)( ASA Syste

~Introduction

l\\
>

Sharon Monica Jones, PhD

Manager, Systems Analysis and Decision Support
Portfolio Analysis and Management Office (PAMO)
NASA Aeronautics




Systems Analysis Symposium
Objectives

An annual gathering of NASA's system analysis researchers, analysts and

their colleagues to exchange results and views about strategic aeronautics
related issues

To distribute results of To obtain peer || To get feedback from the NASA To generate
strategic systems analysis review about || Aeronautics community prior to || ideas for possible
studies to the NASA study writing final reports that future strategic
Aeronautics Research assumptions support ARMD strategic studies needed
Mission Directorate (ARMD) || and conclusions planning activities by ARMD

Symposium Objectives
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Aeronautics Research Mission Directorate

Strategic Overview

Strategic Implementation Plan Strategic Thrusts
TN "

Safe, Efficient Growth in
Global Operations

Innovation in Commercial
Supersonic Aircraft

Ultra-Efficient Subsonic
Transports

Safe, Quiet, and Affordable
Vertical Lift Air Vehicles

- Strategic Implementation Plan
. 2019 Update

g e Ed, In-Time System-Wide

\
%» =7 Safety Assurance
w Assured Autonomy for

Aviation Transformation

https://lwww.nasa.gov/aeroresearch/strategy
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Aeronautics Research Mission Directorate

Where is PAMO in ARMD?

Aeronautics Research

Portfolio Analysis and Mission Directorate

NASA Aeronautics ¢
Research Institute (NARI) Management Office
(PAMO)

Management Office

Integration and

(IM0)

Advanced Air Airspace Operations Integrated Aviation
Vehicles Program and Safety Program Systems Program
(AAVP) (AOSP) (IASP)

Transformational
Aeronautics Concepts
Program (TACP)

Aeroscience Evaluation
& Test Capabilities (AETC)
Portfolio Office

Portfolio Analysis and Management Office (PAMO)
Director
William Harrison

Advanced Air Mobility
(AAM) Mission
Integration Office

Low Boom Flight
Demonstration (LBFD)
Mission Integration Office

Resources (PAMO-R)
Team Lead
Cathy Delaney

Strategy (PAMO-S)
Team Lead
Naseem Saiyed

Systems Analysis/
Decision Support
Dr. Sharon Monica Jones

= Dr. Sharon Monica Jones =
=  Phil Arcara (LaRC) =
= Dr. Susie Go (ARC) =
= Xiao-Yen Wang (GRC) =

ISAT Leadership Group

Dr. Eric Hendricks (GRC)
Ty Marien (LaRC)
Mark Guynn (LaRC)

Jon Seidel (GRC)

Intercenter Systems
Analysis Team (ISAT)
Team Lead
Dr. Eric Hendricks (GRC)

November 10, 2021
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Systems Analysis and Decision Support
Strategic Systems Analysis Overview

SYSTEMS ANALYSIS =

OPERATIONS RESEARCH + POLICY ANALYSIS + DATA ANALYTICS

Strategic Systems Modeling Strategic Portfolio Analysis Strategic Data Analysis
and Analysis To use systems and portfolio To identify trends that may
To identify trends that may analysis methods to identify impact ARMD strategy
impact ARMD strategy strengths, alternatives and by analyzing aeronautics

through the use of systems gaps in ARMD’s portfolio for technology, business

analysis models and methods strategic decisions intelligence and/or aviation data
Lead, Eric Hendricks Lead, Sharon Monica Jones

November 10, 2021 2021 ARMD Systems Analysis Symposium



Systems Analysis and Decision Support

Team Members

Intercenter Systems Analysis Team (ISAT)

Lead, Dr. Eric Hendricks and GRC POC

Lead, Dr. Sharon Monica Jones

» Systems Analysis and Conceptual Modeling

« Statistical Modeling and Analysis
* Top Down Systems Analysis

» Conceptual Level SMEs

LaRC POC, Fleet Analysis and Advanced Concepts (supersonic/hypersonic)

Data and Trend Analysis
* Bailey Ethridge (AMA)
High Level Systems Analysis
* Dell Ricks (AMA)
Safety, Multi-Modal and Manufacturing Systems
* Dr. Larry Barr (Volpe)
* Dr. Seamus McGovern (Volpe)
Life Cycle Cost and Policy Analysis
* Jacob Wishart (Volpe)
* David Pace (Volpe)
* Max Litvack-Winkler (Volpe)
* Kendall Mahavier (Volpe)
* Gina Solman (Volpe)

* Ty Marien
Safety and Autonomy
e Dr. Ersin Ansel*
Acoustics, Propulsion
 Jeff Berton™
ATM/Airspace
» Paul Borchers and Jerry Smith
Certification, MBSE, Electric Aircraft and Advanced Concepts
» Dr. Nick Borer and Nat Blaesser
AAM/UAMs
e Dr. Michael Patterson* and Jerry Smith*
Supersonics/Hypersonics, and Fleet Analysis
» Jon Seidel and Dr. Wu Li
Propulsion, Fuels and Rotary Wing Analysis

*FTE support not provided by PAMO Systems Analysis/ISAT
November 10, 2021

e Chris Snyder
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Strategic Systems Analysis
Categories of Activities

Mega
Drivers

Strategic systems analyses to support the two-year ARMD Strategic Implementation
Plan (SIP) update cycle

e Qutputs include trends, scenarios, ideal characteristics and assumptions

Investigates new concepts that yield compelling benefits in a particular focus area

Goal is to provide some benefit over state-of-the-art to motivate technical challenges
and spur new approaches

Internal capability to answer strategic questions that are necessary for annual strategic
planning discussions and other ARMD strategy tasks

Includes all types of strategic systems analyses

November 10, 2021

2021 ARMD Systems Analysis Symposium 7



Wednesday, November 10, 2021

Symposium Agenda

10:00 AM - 10:20 AM

10:00 AM - 10:10 AM

10:10 AM - 10:20 AM

10:20 AM - 12:00 PM

10:20 AM - 10:30 AM

10:30 AM —11:00 AM

11:00 AM - 11:30 AM

11:30 AM - 12:00 PM

12:00 PM - 12:30 PM

November 10, 2021

INTRODUCTION

Welcome

Objectives/Agenda
ISAT
Intercenter Systems Analysis Team (ISAT)

"What's Next" for
» Airworthiness Certification
* Regional Mobility

Strategic Systems Modeling and Analyses

* Global Demand Modeling Study

* High-Speed Market Studies

H2 / DeCarbonization Studies: History and Ongoing

LUNCH

2021 ARMD Systems Analysis Symposium

Steve Clarke, ARMD
Deputy Associate Administrator

Sharon Monica Jones (PAMO),
Manager, ARMD System Analysis

Eric Hendricks (GRC),
ISAT Lead

Nick Borer (LaRC)

Ty Marien (LaRC)
Jon Seidel (GRC)

Chris Snyder (GRC)



Wednesday, November 10, 2021 (cont’d) Symposium Agenda

12:30 PM - 2:00 PM HIGH LEVEL SYSTEMS ANALYSIS
12:30 PM —1:00 PM  Just-in Time Systems and Market Analyses Seamus McGovern (Volpe)
COVID-19 Impact on Domestic Commercial Aviation:

1:00 PM - 1:45 PM * Multi-Modal Economic Analysis
* Policy Analysis

Max Litvack-Winkler (Volpe)
Gina Solman (Volpe)

1:45 PM - 2:00 PM BREAK

T T SRE [T PROGRAM AND MISSION LEVEL

SYSTEMS ANALYSIS

2:00 PM - 2:30 PM Analysis of the Electrical Grid for UAM David Thipphavong (PAMO)
2:30 PM — 3:00 PM Exploration of Operations Limits and Emissions For Early Michael Patterson (LaRC)

' ' UAM Missions Dan Delaurentis (Purdue Univ.)

_ _ ARMD Model Based Systems Engineering/Analysis Eric Hendricks (GRC)
S P = S P Overview Jesse Quinlan (LaRC)

3:30 — 4:00 PM WRAP UP

3:30 —4:00 PM Closing Remarks Sile [ 616 ()

Sharon Monica Jones (PAMO)

November 10, 2021 2021 ARMD Systems Analysis Symposium



Systems Analysis Symposium
Meeting Logistics

= Question and answer sessions
» Last five to ten minutes of each presentation time slot
* Questions can be submitted via conference i/o tool:

https://arc.cnf.io/
(select the ARMD System Analysis Symposium session)

= Presenters (MS Teams attendees)
» Please keep microphones muted
« Turn off camera when not speaking

» Use the “raise your hand” feature and wait to be acknowledged by
Moderator

« Agency employees can access symposium slides on the internal ARMD
SharePoint
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Intercenter Systems Analysis Team (ISAT) Overview @

« |SAT was created in 2013 to support ARMD'’s Strategy, Architecture and Analysis Office under
Bob Pearce
— Initially called the Integrated Systems Analysis & Assessment Capability (ISAAC)

« Team is a diverse, yet integrated, collection of NASA systems analysts that partner with external
research organizations for studies as needed

« |SAT has conducted a variety of systems analysis studies that simultaneously consider:
— Vehicle design
— Airspace operations
— Safety
— Environmental effects
— Market/economic viability and impacts

ISAT Mission

Provide systems analysis studies and data to support strategic planning and decision
making within the Aeronautics Research Mission Directorate (ARMD)

Mega Driver Studies What’s Next Studies Just In Time Studies

Intercenter Systems Analysis Team
Portfolio Analysis and Management Office 13



Where ISAT “Sits” within NASA ARMD

Intercenter Systems Analysis Team
Portfolio Analysis and Management Office

Portfolio Analysis and

Management Office (PAMO)

William Harrison

Resources (PAMO-R)

Cathy Delaney

Strategy (PAMO-S)

Naseem Saiyed

ISAT Leadership Group

Systems Analysis /
Decision Support

Dr. Sharon Monica Jones

Intercenter Systems
Analysis Team (ISAT)

Dr. Eric Hendricks (GRC)

14



ISAT Team Members

ISAT Lead — Eric Hendricks (GRC)

* Fleet Analysis and Advanced Concepts - Ty Marien (LaRC)
« Safety and Autonomy - Ersin Ansel (LaRC)

« Acoustics and Propulsion - Jeff Berton (GRC)

« ATM/Airspace - Paul Borchers (ARC), Jerry Smith (LaRC)

« Certification, MBSE Electric Aircraft and Advanced Concepts - Nick Borer (LaRC), Nat
Blaesser (LaRC)

« AAM/UAMs - Michael Patterson (LaRC), Jerry Smith (LaRC)
« Supersonic/Hypersonic Propulsion and Fleet Analysis - Jon Seidel (GRC), Wu Li (LaRC)
* Propulsion, Fuels and Rotary Wing Analysis - Chris Snyder (GRC)

Current External Partners

Virginia Tech, Georgia Tech, Purdue, NREL, AMA

Intercenter Systems Analysis Team
Portfolio Analysis and Management Office

15



Sample of Previous ISAT Work @

Low Carbon Propulsion Options Study FY14

Projected Global Emissions Due to Commercial Aviation FY16

Thin Haul Commuter Economics FY16

Technology Influence on NAS Safety Nets FY17

Autonomous Cargo Delivery Using Electric Aircraft FY17

Supersonic Aircraft Demand/Environmental Impact Analysis FY17

Advanced Technology Certification Gap Analysis (UAM) FY18
On-Demand Mobility Landing Site Feasibility/Fare Model Analysis FY18/19
US Demand for a Low-Boom Supersonic Transport Aircraft FY18/19

Intercenter Systems Analysis Team
Portfolio Analysis and Management Office 16



Recent and Ongoing ISAT Studies @’

Commercial Hypersonics - Mission Capabilities/Requirements
- . FY20
Definition/Economics
What's Next for Airworthiness Certification: Model-Based Aircraft
. FY19/20
Certification

What's Next in Regional Mobility: Advanced Regional Air Mobility FY21/22
Global Demand Modeling FY21/22

Supersonic Transport Scheduling and Fleet Analysis FY22

H2 / DeCarbonization: History and Ongoing FY21
What's Next in Regional MObmmpi:Sfmﬁed Aircraft Regional Airport FV22/23

Further Exploration of Operations Limits for Advanced Air Mobility Fy290

Missions

Intercenter Systems Analysis Team
Portfolio Analysis and Management Office 17



National Aeronautics and
Space Administration

What’s Next (in) ...?

Finding the next possible “big ideas” in selected problems

Nick Borer
Aeronautics Systems Analysis Branch
10 November 2021




What Is “What’s Next?”

» ISAT’s “What’s Next” studies trace
back to a hallway conversation at
SciTech 2018

» Typical systems analysis studies
consider existing needs and
shortcomings, and suggest gaps or
otherwise identify approaches to
ameliorate them

» ldea behind “What’s Next” is to
hypothesize advanced concepts that
may either fill gaps or perhaps even
address latent, uncharacterized
needs, and see how these may drive
future NASA investments

nicholas.k.borer@nasa.gov NASA ARMD Systems Analysis Symposium, 2021



What’s Happening with “What’s Next”

» Two major themes evaluated to date

» “What’s Next in Airworthiness Certification”
* |nitiated in late 2018

* Three contracted studies completed — last one ended May 2021
* Collaborated with the X-57 project

» “What’s Next in Regional Mobility”
* [nitiated in 2020
* Two contracted studies underway

e Collaborating with the AAM project, other potential collaborations in work

nicholas.k.borer@nasa.gov NASA ARMD Systems Analysis Symposium, 2021



WHAT’S NEXT IN AIRWORTHINESS
CERTIFICATION

nicholas.k.borer@nasa.gov



Introduction

» ARMD has embraced emerging markets for Advanced Air Mobility, introducing a challenge and an
opportunity
e 2013 Small Airplane Revitalization Act mandated streamlined airworthiness certification
* Global movement in small airplane standard development towards adoption of performance-based standards

e Requires support of industry (both established & emerging) and research community to further develop
standards

» Key questions considered for “What’s Next in Airworthiness Certification”

e KQ1: Can we identify gaps in airworthiness certification today for new and emerging technologies [that are in
NASA’s portfolio]?

 KQ2: Can we identify how certification rules and standards impact the design and development of aircraft with
advanced technologies?

e KQ3: What is NASA’s role to address these gaps/impacts?
» Partnered with FDC/X-57 to serve as “advanced technology surrogate” for this study
* Detailed, publicly available data on design, design rationale, and performance
e X-57is currently going through NASA airworthiness processes
* Ancillary benefit: led to pivot in X-57 project goals to better align with US research/industry needs
||

nicholas.k.borer@nasa.gov NASA ARMD Systems Analysis Symposium, 2021 22 ¢
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Certification Challenges with New Technologies

Assessment of Applicability of New Vehicle Concepts to 14 CFR 23, Airworthiness Standards: Normal Category Airplanes

» NIA/HS Advanced Concepts, “Initial
Assessment of Aircraft Certification
Procedures for Emerging
Technologies”

e POP: July 2018-January 2019
 Compared applicability of current rules |
and standards to X-57-like platform, as — . © ® | ® | ®
compared to airframe airworthiness e e T Popin 4 S e S Ao

(Part 23) and engine airworthiness (Part
33) requirements

e Delivered Certification Rules and
Standards Review (pre-KQ1),
Certification Gap Analysis Report (KQ1),
Certification Coordination Roadmap

(pre-KQ3)

nicholas.k.borer@nasa.gov NASA ARMD Systems Analysis Symposium, 2021 23
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https://ntrs.nasa.gov/citations/20190033235
https://ntrs.nasa.gov/citations/20190033236
https://ntrs.nasa.gov/citations/20190033237

Certification Planning

» NIA/HS Advanced Concepts, “Support

the X-57 Project Office on Standards

Development,” April 2019-May 2021*

nicholas.k.borer@nasa.gov

*Leveraged existing task order; new tasks

related to ISAT added September 2019

Developed an Airworthiness Validation
Plan (KQ2) and Cross-Reference to
Certification Checklist (KQ1), included

efforts of eight subject matter experts and
industry engagement at three events (KQ3)

Final report summarized in Final
Airworthiness Validation Plan delivered
May 2021

Subpart B—Flight

(d) Performance data determined in accordance with paragraph (b) of this section must
account for losses due to atmospheric conditions, cooling needs, and other demands on power
sources.

§23.2110 Stall speed.

The applicant must determine the airplane stall speed or the minimum steady flight speed for
each flight configuration used in normal operations, including takeoff, climb, cruise, descent,
approach, and landing. The stall speed or minimum steady flight speed determination must
account for the most adverse conditions for each flight configuration with power set at—

(a) Idle or zero thrust for propulsion systems that are used primarily for thrust; and

NOTE: CM system would be considered the primary thrust producing system. FAA
consensus would be required.

(b) A nominal thrust for propulsion systems that are used for thrust, flight control, and/or
high-lift systems.

NOTE: Both (a) and (b) subparagraph power settings are required for stall speed
determination. It is not either (a) or (b). HLP system would fall into the high-lift system
category while the CM system would fall into the thrust producing category for those
conditions where a “power-on” stall condition must be considered.

§23.2115 Takeoff performance.

(a) The applicant must determine airplane takeoff performance accounting for—

(1) Stall speed safety margins;

(2) Minimum control speeds; and

(3) Climb gradients.

(b) For single engine airplanes and levels 1, 2, and 3 low-speed multiengine airplanes, takeoff
performance includes the determination of ground roll and initial climb distance to 50 feet (15
meters) above the takeoff surface.

(c) For levels 1, 2, and 3 high-speed multiengine airplanes, and level 4 multiengine airplanes,
takeoff performance includes a determination the following distances after a sudden critical
loss of thrust—

NASA ARMD Systems Analysis Symposium, 2021

Note
Applies to X-57

Applies to X-57

Stall speed determination in
all configs required including
takeoff and landing engines-
propellers and cruise engines-
props only. Stall speeds are
gathered during stall charac-
teristics investigation used to
determine the low-speed fight
characteristics score, Srsc. X-
57 minimum Siscis 150.
CM/HLP use and power
settings need to be defined for
each config and agreed to by
FAA_ HLP on/off power off
speeds required for approach
and landing conditions.
CM/HLP use and power
settings need to be defined for
TO and Landing configs using
both CM/HLP if HLM
considered High Lift systems.
FAA consensus required.

Applies to X-57
Applies to X-57

Applies to X-57

NA

24
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Model-Based Aircraft Certification

» NIA/Georgia Tech, “Model-Based Certification of Aircraft,” April-December 2019

* Developed initial Model-Based Systems Engineering (MBSE) framework for use in assessing advanced
technology concepts (pre-KQ2), presented to ASTM F44 (pre-KQ3)

MBSE Framework Development Example MBSE Certification Approach
Reference Aircraft Design E_epresentation

Documents Management

Model Simulation to
Generate Output

] = B EE - - Compliance

_____ ety ) ) _ Checklist
- "_ = = — = ) Means of

Stereotype B . ' i Regulation - Standards e Compliance

Profile with | Referential Mapping Model b

Meta-data 2 == i == = l‘
- Means of Compliance - = ety
Hierarchical Model

4

I Constraints
""""" i i Checks
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Work Product Summary and Impact

» This effort has helped ARMD identify how NASA can impact development of airworthiness procedures for n
technologies

» Publicly available reports to date, more to come:

Directly influenced FDC/X-57 project objectives, interfacing with other projects (AAM), laid groundwork for others (EPFD)
Co-hosted certification workshop in coordination with FAA

NASA/CR-2019-220406, Certification Rules and Standards Review (2019)
NASA/CR-2019-220407, Certification Gap Analysis Report (2019)
NASA/CR-2019-220408, Certification Coordination Roadmap (2019)

AIAA-2019-3344, A Model-Based System Engineering Approach to Normal Category Airplane Airworthiness Certification
(2019)

AlAA-2020-3096, A Model-Based Aircraft Certification Framework for Normal Category Airplanes (2020)
Airworthiness Validation Plan — delivered May 2021, not yet gone through public release process

» Other related research spinoffs

AlAA-2019-3576, Development of a Certification Module for Early Aircraft Design (2019)

M. Bendarkar, An Integrated Framework to Evaluate Off-Nominal Requirements and Reliability of Novel Aircraft Architectures
in Early Design, Ph.D. Dissertation

AIAA-2021-1723, “Evaluation of Off-Nominal Performance and Reliability of a Distributed Electric Propulsion Aircraft during
Early Design (2021)

» MagicDraw MBSE database for Normal Category Airplanes available for NASA/US Government use

nicholas.k.borer@nasa.gov NASA ARMD Systems Analysis Symposium, 2021 T o= e Lo

Used as example application for Langley-funded project into model-based systems standards (MoSSEC) -



https://ntrs.nasa.gov/citations/20190033235
https://ntrs.nasa.gov/citations/20190033236
https://ntrs.nasa.gov/citations/20190033237
https://arc.aiaa.org/doi/abs/10.2514/6.2019-3344
A%20Model-Based%20Aircraft%20Certification%20Framework%20for%20Normal%20Category%20Airplanes
https://arc.aiaa.org/doi/10.2514/6.2019-3576
https://smartech.gatech.edu/handle/1853/64762
https://arc.aiaa.org/doi/abs/10.2514/6.2021-1723

WHAT’S NEXT IN REGIONAL (AIR) MOBILITY

nicholas.k.borer@nasa.gov



Introduction

» Small commuter aircraft will be some of the
earliest adopters of electrified aircraft
propulsion

» Hypothesized that this trend could squeeze
single-aisle transports

e Original key question: Can small, electrified
commuter aircraft combined with system-level
improvements in power distribution infrastructure
disrupt the current dominance of Single-Aisle class

aircraft?

» Focus has shifted to regional cargo and
passenger markets either not served (latent
demand) or served by ground transportation

Leverages 5,000+ public-use airports that already
exist in the United states as origin/destination
pairs and renewable energy hubs

nicholas.k.borer@nasa.gov

2%
All Other AN
Residential Transportation
6% ~_ Sources®
Electric Power % N Aircraft
Commercial Industry Rail 10%
1% 5% 2%
~ 0N
; . Medium- and Light-Duty
Ag";a'.;‘mm Trans;gszt Ztos Heavy-Duty Trucks Vehicles
2% 58%
Industry

NASA ARMD Systems Analysis Symposium, 2021

Ships & Boats

%

Share of U.S. Transportation Sector
GHG Emissions by Source, 201945

Note: Totals may not add to 100% due to rounding

Share of U.S. GHG Emissions
by Sector, 2019+

Note: Totals may not add to 100% due to rounding
United States Environmental Protection Agency

"Y‘aur local arrpo":’

fyou may reahze :

Yow

NASA: Regional Air Mobility
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Regional Air Mobility (RAM)

> Increased

interest in this transportation segment

NASA-led Regional Air Mobility white paper released in April 2021
McKinsey commentary on regional aviation
Multiple OEMs pursuing electrified regional S/CTOL aircraft

» Opportunities for air cargo, next-day delivery increasing
» Underserved passenger market

airport
70% of

1000

Trip Frequency

nicholas.k.borer@nasa.gov

90% of the population of the US lives within a 30-minute drive of a regional

passenger tours over 50 miles are less than 500 miles

Air travel only serves 10% of this market (and virtually none under 250 miles) 2

[ At least one air leg
I o air legs

*Data and definitions per
Aultman-Hall et al., 2018

I Regional (50-249 mi)*

Inter-Regional (250-499 mi)*

50 250 500 750 1000 1500 2000

Maximum Distance from Home (miles)
NASA ARMD Systems Analysis Symposium, 2021

2500

Air Mobilit
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2002
2003
2004
2005
2006
2007
2008
2009
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Q

New Vision Aviation
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https://sacd.larc.nasa.gov/sacd/wp-content/uploads/sites/102/2021/04/2021-04-20-RAM.pdf
https://www.mckinsey.com/industries/aerospace-and-defense/our-insights/future-air-mobility-blog/right-in-your-backyard-regional-airports-are-an-accessible-and-underused-resource-for-future-air-mobility
https://link.springer.com/article/10.1007/s11116-016-9754-y
https://www.transtats.bts.gov/freight.asp

Advanced Regional Air Mobility Study: Fleet Modeling

9-pax

» Kicked off study in late 2020 with NIA/Georgia for — i
Tech to take a comprehensive look at the regional .
air mobility market in the mid-Atlantic Region

» Modeling four advanced regional aircraft
* 5-passenger all-electric (in work)

48-pax hybrid electric

* 9-passenger all-electric
e 19-passenger hybrid-electric
e 48-passenger hybrid-electric

» Including variety of modeling assumptions,
including battery energy density, utilization,
simplified vehicle operations (e.g., single-pilot
operations for up to 19 pax) and energy costs in
various scenarios

» Also tracking fleet metrics — profits, costs,
emissions
belitp s

nicholas.k.borer@nasa.gov NASA ARMD Systems Analysis Symposium, 2021 AU o e e e
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» Modeling operations at ~200 airports in
the mid-Atlantic and New England regions
of the United States

» Merged demand data from multiple
sources to try to estimate both air and
ground travel demand

* Traveler Analysis Framework from the Federal
Highway Administration helps to capture
ground transportation demand

e DB1B market database to understand airfares

» “All demand models are wrong, but some
are useful”

* Evaluating multiple scenarios to bound
passenger demand and response to changes in
pricing

nicholas.k.borer@nasa.gov

9 pax network

Door-to-Door Direct Distance (mi)
NASA ARMD Systems Analysis Symposium, 2021

19 pax network 48 pax network




Advanced Regional Air Mobility Study: Cargo Demand

» Introduced cargo demand as means to
potentially increase aircraft utilization

» Cargo data much more closely held than
passenger data

» Freight Analysis Framework (FAF) zone
. . Scenario 1 Scenario 2 Scenario 3
data used to estimate air ca reo demand  creoweintransported (ke 13,997,115 cargo eight Transported (ke: 12,126,063 Cargo Weight Transported (kg): 13,513,844
by filtering likely air cargo commodities

» Multiple scenarios used to generate air
cargo demand

» Cargo demand for regional air routes is
roughly of same order as passenger Scenario 4 Scenario 5
. . Cargo Weight Transported (kg): 1,163,645 Cargo Weight Transported (kg): 4,787,260
demand when defined in terms of mass

nicholas.k.borer@nasa.gov NASA ARMD Systems Analysis Symposium, 2021



Advanced Regional Air Mobility Study: Airport Land Use

» Most airports are relatively flat, e A orPanls
sparsely developed, public-use land 7 e

. Forest

» Strong potential for increased
development for renewable energy
harvesting (particularly solar)

By mid-2021, 146 airports had begun 225
different renewable energy projects —
158 projects/116 airports were
developing solar harvesting capabilities

6,000 :
: % Area available to panels

 ARAMS study includes a look at land émz OO
available for solar development o o s %
» Aircraft can be a strong energy sink i
for additional demand °° . I i B I I
* Renewable projects often limited by 0 O acssvatie oy T e s ow o

ability to move energy off-site g

nicholas.k.borer@nasa.gov NASA ARMD Systems Analysis Symposium, 2021 33
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https://www.trb.org/Main/Blurbs/181255.aspx

Electrified Aircraft Regional Airport Impact Study

» Interagency agreement started with NRELin
late August 2021 for deeper dive into =i
impact of electrified aircraft demand

* “Macrogrid” look at mid-Atlantic/New England HI““Ih
power grid, both with status quo and with = “N”
airport-generated renewable energy i i i N

=it Cantral Kall

* ”Microgrid” IOOk at three airport arChetypeS tO NREL Engage model of eIecincﬁty flow (rveﬁpresentatlve:ranaIyS|s froﬁ prior study) h
show how individual airports can balance
renewable energy generation, local energy
storage, and electrified aircraft needs to find
most balanced, robust, and profitable solution

» NREL study leverages results of NIA/Georgia
Tech Advanced Regional Air Mobility Study

e Results from demand modeling/fleet allocation A,\_
feed airport node electric needs ;

00:00 12:00 00:00 12:00 00:00

40

30+

20

Demand (MW)

Dec 31, 2019 Jan 1, 2020 Jan 2, 2020

* Land use model feeds estimates for available e
area for renewa ble generation Total regional electrified aircraft loads from Advanced Regional

Air Mobility Study for a baseline passenger scenario |

nicholas.k.borer@nasa.gov NASA ARMD Systems Analysis Symposium, 2021 A o e e



Work Product Summary and Impact

» “What’s Next in Regional Mobility” efforts to date have been impactful within NASA anc
externally

» Regional Air Mobility white paper cited frequently in other studies, social media posts, etc.
* Subject briefed to ARMD Strategic Leadership Team in October; follow-up requested for June 2022
* Cited in Electrification of Aircraft: Challenges, Barriers, and Potential Impacts by NREL in October 2021

» Publicly accessible reports from Advanced Regional Air Mobility Study:

 AIAA-2021-3178, Design and Operation Considerations for the Integration of Fleets of Regional Air Mobilit¥
Aircraft at Large Hubs

* AlIAA-2021-3179, Demand Modeling and Operations Optimization for Advanced Regional Air Mobility
» More to come!

 Combined passenger-cargo operations estimates for Advanced Regional Air Mobility Study, impact of all-
electric five-passenger aircraft (January 2022)

* Electrified Aircraft Regional Airport Impact Study results for macrogrid, microgrids (summer 2022)
* Working with AAM project and may add companion task to NREL work
* Potential for collaboration with Colorado DOT, other state DOTs
||

* Investigating potential work under TACP/CAS project (
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National Aeronautics and
Space Administration

What’s Next (in) ...?

Finding the next possible “big ideas” in selected problems

Nick Borer
Aeronautics Systems Analysis Branch
10 November 2021




What Is “What’s Next?”

» ISAT’s “What’s Next” studies trace
back to a hallway conversation at
SciTech 2018

» Typical systems analysis studies
consider existing needs and
shortcomings, and suggest gaps or
otherwise identify approaches to
ameliorate them

» ldea behind “What’s Next” is to
hypothesize advanced concepts that
may either fill gaps or perhaps even
address latent, uncharacterized
needs, and see how these may drive
future NASA investments

nicholas.k.borer@nasa.gov NASA ARMD Systems Analysis Symposium, 2021



What’s Happening with “What’s Next”

» Two major themes evaluated to date

» “What’s Next in Airworthiness Certification”
* |nitiated in late 2018

* Three contracted studies completed — last one ended May 2021
* Collaborated with the X-57 project

» “What’s Next in Regional Mobility”
* [nitiated in 2020
* Two contracted studies underway

e Collaborating with the AAM project, other potential collaborations in work

nicholas.k.borer@nasa.gov NASA ARMD Systems Analysis Symposium, 2021



WHAT’S NEXT IN AIRWORTHINESS
CERTIFICATION

nicholas.k.borer@nasa.gov



Introduction

» ARMD has embraced emerging markets for Advanced Air Mobility, introducing a challenge and an
opportunity
e 2013 Small Airplane Revitalization Act mandated streamlined airworthiness certification
* Global movement in small airplane standard development towards adoption of performance-based standards

e Requires support of industry (both established & emerging) and research community to further develop
standards

» Key questions considered for “What’s Next in Airworthiness Certification”

e KQ1: Can we identify gaps in airworthiness certification today for new and emerging technologies [that are in
NASA’s portfolio]?

 KQ2: Can we identify how certification rules and standards impact the design and development of aircraft with
advanced technologies?

e KQ3: What is NASA’s role to address these gaps/impacts?
» Partnered with FDC/X-57 to serve as “advanced technology surrogate” for this study
* Detailed, publicly available data on design, design rationale, and performance
e X-57is currently going through NASA airworthiness processes
* Ancillary benefit: led to pivot in X-57 project goals to better align with US research/industry needs
||
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Certification Challenges with New Technologies

Assessment of Applicability of New Vehicle Concepts to 14 CFR 23, Airworthiness Standards: Normal Category Airplanes

» NIA/HS Advanced Concepts, “Initial
Assessment of Aircraft Certification
Procedures for Emerging
Technologies”

e POP: July 2018-January 2019
 Compared applicability of current rules |
and standards to X-57-like platform, as — . © ® | ® | ®
compared to airframe airworthiness e e T Popin 4 S e S Ao

(Part 23) and engine airworthiness (Part
33) requirements

e Delivered Certification Rules and
Standards Review (pre-KQ1),
Certification Gap Analysis Report (KQ1),
Certification Coordination Roadmap

(pre-KQ3)
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Certification Planning

» NIA/HS Advanced Concepts, “Support

the X-57 Project Office on Standards

Development,” April 2019-May 2021*

nicholas.k.borer@nasa.gov

*Leveraged existing task order; new tasks

related to ISAT added September 2019

Developed an Airworthiness Validation
Plan (KQ2) and Cross-Reference to
Certification Checklist (KQ1), included

efforts of eight subject matter experts and
industry engagement at three events (KQ3)

Final report summarized in Final
Airworthiness Validation Plan delivered
May 2021

Subpart B—Flight

(d) Performance data determined in accordance with paragraph (b) of this section must
account for losses due to atmospheric conditions, cooling needs, and other demands on power
sources.

§23.2110 Stall speed.

The applicant must determine the airplane stall speed or the minimum steady flight speed for
each flight configuration used in normal operations, including takeoff, climb, cruise, descent,
approach, and landing. The stall speed or minimum steady flight speed determination must
account for the most adverse conditions for each flight configuration with power set at—

(a) Idle or zero thrust for propulsion systems that are used primarily for thrust; and

NOTE: CM system would be considered the primary thrust producing system. FAA
consensus would be required.

(b) A nominal thrust for propulsion systems that are used for thrust, flight control, and/or
high-lift systems.

NOTE: Both (a) and (b) subparagraph power settings are required for stall speed
determination. It is not either (a) or (b). HLP system would fall into the high-lift system
category while the CM system would fall into the thrust producing category for those
conditions where a “power-on” stall condition must be considered.

§23.2115 Takeoff performance.

(a) The applicant must determine airplane takeoff performance accounting for—

(1) Stall speed safety margins;

(2) Minimum control speeds; and

(3) Climb gradients.

(b) For single engine airplanes and levels 1, 2, and 3 low-speed multiengine airplanes, takeoff
performance includes the determination of ground roll and initial climb distance to 50 feet (15
meters) above the takeoff surface.

(c) For levels 1, 2, and 3 high-speed multiengine airplanes, and level 4 multiengine airplanes,
takeoff performance includes a determination the following distances after a sudden critical
loss of thrust—

NASA ARMD Systems Analysis Symposium, 2021

Note
Applies to X-57

Applies to X-57

Stall speed determination in
all configs required including
takeoff and landing engines-
propellers and cruise engines-
props only. Stall speeds are
gathered during stall charac-
teristics investigation used to
determine the low-speed fight
characteristics score, Srsc. X-
57 minimum Siscis 150.
CM/HLP use and power
settings need to be defined for
each config and agreed to by
FAA_ HLP on/off power off
speeds required for approach
and landing conditions.
CM/HLP use and power
settings need to be defined for
TO and Landing configs using
both CM/HLP if HLM
considered High Lift systems.
FAA consensus required.

Applies to X-57
Applies to X-57

Applies to X-57

NA
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Model-Based Aircraft Certification

» NIA/Georgia Tech, “Model-Based Certification of Aircraft,” April-December 2019

* Developed initial Model-Based Systems Engineering (MBSE) framework for use in assessing advanced
technology concepts (pre-KQ2), presented to ASTM F44 (pre-KQ3)

MBSE Framework Development Example MBSE Certification Approach
Reference Aircraft Design E_epresentation

Documents Management

Model Simulation to
Generate Output

] = B EE - - Compliance

_____ ety ) ) _ Checklist
- "_ = = — = ) Means of

Stereotype B . ' i Regulation - Standards e Compliance

Profile with | Referential Mapping Model b

Meta-data 2 == i == = l‘
- Means of Compliance - = ety
Hierarchical Model

4

I Constraints
""""" i i Checks
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Work Product Summary and Impact

» This effort has helped ARMD identify how NASA can impact development of airworthiness procedures for n
technologies

» Publicly available reports to date, more to come:

Directly influenced FDC/X-57 project objectives, interfacing with other projects (AAM), laid groundwork for others (EPFD)
Co-hosted certification workshop in coordination with FAA

NASA/CR-2019-220406, Certification Rules and Standards Review (2019)
NASA/CR-2019-220407, Certification Gap Analysis Report (2019)
NASA/CR-2019-220408, Certification Coordination Roadmap (2019)

AIAA-2019-3344, A Model-Based System Engineering Approach to Normal Category Airplane Airworthiness Certification
(2019)

AlAA-2020-3096, A Model-Based Aircraft Certification Framework for Normal Category Airplanes (2020)
Airworthiness Validation Plan — delivered May 2021, not yet gone through public release process

» Other related research spinoffs

AlAA-2019-3576, Development of a Certification Module for Early Aircraft Design (2019)

M. Bendarkar, An Integrated Framework to Evaluate Off-Nominal Requirements and Reliability of Novel Aircraft Architectures
in Early Design, Ph.D. Dissertation

AIAA-2021-1723, “Evaluation of Off-Nominal Performance and Reliability of a Distributed Electric Propulsion Aircraft during
Early Design (2021)

» MagicDraw MBSE database for Normal Category Airplanes available for NASA/US Government use
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WHAT’S NEXT IN REGIONAL (AIR) MOBILITY
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Introduction

» Small commuter aircraft will be some of the
earliest adopters of electrified aircraft
propulsion

» Hypothesized that this trend could squeeze
single-aisle transports

e Original key question: Can small, electrified
commuter aircraft combined with system-level
improvements in power distribution infrastructure
disrupt the current dominance of Single-Aisle class

aircraft?

» Focus has shifted to regional cargo and
passenger markets either not served (latent
demand) or served by ground transportation

Leverages 5,000+ public-use airports that already
exist in the United states as origin/destination
pairs and renewable energy hubs

nicholas.k.borer@nasa.gov
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Ships & Boats

%

Share of U.S. Transportation Sector
GHG Emissions by Source, 201945

Note: Totals may not add to 100% due to rounding

Share of U.S. GHG Emissions
by Sector, 2019+

Note: Totals may not add to 100% due to rounding
United States Environmental Protection Agency
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Regional Air Mobility (RAM)

> Increased

interest in this transportation segment

NASA-led Regional Air Mobility white paper released in April 2021
McKinsey commentary on regional aviation
Multiple OEMs pursuing electrified regional S/CTOL aircraft

» Opportunities for air cargo, next-day delivery increasing
» Underserved passenger market

airport
70% of

1000

Trip Frequency

nicholas.k.borer@nasa.gov

90% of the population of the US lives within a 30-minute drive of a regional

passenger tours over 50 miles are less than 500 miles

Air travel only serves 10% of this market (and virtually none under 250 miles) 2

[ At least one air leg
I o air legs

*Data and definitions per
Aultman-Hall et al., 2018

I Regional (50-249 mi)*

Inter-Regional (250-499 mi)*

50 250 500 750 1000 1500 2000

Maximum Distance from Home (miles)
NASA ARMD Systems Analysis Symposium, 2021
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Advanced Regional Air Mobility Study: Fleet Modeling

9-pax

» Kicked off study in late 2020 with NIA/Georgia for — i
Tech to take a comprehensive look at the regional .
air mobility market in the mid-Atlantic Region

» Modeling four advanced regional aircraft
* 5-passenger all-electric (in work)

48-pax hybrid electric

* 9-passenger all-electric
e 19-passenger hybrid-electric
e 48-passenger hybrid-electric

» Including variety of modeling assumptions,
including battery energy density, utilization,
simplified vehicle operations (e.g., single-pilot
operations for up to 19 pax) and energy costs in
various scenarios

» Also tracking fleet metrics — profits, costs,
emissions
belitp s
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» Modeling operations at ~200 airports in
the mid-Atlantic and New England regions
of the United States

» Merged demand data from multiple
sources to try to estimate both air and
ground travel demand

* Traveler Analysis Framework from the Federal
Highway Administration helps to capture
ground transportation demand

e DB1B market database to understand airfares

» “All demand models are wrong, but some
are useful”

* Evaluating multiple scenarios to bound
passenger demand and response to changes in
pricing

nicholas.k.borer@nasa.gov

9 pax network

Door-to-Door Direct Distance (mi)
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Advanced Regional Air Mobility Study: Cargo Demand

» Introduced cargo demand as means to
potentially increase aircraft utilization

» Cargo data much more closely held than
passenger data

» Freight Analysis Framework (FAF) zone
. . Scenario 1 Scenario 2 Scenario 3
data used to estimate air ca reo demand  creoweintransported (ke 13,997,115 cargo eight Transported (ke: 12,126,063 Cargo Weight Transported (kg): 13,513,844
by filtering likely air cargo commodities

» Multiple scenarios used to generate air
cargo demand

» Cargo demand for regional air routes is
roughly of same order as passenger Scenario 4 Scenario 5
. . Cargo Weight Transported (kg): 1,163,645 Cargo Weight Transported (kg): 4,787,260
demand when defined in terms of mass

nicholas.k.borer@nasa.gov NASA ARMD Systems Analysis Symposium, 2021



Advanced Regional Air Mobility Study: Airport Land Use

» Most airports are relatively flat, e A orPanls
sparsely developed, public-use land 7 e

. Forest

» Strong potential for increased
development for renewable energy
harvesting (particularly solar)

By mid-2021, 146 airports had begun 225
different renewable energy projects —
158 projects/116 airports were
developing solar harvesting capabilities

6,000 :
: % Area available to panels

 ARAMS study includes a look at land émz OO
available for solar development o o s %
» Aircraft can be a strong energy sink i
for additional demand °° . I i B I I
* Renewable projects often limited by 0 O acssvatie oy T e s ow o

ability to move energy off-site g
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Electrified Aircraft Regional Airport Impact Study

» Interagency agreement started with NRELin
late August 2021 for deeper dive into =i
impact of electrified aircraft demand

* “Macrogrid” look at mid-Atlantic/New England HI““Ih
power grid, both with status quo and with = “N”
airport-generated renewable energy i i i N

=it Cantral Kall

* ”Microgrid” IOOk at three airport arChetypeS tO NREL Engage model of eIecincﬁty flow (rveﬁpresentatlve:ranaIyS|s froﬁ prior study) h
show how individual airports can balance
renewable energy generation, local energy
storage, and electrified aircraft needs to find
most balanced, robust, and profitable solution

» NREL study leverages results of NIA/Georgia
Tech Advanced Regional Air Mobility Study

e Results from demand modeling/fleet allocation A,\_
feed airport node electric needs ;

00:00 12:00 00:00 12:00 00:00

40

30+

20

Demand (MW)

Dec 31, 2019 Jan 1, 2020 Jan 2, 2020

* Land use model feeds estimates for available e
area for renewa ble generation Total regional electrified aircraft loads from Advanced Regional

Air Mobility Study for a baseline passenger scenario |
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Work Product Summary and Impact

» “What’s Next in Regional Mobility” efforts to date have been impactful within NASA anc
externally

» Regional Air Mobility white paper cited frequently in other studies, social media posts, etc.
* Subject briefed to ARMD Strategic Leadership Team in October; follow-up requested for June 2022
* Cited in Electrification of Aircraft: Challenges, Barriers, and Potential Impacts by NREL in October 2021

» Publicly accessible reports from Advanced Regional Air Mobility Study:

 AIAA-2021-3178, Design and Operation Considerations for the Integration of Fleets of Regional Air Mobilit¥
Aircraft at Large Hubs

* AlIAA-2021-3179, Demand Modeling and Operations Optimization for Advanced Regional Air Mobility
» More to come!

 Combined passenger-cargo operations estimates for Advanced Regional Air Mobility Study, impact of all-
electric five-passenger aircraft (January 2022)

* Electrified Aircraft Regional Airport Impact Study results for macrogrid, microgrids (summer 2022)
* Working with AAM project and may add companion task to NREL work
* Potential for collaboration with Colorado DOT, other state DOTs
||

* Investigating potential work under TACP/CAS project (

nicholas.k.borer@nasa.gov NASA ARMD Systems Analysis Symposium, 2021
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Global Demand Modeling Study

Ty V. Marien
Aeronautics Systems Analysis Branch
NASA Langley Research Center

ISAT Systems Analysis Symposium, 10 November 2021
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Study Participants

Principal Investigators: Subject Matter Experts:
Ty Marien Seamus McGovern, David Pace, & Jacob Wishart
NASA Langley Research Center U.S. Department of Transportation Volpe Center
_ Sam Dollyhigh
Jon Seidel Analytical Mechanical Associates

NASA Glenn Research Center

External Partners:

Dr. Antonio Trani, Nicolas Hinze, Edwin Freire Burgos, Mihir Rimjha
Virginia Polytechnic Institute and State University
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Study Background

> ISAT (previously ISAAC) funded development of the Global Demand Model
(GDM) by Virginia Tech in 2015

* |Initial prototype of GDM model projected the number of seats offered at airports worldwide
out to the year 2040 and the number of trips between origin/destination pairs.

* In 2017, a fleet evolution and operations model was added. GDM was used to forecast the
fuel burn and emissions for the worldwide commercial fleet out to 2040.

» ISAT Mega-Drivers Modeling: Revisit the socioeconomic & environmental Mega-

Drivers embodied in the ARMD Strategic Implementation Plan, exploring a next
level of analysis across the global aviation landscape.

» The recent Mega-Drivers focus prompted us to take another look at the GDM to
see if it could help us evaluate potential drivers in global aviation.

» In August 2020, we initiated a new task order with NIA / Virginia Tech to update
and improve the GDM.

a
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GDM Airports

© 1-2 Growth Factor
O 2-3.5 Growth Factor
@ 3.5-5.0 Growth Factor
@ 5.0-8.0 Growth Factor
@ >8.0 Growth Factor

nicholas.k.borer@nasa.gov
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Sample GDM Outputs

) VirginiaTech A

= Invent the Future

Global Annual Fuel Consumption by World Region for Scenario 3

» Asia, North America and Europe will continue to be the largest users of Jet fuel in
the future

120 :
-+ Asia [ VirginiaTech e
e 196 < Europe » g}nven( the Future
= --North America : g e
88 LT ATGHGS Global CO2 Produced by Commercial Aviation Map
38 217 | : T s - =Middle East ibiains
LLD_ ff ;_______8___- -------- -O--""""O_ -=- Africa
T o 48 ¢ : : 5 . ==QOceania
-
c O
C=
<3
0 : i : i : i : z
2016 2025 2030 2035 2040

Year

GDM forecasts global passenger demand for
commercial aviation. More importantly, GDM
forecasts commercial aircraft fleet fuel burn and
emissions between OD pairs, which can be Annual year 2040 emissions calculated at 1x1 degree tiles
aggregated in various ways.
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Mega-Drivers Modeling

The Global Demand Model fits into the larger goal of translating the ISAT global

scenarios into quantitative impacts on global passenger demand, aircraft fleet
operations, fuel burn, & emissions

ISAT
Global

Scenarios

\_/-

nicholas.k.borer@nasa.gov

—

Qualitative
Descriptions
Of Economic/
Social/Political
Scenarios

Macroeconomic
Analysis

Projected
Regional
GDP,
Population,
Fuel Price

Global
Commercial
Aircraft
Passenger
Demand

New
Aircraft
Technology

N

—)

Annual Seat
Demand

Fleet
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and
Operations

Between
Origin-Destination
Airport Pairs

Global Demand Model

NASA ARMD Systems Analysis Symposium, 2021

.
|
|

Fleet Fuel i

mm) | eunand |,

Projected Emissions :

Aircraft type

and Annual [

Operations I
Between OD Pairs

[

[

||

59

aero concepts incubator



FY21 Study Tasks

» Explore the connections between the ISAT scenarios and inputs into the GDM,
including possible shocks to the transportation system.

» Implement an airfare elasticity of demand model

» Work to improve the demand prediction models

» Update GDM with latest databases & recalibrate the model to the new data

» Update the aircraft fleet evolution model the latest information and projections

o
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GDM Description
Regional/Country e P Airport Level o nwnc
Level Analysis Module pata | Analysis Module oata
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GDM Databases

Dataset Relevance of Data GDM Data
GDM uses historical databases I T 005 - 2015
containing airline operations, GDP, iclal Alrline GUIde | 5nq aircraft types worldwide =
and population to create regression Gridded global datasets for GDP PPP data available 1990. 2000. 2015
models for passenger demand. Gross Domestic Product and worldwide at 30-second ’ "
Human Development Index resolution. Version 3
Databases containing projections for  |us. Bg%a:n:ﬁtr;trﬁ; ’;?c?r:i':lu(glé)rlg Provides world country 1080 - 2031
GDP and population are used to ( ) il forecasts of GDP Version 01/2020
forecast future demand and aircraft
operations Gridded Population of the Population reported at 30- | 2000, 2005, 2010, 2015, 2020
| World (GPW) second resolution Version 4.11
i i 1950 — 2100
These databases were updated to gg\gﬁg t'i\loarflgrrlgs\ggég T o o
the most recent available versions.
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Airfare Elasticity Modeling

Price elasticity of demand is a
measure of the change in the
quantity purchased of a product in
relation to a change in its price.

Airfare price elasticity values were
found in an ICAO report for a
number of world regions.

Values are a ratio of % change in
amount demanded to the % change
in its price.

For example, a 10% reduction in
airfare for the domestic North
America market should result in an
8% increase in demand.

nicholas.k.borer@nasa.gov

Price Elasticity Table

Africa Asia Europe Latin America Middle East North America Southwest Pacific
Africa 0.48 | 0.48 | 0.48 0.48 0.48 0.48 0.48
Asia 0.76 | 0.76 | 0.72 0.76 0.76 0.48 0.76
Europe 1.10 | 0.72 | 1.12 1.10 1.10 0.96 1.10
Latin America 1.00 | 1.00 | 1.00 1.00 1.00 1.00 1.00
Middle East 048 |0.76 | 1.10 1.00 0.86 0.80 0.86
North America | 0.80 | 0.48 | 0.96 0.80 0.80 0.80 0.80
Southwest Pacific| 048 | 0.76 | 1.10 1.00 0.86 0.80 0.78

Weighted average values were calculated from combining OAG 2019 region to
region distribution and ICAO available price elasticity values.

NASA ARMD Systems Analysis Symposium, 2021
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Exogenous effects

In order to better model global future scenarios, we asked Virginia Tech to look at

adding exogenous shocks to the air transportation system. They focused on the
following historical events to allow similar shocks to be inserted into the demand

forecast:
* 9/11
e COVID-19 pandemic
* Impact of low-cost carriers in Europe
* Introduction of the B787 into the fleet

Dummy variables were used in the regression analyses to correct the seat
demand due to exogenous events.

nicholas.k.borer@nasa.gov NASA ARMD Systems Analysis Symposium, 2021



Fleet Evolution and Aircraft Replacement

Based on historical OAG data,
GDM forecasts the aircraft
models and annual
operations between OD
pairs.

The Fleet Evolution module
retires and replaces existing
aircraft with N+1 (e.g., B737-
Max 7, A321neo) and N+2
aircraft. The N+2 aircraft are
based on performance
models from the
Environmentally Responsible
Aviation (ERA) project.

nicholas.k.borer@nasa.gov

Airbus 310 Airbus 330-900 2022 Few A310 left in passenger service
(only operations In Iran and
Afghanistan with 23 daily flights)
Airbus 340-600 Airbus 350 2024 56 daily flights in 2019
Boeing 777-300
Boeing 717-200 Embraer E2 190 2028 977 daily flights worldwide in 2019
Boeing 737-300 Boeing 737-7Max 2026 440 daily flights worldwide in 2019
Boeing 737-500 Boeing 737-7Max 2026 470 flights worldwide in 2019
Boeing 747-400 Boeing 777-300 2022 151 daily flights worldwide in 2019
Airbus 350X
Boeing 757-200 Boeing 787-8 2026 614 daily flights worldwide in 2019
Airbus 330-900
Boeing 767-200 Boeing 787-8 2026 193 daily flights worldwide in 2019
Boeing 767-300 Boeing 787-8 2026 436 daily flights worldwide in 2019
Airbus A330-900
Bombardier Regional Jet Bombardier (Mitsubishi) 2026 Large fleet retirements due to
CRJ-200 Regional Jet CRJ-700 economics of 50 seat aircraft
Embraer E170
Embraer E135 Bombardier 2026 Large fleet retirements due to
(Mitsubishi) Regional economics of 50 seat aircraft
Jet CRJ-700 Embraer
Embraer E170
McDonnell Douglas MD-82 Boeing 737-8Max 2025 914 daily flights flights worldwide in
2019
Airbus 380-800 Boeing 777X and Airbus 350X 2028 After Covid-19 most A 380s will retire

NASA ARMD Systems Analysis Symposium, 2021

(340 daily flights worldwide in 2019)
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Fleet Evolution and Aircraft Replacement

@ Airbus A320 @ Bombardier CRJ-200 Boeing 747-400
® Boeing 757-200 @ Airbus A388-800 ® Beechcraft 1900D
1.00 s
replacement aircraft for this The amount of time
e analysis.

required to replace an

If Heart Aerospace ES-19 aircraft model is a
is successful, the aircraft could function of the numb

0.50 : ‘
be added to the mix later on. existing aircraft in the
fleet and the assumed

0.25 production rates of the

replacement aircraft.

Normalized Fleet

0.00 ' l
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Fleet Fuel Consumption and Emissions

nicholas.k.borer@nasa.gov

User-defined
Mapping Tables
and Aircraft
Production Rates

Origin-
Destination
Airport Database

Global Trip
Generation and

Distribution

v

Official
Airline Guide

Y

Mapping of New
Generation N+1 —
and N+2 Aircraft

Air Traffic
Management
Concept

FAA ASPM
Taxi Time Data

NOAANCAR
Model Wind
Data

o e

Estimation of
Departure and
Arrival Taxi
Times

NASA ARMD Systems Analysis Symposium, 2021

Aircraft e Fleet Evolution
Mapping Analysis
A
v
Generate Aircraft
Flight Profiles

A

Estimation of
Calculate Fuel Climb, Cruise
Consumption and Descent
Fuel
A
Calculate
Emissions (CO2 s
. FAA Emissions
CO' NOX, Sox Rate Database
and HC)

Fleet evolves
via external tables
to the model

Changes in fleet

affect air transportation
cost which affects
demand (via demand
elasticity tables)

aero concepts incubator



GDM Compared to the Boeing Commercial Market Outlook

Revenue Passenger Kilometers

nicholas.k.borer@nasa.gov
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2040

GDM = Global Demand Model
CMO = Commercial Market Outlook
OAG = Official Airline Guide

Boeing CMO 2020 includes COVID-
19 corrections
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ISAT Scenarios

Scenario

Baseline Case
(business as usual
after Covid-19
recovery)

Description of Scenario

Covid-19 travel restrictions by

region according to IATA May 2021

forecasts (some regions extend to
first quarter of 2024)

Air travel demand recovers
according to IATA May 2021
forecasts

USDA GDP data (county level)

Modeling Approach

Uses USDA GDP forecasts available in January 2021
Model Covid 19 with dummy variables similar to 9/11
effects (dummy variables active between 2020 and 2024
with end dates changing by region according to IATA
May 2021 forecasts)

Population forecast (existing in GDM model) - no
adjustments for Covid-19

Enhanced GDM model with new segment/regional
analysis modules and external ties to air fare elasticity

Market Expansion

Baseline scenario to handle
Covid-19 conditions
(2020-2023/2024)

Faster economic growth

New technology developments in
aviation (NASA advanced aircraft
introduced)

Model Covid 19 with dummy variables similar to 9/11
effects (dummy variables active between 2020 and 2024
with end dates changing by region according to IATA
May 2021 forecasts)

USDA GDP forecasts (available in January 2021) +
Growth Factor

Introduce new NASA subsonic efficient aircraft designs
in 2030-time frame (from N+3 and commercial transport
vehicle studies)

Develop module to predict new air fare structures
Enhanced GDM model with new segment/regional
analysis modules and external ties to air fare elasticity
GDP estimates are modified from baseline USDA to
reflect faster economic growth

nicholas.k.borer@nasa.gov

NASA ARMD Systems Analysis Symposium, 2021

Instead of projecting a single
worldwide aviation forecast,
we intend to generate several
forecasts in order to support
the “Mega-Drivers” research
goals.

Different forecast may
demonstrate common
requirements in terms of
aviation technology needs.

ISAT has developed a set of
future world scenario
descriptions that can be used
as a starting point for this
type of analysis. -
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ISAT Scenarios

Scenario

Description of Scenario

Modeling Approach

Environment

Covid-19 conditions (2020-2022)

More strict environmental policies
New technology developments in
aviation

Emphasis on mitigation of climate
change

Terrorism * Baseline scenario to handle Model Covid 19 with dummy variables similar to 9/11
Covid-19 conditions (2020-2024 per effects (dummy variables active between 2020 and 2024
IATA regional projections) with end dates changing by region according to IATA
* Demonstrates a terrorism attack in May 2021 forecasts)
2030 time-frame USDA GDP forecasts (available in January 2021) -
* Depressed aviation growth Growth Factor (negative growth)
* Increased cost of business Uses newly developed develop to predict new air fare
structures (increased cost causality)
Enhanced GDM model with new segment/regional
analysis modules and external ties to air fare elasticity
GDP estimates are modified from baseline USDA to
reflect slower economic growth
Energy and * Baseline scenario to handle Model Covid 19 with dummy variables similar to 9/11

effects (dummy variables active between 2020 and 2022)
USDA GDP forecasts (available in January 2021) -
Growth Factor (also run with neutral FDP impact)
Introduce new NASA subsonic efficient aircraft designs in
2030-time frame (from N+3 and commercial transport
vehicle studies)

Use new module to predict new air fare structures based
on fuel/energy prices

Enhanced GDM model with nhew segment/regional
analysis modules and external ties to air fare elasticity
GDP estimates are modified from baseline USDA to
reflect environmental policies in GDP

nicholas.k.borer@nasa.gov

NASA ARMD Systems Analysis Symposium, 2021

Virginia Tech took four of the
existing ISAT scenario descriptions
and is working on a simplified
modeling approach to
demonstrate the impact of the
scenarios on worldwide passenger
demand and aircraft operations.
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Study Accomplishments

» Literature review of global market forecasts, macroeconomic models, air
transportation demand elasticities, airline load factors

» Passenger demand models updated/improved

» Fuel price added as an independent variable in the model

» Effect of exogenous shocks incorporated to demand forecasts
» Airfare elasticity of demand model created

» GDM databases updated

» Fleet evolution aircraft/assumptions updated

» Simple global scenario cases currently being explored

nicholas.k.borer@nas