaller vehicle classes from commuters to small BJ and TP missions and
predominantly aim to modify existingriiames with scenario Hike electrification or Tdike hydrogen use.

These missions will provide opportunities to learn about technology, certification, and operation of these ACA
systems, but contri bute r el amreductoh.yortlinatelytthemisalrgadyp er c e |
activity directed at larger TP markets. Though fewer at the moment, there is significant activity focused on ACA
relevant airframe and propulsion opportunities for next generation NBs with relevance to Rilnatelylto

WB classesSignificant ACA-relevant R&D is underway or planned for the next decade, including flight
demonstrations. Most nearterm application is envisioned first for smaller aircraft, e.g. smaller TP

aircraft. Smaller aircraft canprovide learning opportunities for technologies that scale to larger aircraft

(RJ and NB). Larger aircraft will have more impact on carbon reduction but lag in time.

ACA-relevant alternative airframes are possible by 2035 and may aneddditional 1615% energy
intensity reduction beyond saspear ATWSs. Most effort is focused on larger aircraft. Hybrid wingdies and
trussbracing concepts appear furthest along the readiness curvepairhibut notfar enoughyet fordesign
of nextgeneratioraircraft Airframe-centric ACAs will utilize many of the same underlying technologies as
ATWSs and may open the design space for alternative propulsion and propinsiaft integration. Much
remains to make these concepts technically ready for truele@tion in the industry design trade space, not
the least of which is a largeale, integrated demonstration. Additionally, conspgcific nortechnical
attainability challenges such as new methods of compliance for certification and any uniquenaperat
integration challenges will need to be fully addres&€ih -relevant airframes are assumed in current study
to be possible by 2035. Largecale, integrated flight demonstration is required. Possible energy intensity
reduction due to configuration stg change between-85% compared to ATWSs is assumed.

ACA-relevant alternative propulsion systems are possible by 2035 and may ylé&lgokhergy intensity
reduction beyond sameear ATWSs. Effort is spread across the full LTAG aircraft category range vait m
demonstrations ongoing for the smaller aircraft where electrification and the use of hydrogen fuel are two
primary thrusts. For larger aircraft, the unducted fan concept has been studied extensively and will require a full
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scale integrated flight demsination to be made technically ready. Propulsientric ACAs will utilize many
of the same underlying ATW engine technologies. Corgegtific noratechnical attainability challenges will
need to be overcome, not the least of which is the integratatilityand availability of an alternative energy
infrastructure in some casesCA -relevant propulsion with or without alternative energy is possible by
2035. Alternative energy solutions are highly dependent of availability of energy infrastructure. Large
scale, integrated flight demonstration is required. Energy intensity reduction between % compared

to ATWSs is assumed

Electrified Aircraft Propulsion is coming and will take a variety of forms. Hybrid architectures will likely
have the most impact omron reduction first with small but favorable benefits initially while the weight of
electric components improves. Additional benefits of electric propulsion are low noise, lower maintenance and,
for full-electric propulsion, zero exhaust emissions. Gal@mefits are highly dependent on the local electric
grid or the source of hydrogen in fuel cells, which are likely to improve over time following the worldwide
transition to more renewable energy. Additionally, the smaller aircraft that will rely mdrattenies or fuel
cells or will be range constrained, while the large aircraft employing a milder hybrid approach will not be mission
constrained, but their emission reduction will be limitekkctrified aircraft propulsion is coming. Initial
benefits wil be small but significant and instigate change. Hybrid systems are likely initially to balance
weight and range challenges. The carbon reduction from electrification is highly dependent on local grids
around the world.

Hydrogenfueled aircraft R&D is agte and such aircraft may be achievable technically, and likely more
attainable technically relative to négchnical challenges and commercial viability. The main challenges reside
outside of the aviation industry, namely with the cryogenic hydrogengiiodinfrastructure readiness and the
availability of green electricity to produce the hydrogen. Hydrogen has energy density and mass benefits, but
given the volume requirements, hydrogen aircraft will likely either lose payload or range capacity, or both
compared tsimilarly sizedconventional aircraft. The larger aircraft may have more capacity to adapt to the
volume requirement with minimal penalty in the far term. The main advantage of hydrogen is that it is a fuel
containing no carbon, and if it isoduced through electrolysis using renewable electricity, its carbon footprint
is close to zero. The use of hydrogen whether for fuel cells or in combustion will require substantial investment
in infrastructure and the life cycle carbon benefits highheddent on the method of its productidgdrogen-
fueled aircraft may be achievable technically and reduce #flight carbon emissions to zero. The non
technical attainability challenges and commercial viability are likely greater challenges to overcome.
Aircraft design and mission capability trades will be impacted due to the properties of hydrogen. Energy
use may increase to yield a decrease in carbon emissions in flight. The life cycle carbon reduction benefits
will be highly dependent on the production nethod for the hydrogen.

Significant change including ACAs is possible in the timeframe between now and 2050, but given the long
timelines of technology maturation, product development and certification, and time for impactful fleet
penetration, we have nione to waste. Any change to an alternative architecture will requiredeads, high
cost integrated demonstration before change may occur. Timelines for the highest impact vehicles relative to
carbon emissions project EIS dates approaching 2035.d-0Bthcenario, the infrastructure barriers will have
to be on at least an equal timeline to the aircraft. Timelines for the highest impact vehicles relative to carbon
emissions project EIS dates approaching 2035. And for T3, business models may hawngdaif dkey
technologies that enable substantial carbon reduction require substantially reduce€ramgesis possible
by 2035, but there is no time to waste. ACAs will require large scale demonstrations. In the case of-non
drop-in energy, substantial bange to the energy infrastructure available to aviation in required. Business
models may have to change also adapting to low carbon aircraft range capabilities.
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APPENDIX M3.7. TECHNOLOGY SUB GROUP INPUT TO MDG, FESG, AND LTAG

7.1 INTRODUCTION

To assess the environmental improvements due to aircraft technologies, the results discussed in
APPENDIX M3.5 and APPENDIX M3.6 must be propagated to the fldetvel. To enable this step,
interfaces between the Tech SEESG MDG, and the Cost Estimaticad ha groupare needed. This
chapter odines the outputs out of the ATW vehicle modelling and ACA impact forecasts that were
formatted in ways to be useful for MDG and FESG modelling downstream. The-fmll@alculations take
the market share and energy intensity reduction and forecastmo$tebdemand of international aviation.
Additionally, results from both ATW and ACA analyses are integrated into a single timeline and
improvement charts in this chapter.

7.2 DATA NEEDED FOR MDG, FESG, AND SDSG

The key inputs needed by the fléetel fuel demand modeling are predicted trends in energy use per
available tonne kilometers (MJ/ATK),e. energy intensitymeasuring the energy needed for a unit
transportation activityand mix of ATWT1 vs. ACAT2 vs. ACATS3 entering the fleet in a given yeae,
market share. Energy intensity trend calculations are based on resHEBENDIX M3.5andAPPENDIX
M3.6, while market share trends were determingdnyestigating the historical trends of new aircraft
introductions to the fleet and subject matter expert input. Both energy intensity and market share predictions
are made for each vehicle class and technology levéi3fTdeparately; however, only engriptensity
predictions were provided with a thrpeint estimate of lower/medium/higher progress.

Energy intensity(El) for ATW-T1s were derived from the modelling results provided in 4 distinct
future years: 2018 (TRA), 2030, 2040, and 2050. The modelsde a value for kilogram of fuel burn per
ATK with the assumption of burning Jatfuel. Using the energy density of I&tfuel of 42.8 MJ/kg,
energy intensities of the 2018 TRA as well as 2030/2040/2050 -AT\dre calculated for each class of
vehicle & given in Equations-1 and7-1. Energy Intensity is given in nestandard units of MJ/ATK as
agreed upon by thearties performing the stud@nce ATWT1 energy intensities are calculated, ACA
and ACAT3 improvement delta factors can be applied, using EquaiBoth energy intensity and ACA
delta improvement predictions are functions of future years.

O ,,Qi) 0 "0 @@ i @Q OO0 L
0'YO O ™0 Qb "WO@ AQ
00 p 3 D) 00 ® 7-2

Energy intensities for ATW 1s are calculated only on select waypoint years, and a continuous function
is needed to calculatimeir values in the between years. Traditionally, a yearly factor is used to turn
waypoints into a continuous function. This factor is napedannum improvement, The line between
the two waypoint years is therefore slightly curved to form a smaoaottibn. The smoothness is lost at the
waypoint years although the function is still continuous. To calculate the energy intensity for between years,
Equation7-3 is used where the energy intensity at the earlier waypoint year is multiplied by per annum
improvement raised to the power of number of years between waypoints to calculate the energy intensit
at the next waypoint year. Finally, to interface well with MDG model input, raw energy intensity values
will be converted into energy improvement factersi{ased on the 2018 TRA as given in Equaifeh
Using this factor, MDG will scale down energy needs of future more energy efficient aircraft. Aircraft that
are more energy efficient than the TRA will have p. Energy efficiency factor has an ahge scalei.e.

7-1
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an energy efficiency factor of 0 means the design does not need energy to move payload over a distance,
which is an absolute physical limit, meaning that the number cannot be less than 0.

[ONG) | o'@
[ONG) [ONG)

.G 7-4
“ 00 cmpy0oDo

7-3

Initially, Tech SG output only included the ATANML energy efficiency factors in the waypoint years,
ATW-T1 perannum improvements for each interval, and the ACA delta improvements. The assumption
for the format was that the per annum improvements would be constant for ATWs and ACAs. However,
due to a later decision to model ACA improvements as a smooth curve théanction of years, ACA
energy intensity factor calculations required additional per annum factors to be implemented. The most
unambiguous output was determined to be a-pgarear timeline of ATWT1, ACA-T2, and ACAT3
energy efficiency factors and noeport on multiple per annum values due to traditional technology
improvements and conceptual improvements. The-lyggear factors were calculated by Tech SG for
visualization purposes, independent of MDG needs.

The second part of the input to MDG wagshe form of earliest entry into service years and a market
share split between ATW1, ACA-T2, and ACAT3 vehicles for each integrated scenario. In the integrated
scenarios, ACAT3 was made available only in the most aggressive IS3,-AZas made aviaible on
medium IS2 and aggressive 1S3, and AMAs were available regardless of the scendiable7-1 shows
the availability of vehicles for each integrated scenarioTaiile 7-2 shows the=arliest entry into service
for ACA-T2 and ACATS3s for each vehicle class rationalized in the prior chaptdihe market share
percentages for each vehicle clagre established by the Cost Estimation ad hoc group based on prior
production capabilitieby class.

Table 7-1: Availability of Vehiclesin Different Integrated Scenarios Regardlessf Vehicle Class

IS1 | I1S2 | IS3

ATW-T1| n n n

ACA-T2 n n

ACA-T3 n

Table 7-2: Earliest Entry into Service Yearsfor Advanced Concept Aircraft

Turboprop | Regional Jet| Narrow Body| Wide Body | Business Jet
IS1| ATW-T1 o} o} o} o} o}
ATW-T1 0 0 0 d o)
152 ACA-T2 2035 2035 2035 2040 2035
ATW-T1 0 0 0 d o)
IS3| ACA-T2 2035 2035 2035 2040 2035
ACA-T3 2035 2035 2035 2050 2040
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The simplest case is Integrated Scenario 1 where the entire market for new aircraft and replacement is
taken by ATWT1 vehicles for each class of vehicles. For 1IS2 and IS3, badastoncal production trends
a market share is provided as an output. The market share split between the ATW and ACA vehicles are
different for different classes of vehicles taking production capabilities into account. The trends are given
in the subsectits below. Introducing ACAT2s in the IS2 scenario reduces the AW market share
resulting in an energy efficiency increase in the fleet. Similarly, introducing the B&JA IS3 reduces the
market share of both ATW1s and ACAT2s. The dynamics are comaglfor this case and fleet modeling
results are needed to assess the cashoimg benefits.

There are two important notes to keep in mind for the trends. First note is that the delivery market
sharein future yearss rounded to the nearest 5% by the EE&erefore, the scenario must be taken as a
possible scenario, not a precise prediction of the future. Second note is that the trends continue beyond 2050
through 2070 while the technologies of the vehicles stay fixed. The reason to continue the toeastsaiss
the technology benefits by 2050 as they need to be introduced to the fleet over time to have an impact.
Otherwise the effects of new vehicles and technologies introdutsat 2050 would be impossible to
assess.

In the following charts for eackehicle class, the orange aircraft represent the AITMY, green aircraft
represent the ACA 2s, and blue aircraft represent the AT8s. The bands around the medium progress
line represent the uncertainty between the lower and higher progress scenadiasn lgrogress line is not
necessarily the average of the lower and higher progress as the uncertainty distributions is not assumed to
be symmetric.

7.3 TURBOPROP INPUT FOR FLEET-WIDE MODELING

Turboprop energy intensity input for the MDG is summarize@iahle7-3 andTable7-4 below. The
energy intensity tables are only summary results, and the full results are gikppeindixG.1 In the
turboprop class of vehiclesyughly a 2% reductionof energyuse is predicted by 20%Gth the advanced
tube and wing conceptBor detailededuction calculations please refefMable5-2.

Table 7-3: Turboprop ATW -T1 Energy Intensity at Each Waypoint Normalizedto the TRA

Turboprop

Energy Intensity Relative to 2018 TRA

Lower Progress ‘ 93.77% 88.14% 85.43%

T1 ATW-T1 Medium Progress‘ 100.00% 88.04% 82.17% 79.24%
Higher Progress ‘ 84.07% 77.95% 74.87%

The earliest a turboprop AGA2s to enter into service was forecast to be in 2035 with a likely
improvement over the contemporary ATW of 5 to 15%. The band of the advantage is expected to grow by
2050 with a 20% improvement achievable with higher progfigss higher progress AGA2 impact was
modeled as a continuous improvement between 2035 and 2050 similar to the continuous improvements
between decades of ATW efficiency. AEP8 variants with nordrop-in fuels may be 10% more or less
efficient than an ATW.Please refer to Sectiof.4.1 for detailed discussion how the improvements
werepredicted.
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Table 7-4: Turboprop ACA Energy Intensity Deltasfrom The RespectiveATW -T1 of the Same
Year

ACA Energy Intensity Change Relative Turboprop
to Same Year's ATW 2035

20502070

Lower Progress ‘ -5.00% ‘ -5.00%

T2 ACA-T2  Medium Progress | & -10.00% | -10.00%
Higher Progress ‘ o) -15.00% ‘ -20.00%

K 1000% = 10.00%

K =ATW | —ATW

Lower Progress
T3 ACA-T3 Medium Progress

Higher Progress o) -10.00% -10.00%

The trend plots provided figure7-1 andFigure7-2 are alternative representations of the tabular data
with including uncetain progress bandBigure7-1 combines the entry into service ardhnology impacts
of new entriesFigure7-2 visualizesthe relative scale of the uncertainties in the future years compared to
the median expected progress.

X X X X

X
X X

Relative 2020 2025 2030 2035 2040 2045 2050
MI/ATK  to TRA Relative i Relative
wi i
. . Lower Progress  B.258 93.8% Lower Progress  7.762 88.1%

Medium Progress 7.237 82.2%

Medium Progress 7.753 88.0%
Higher Progress  6.865 78.0%

Relative
to TRA

Higher Progress  7.404 84.1%

MI/ATK Lower Progress 7.524

Medium Progress 6.978

Higher Progress  6.594
Lower Progress ATW —5%

Lower Progress ATW —5%
Medium Progress ATW —10%
Higher Progress ATW - 15%

Lower Progress ATW +10% Medium Progress ATW - 10%

[Y PR S— —ATW Higher Progress ATW —20%

Higher Progress ATW - 10% Lower Progress ATW + 10%
Medium Progress  =ATW

Higher Progress ATW —10%

Figure 7-1: Turboprop ATW Waypoints, ACA Entry Into Service and Energy Intensity Values
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E 60% Lower Progress ATW -5% /’rMJ/ATK
e Medium Progress ATW —10% LT
I& | e —— Lower Progress 7.524
0 i ]
: 50% I Higher Progress ATW —15% - . o
= | Lower Progress ATW +10% (LT TS )
~ Higher Progress 6.594
B‘ 40% Medium Progress =ATW
G | Lower Progress ATW —5%
| i —10%
q:; 30%- Higher Progress ATW —10% Medium Progress ATW —10%
-
£ Higher Progress ATW —20%
>
E’i 20% | Lower Progress ATW + 10%
[T}
[= { Medium Progress =ATW
& 10%-]
Higher Progress ATW—10% [Ricel]
Freeze
2020 2025 2030 2035 2040 2045 2050

Year

Figure 7-2: Turboprop Technology and Concept Energy Intensity Trend Normalizedo the 2018
TRA

The market share table completes the input to MDG and is givieable7-5 andFigure7-3. By 2050,
it is forecast that the majority of the market share will switch to ACAs for both 1S2 anMiget share
figures araounded to the nearest 5% in the future years consistenF&8k® process and assumptions.

Table 7-5: Turboprop Market Sharesfor New Entry and Replacements

Market Share for New Turboprop
Deliveries 2050

40%
60%
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2050+ Tech. Freeze
N Legend: Aircraft

- id18 ie
1s0 Covid19 transient technology Categories

dynamics and FESG
i ffects

Integrated
Scenariol
(1S1)

ATW-T1

(in given year)

50

Number of deliveries

B ACA-T2

0 (drop-in fuel)

- I ACA-T3
(non-drop-in
fuel)

Integrated
Scenario 2
(152)

Note 1. — Unconstrained
delivery market share for
ACA-T3s. Range
constrained ACA-T3s

Number of deliveries
(in given year)

would be substituted for
Integrated ACA-T2s for unfeasible
. distance bands.

Scenario3

(1s3)

Note 2. - Delivery market
sharein target years
(modeled by FESG) will be
rounded to nearest 5%.

%

Number of deliveries
(in given year)

59% 9%

2020 2025 2030 2035 2040 2045 2050 2055 2060 2065 2070

Figure 7-3: Market Share Timeline for Turboprop Classof Vehicles

7.4 BUSINESS JET INPUT FOR FLEET-WIDE MODELING

Business Jet energy intensity input for the MDG is summarizédbte7-6 andTable7-7 below. The
energy intensity tables are only summary results, and theeBults are given in Append®@.2 In the
business jet class of vehicles, a 20% reduction of energy use is predicted by 2050 with the advanced tube
and wing concepts. For detailed reduction calculations please rdfebleb-3.

Table 7-6: Businesslet ATW-T1 Energy Intensity at Each Waypoint Normalizedto the TRA

Business Jet
2030 2040 2050 2070
Lower Progress ‘ 95.26% 90.02% 85.18%

Energy Intensity Relative to 2018 TRA 7‘

T1 ATW-T1 Medium Progress‘ 100.00% 90.52% 84.79% 80.08%
Higher Progress 87.34%  79.90% 74.96%

The earliest a business jet ACRs to enter into service was forecast to be in 2035 with a likely
improvement over the contemporary ATW of 2.5 to 7.5%. The band of the advantage is expected to grow
by 2050 with al0% improvement achievable with higher gress. The higher progress AdAR impact
was modeled as a continuous improvement between 2035 and 2050 similar to the continuous improvements
between decades of ATW efficienddCA-T3s are not expected to enter into service before 2088.-

T3 variants wih nondropin fuels may be 8% less efficient than eontemporanATW. Please refer to
Section6.4.2for detailed discussion how the improvements were predicted.
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Table 7-7: BusinessJet ACA Energy Intensity Deltasfrom The RespectiveATW -T1 of the Same
Year

ACA Energy Intensity Change Relative Business Jet
to Same Year's ATW 2035 2040

20502070
-2.50% é -2.50%
-5.00% é -5.00%

|
Lower Progress ‘
|

-7.50% é . -10.00%
|
|
|

T2 ACA-T2 Medium Progress
Higher Progress
15.00%
5.00%
=ATW

T3 ACA-T3 Medium Progress

|
|
|
Lower Progress ‘ 15.00%
|
Higher Progress ‘

The trend plots provided figure7-4 andFigure7-5 are alternative representations of the tabular data
with including uncetain progress bandsigure7-4 combines the entry into service and technology impacts
of new entriesFigure7-5 visualizes the relative scale of the uncertainties in the future geamgared to
the median expected progress.

X X X X
x x

Relative 2020 2025 2030 2035 2040 2045 2050

MIfATK  to TRA Relative
2018TRA 27.141  100.0% MJ/ATK to TRA

Lower Progress  25.856 95.3%

Medium Progress  24.569 90.5% H
Relative
MJ/ATK  toTRA

Higher Progress  23.706 87.3%

Lower Progress  23.119
Medium Progress  21.734

Lower Progress ATW -2.5% 90.3%

Medium Progress ATW % 8

Higher Progress ATW -7.5%  77.3% pERn e

Lower Progress ATW —2.5%
Lower Progress  24.433 90.0% 5
Medium Progress ATW - 5%
Medium Progress  23.013 84.8% 5
Higher Progress ATW —10%
Higher Progress  21.686 79.9%
ah Lower Progress ATW +15%
Lower Progress ATW +15%  103.5%
Medium Progress ATW + 5%

Medium Progress ATW +5% 89.0%

Higher Progress  =ATW
Higher Progress  =ATW 79.9%

Figure 7-4: Businesslet ATW Waypoints, ACA Entry Into Service and Energy Intensity Values
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Figure 7-5: Businesslet Technology and Concept Energy Intensity Trend Normalize to the 2018
TRA

The market share table completes the input to MDG and is givieabie7-8 andFigure7-6. By 2050,
it is forecast that the majority of the market share will slwto ACAs for both 1S2 and IS3. Market share
figures are rounded to the nearest 5% in the future years consistent with FESG process and assumptions.

Table 7-8: BusinessJet Market Sharesfor New Entry and Replacements

Market Share for New Business Jet
Deliveries 2040 2050 2060 2070

100% 100% 100% 100%
65% 40% 10% 0%

35% 60% 90% 100%










































































































































































































