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%EET Growth in U.S. Commercial Space Launches

» The U.S. has seen a significant increase in commercial launches since 2011*

U.S % Market Share (of all Global Commercial Launches)**

competitors taking advantage of government subsidies to reduce their launch costs
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*A commercial launch is a launch that is internationally competed or FAA-licensed, or privately financed (The Annua Compendium of Commercial Space Transportation, 2016-2017).
**U.S. launches exclude NASA ISS cargo resupply missions becausethey are not internationally competed launch contracts as well as Sea Launches.
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» 7 of the 12 current FAA-licensed launch sites and
spaceports were developed after 2000 3
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%cm New and Emerging Commercial Space Vehicles

(1) Launch Vehicles (3) Flight Vehicles

SpaceX’s Falcon 9 Blue Origin’s New Shepard

Virgin Galactic’s SpaceShipTwo & SpaceX’s Dragon
White Knight Two / Orbit Transfer Vehicle
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» There is no open-source cost model for these three classes space vehicles and their operations 4




ESL MIT Preliminary Aircraft Rerouting Impact Analysis
AT for the 2018 Falcon Heavy Launch*

- Approximately 338 aircraft were rerouted for the Falcon Heavy launch at Cape Canaveral

- On average, the operating cost of each rerouted aircraft increased by about $293
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£ MT Operational Approaches for Reducing
— At Aircraft Reroute Costs

Changing the Launch Window

1. SUA activation length and launch Window ——
2. SUA size and location

3. Launch schedule

A Notional 7-day Week with Daily Launch Opportunities
1 | |

Aircraft that : Ative | 3
pass through Special Use Area e
SUA each hour (SUA) Activation ay LO
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minimum
number of
conflicting
aircraft 1
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NS MIT Equity and Cost Considerations for Space
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Launch Airspace Allocation

Preliminary Aircraft Rerouting Analysis for the 2018 Falcon Heavy Launch
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» One way to discuss equity is to consider aircraft rerouting costs with launch delay costs

» Airline operating costs are known, however, there is little, to no cost information for launch
operations and delays

- Therefore, we need a commercial space operator cost model




&5 11 The Commercial Space Operator Cost Model

» The commercial space operator cost model can estimate cOan','Zrcaau

space operator costs, and therein cost-equity Space

Structures & Mechanisms

Operator Cost

Model Launch Vehicle
Costs Assembly, Integration &

Testing

« Mission Verification

| Mission Validation |

» The cost model can specifically estimate the cost of: I

: : : Vehicle
1. new space vehicles and their operations; and Costs [ —

2. potential launch delays and schedule slips. —

Assembly, Integration &
Testing

Mlsslon Verification
Mission Validation

Instmmenta

» Existing space cost models have limited utility because:
1. they are based on obsolete vehicles;

-
2. use government or proprietary data; and

3. do not quantify the cost of launch delays.

Program Segment
Vehicle Segment |
Launch Operations

N round Operating

Costs Flight Operations
Operating
» Currently, there are two key results from the model: Costs — I
1. the absolute cost of a space mission; and Operating Costs SO T
2. the costof potential a launch delay to a mission. = Reeniry Operations
eentry and —
=4  Recovery —

Transport
Disposal

Operating Costs

» The cost model is still under development Business




SEBL MIT
R—_ ICRHAT

Ground Operating Costs

» The cost model is parametric, or regression-based - Cost = f(performance,mass, ...)

» Each cost model component, or category has three tiers (or levels of detail)

The
Commercial
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Operator Cost

Model Launch Vehicle
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Initial Cost Model Validation

» A commercial SpaceX ISS cargo resupply mission was used as an initial validation
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Cost Model Inputs

Mission Type: ISS
Crew Cargo Resupply

Launch Site: Cape
Canaveral

Orbit: 403 km altitude,
51.46° inclination

Launch Vehicle:
Falcon 9 FT “Full
Thrust”

Flight Vehicle:
Dragon (4,200 kg dry
mass)

Payload: Pressurized
cargo (3,500 kg)

» The commercial space operator cost model was run to estimate the total cost of this mission




== .. Preliminary Total Mission Cost Estimates

Estimated versus Reported Costs for a SpaceX ISS Cargo Resupply Mission*
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Reported Total Mission Cost: : FY18$M
Estimated Total Mission Cost: : FY18$M

Cost Difference (Estimate vs. Reported): : FY18$M

“Reported costvalue sources: (1) Interviews withspace launch

] experts; (2) open-source literature, articles; and (3) open-source
Cost Estimate Error: . % launch vehicle andoperations cost data. Refer to referencesfor |
a detailed list of sources for all reported cost values.




&= T Potential Launch Delay Costs

» The ground operating cost model breakdown structure was used to locate the most likely
sources of launch delay costs, but they remain hypotheses

Potential Variable Costs

1. Labor (overtime)

» Work beyond the standard work shifts
(e.g., two, 8-hour shifts daily, excluding

weekends)

Potential Fixed Costs

1. Propellant
» Cost due to liquid fuel “boil-off” and
vehicle de-tanking (draining) and
tanking (refueling)

* The cost of overtime depends on:
Length of the delay/schedule shift
Launch facilities

Staffing at launch and mission ops
Overtime rates

Available launch windows
Payload provider(s)

Launch schedule & availability

2. Late payload delivery “penalty”
* Payment to payload providers to
partially compensate them for costs
from a delay

3. Launch Cancellation
* Costs for “cancellation”. A Launch
Services Agreement would define a
cancellation versus a delay.

NOoOok~ON -

> Key Cost Model Result: preliminary cost estimates for the change in space operator cost, due
to off-nominal events such as launch delays and schedule slips

12



% E';T Preliminary Launch Delay Cost Estimates

> Currently, the launch delay cost results are organized into a simple “lookup” table, where:
« Table ROWS are the Mission/Payload/Orbit

« Table COLUMNS are Time (except for fixed costs because these are independent of time)

Estimated Costs of a Launch Delay to a SpaceX ISS Cargo Resupply Mission

Variable Costs Fixed Costs
FY2018%$M
Length of Delay after Launch Window Late
\ Propellant Pay!oad Cancellation
Confidence Orbit Altitude Mission (Payload, Mass) 15 10d 25 50 Delivery
Level (km) Ission (Fayload, Mass minutes ays ays ays Penalty
32,000+ Interplanetary (Probes, 1000—4000 kg) 0.8 1.0 1.3 3.6 16.7 41.7 1.1 0.4 58.3
Earth Orbit (Hzef%vgoska;)e””e’ 12000~ 0.5 0.6 0.8 2.2 10.0 25.0 0.7 0.3 35.0
400 - 32,000 | Earth Omit (Mf;(;gg“ kZ";‘te””e' 4000- | g3 0.3 0.4 1.2 5.3 13.3 0.4 0.1 18.7
Med|um Earth Orbit (S%{él(l)izt)e\lite, 12000~ 0.2 0.3 0.3 0.9 40 10.0 0.3 0.1 14.0
Medium 400 155 Cargo Resuppy lﬁg{ew Supplies, | g 0.1 0.2 0.5 2.3 5.8 0.2 0.1

No cancellation fee

LOW MEDIUM HIGH VERY HIGH
Cost < $1M $1M < Cost < $10M [$10M < Cost < $20M $20M < Cost

> Approximate cost of a 1-day/24-hour launch delay to a SpaceX cargo resupply mission is $0.4M

- The results have not yet been validated and we have varying levels of

confidence in the results, so they remain notional for time being 13



SEBL MIT Probability of Liftoff (%)

=l for launches from Cape Canaveral

> We surveyed 20 past SUA activation periods and liftoff times for launches from Cape Canaveral
> This limited dataset of SUA activation periods was the best available from the FAANOTAM archive

> The result is a probability density function of the % chance of liftoff versus time into a "standard”

4-hour SUA activation for launches from Cape Canaveral
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» Launch delays can arise from many factors, including:
1. Adverse weather conditions (e.g., high altitude wind shear and lightning)
2. Technical issues — anomalies during countdown (e.g., off-nominal system signal) 14



SEBL MIT Likelihood of a Launch Delay (%)

=l for launches from Cape Canaveral

» Cumulative probability density function of the % chance of a launch delay versus launch window
length

100

A\ the % chance that a launch
delay will occur*®

™~

N

e ——

0
0O 025 05 075 1 125 15 175 2 225 25 275 3 325 35 375 4
Launch Window (hours)

» Launch delays can arise from many factors, including:
1. Adverse weather conditions (e.g., high altitude wind shear and lightning)
2. Technical issues — anomalies during countdown (e.g., off-nominal system signal)
15



w51 M The Expected Value of Launch Delay Cost ($)

- JIERT for ISS launches from Cape Canaveral

» To quantify the expected value launch delay costs, we multiply launch delay costs with the
likelihood (probability) of launch delay pdf on the previous slide

n
Expected Value of Launch Delay Cost = E[DelayCost] = 2 DelayCost; - P(DelayCost;)
i=1

» The result is a distribution of expected value of launch delay costs versus launch window length
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Aircraft Rerouting Costs ($)

for launches from Cape Canaveral

» Similar to launch delay costs, aircraft reroute costs depend on the SUA activation length

» However, aircraft reroute costs are deterministic because the reroutes can be planned in
advance of the SUA activation for a space launch

» The result is the distribution aircraft rerouting costs versus launch window length

100000

90000

80000

(o) B
o O
o O
o O
o O

50000
40000

30000

Aircraft Rerouting Cost($)

20000

50,000

| | | |
SUA Activation starting

at 1:55 pm (EST)

N !

total cost to
reroute aircraft
for the launch

N T

Hypothetical SUA Activation for

Aircraft flight tracks from a
“normal” day of operations
(January 15, 2018)

from the launch day
(February 6, 2018)

an alternative launch window
starting at 5:55 am (EST)

™ [

N
/
XL//

SUA activation length

for 2018 Falcon Heavy
Launch (3.72 hours)

| | |

0
0 025 05 0.75

1

125 15 176 2 225 25 275 3 325 35 3.75 4

Launch Window (hours)

17



SESL MIT Total Expected Value vs. Launch Window

=l for launches from Cape Canaveral
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