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INTRODUCTION – State of the Space Launch Industry

Reusability

ReliabilityCost

Presenter Notes
Presentation Notes
-Big trend of reusability in industry-Frequently accompanied by Cost and Reliability (Falcon 9 promotional material, Neutron development update9
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INTRODUCTION – Main Challenges

Reusability

• Recovery Hardware
• Retrieval and Refurbishment Operations

Reliability

• Reliability Decrease
• Aging Effect

Cost

• Reusable Hardware and Operations
• Reliability Increase
• Cost of Failure

Presenter Notes
Presentation Notes
Elements bring challenges	Reusability	-Recovery HW and Operations are fleshed out in literature, but not how they relate to cost and reliability	Reliability	-Misconception	-Aging hasn’t been addressed in literature	Cost	-No good way to estimate the cost of HW items	-Estimate the cost of the reliability increase	-Consider failure as a cost
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INTRODUCTION – Model Synthesis

Estimating cost of 
hardware and 

Operations

Estimate reliability of 
vehicle through

lifetime

Cost of reliability
increase

Impact of failure in 
lifecycle cost

Variable Expected
Value

Classic modeling
• Cost model
• Reliability model

Intersection of cost and 
reliability
• New CERs
• Failure cost model

Product of linked model
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RELIABILITY MODEL - Methodology

Subsystem Estimate
• Historical Data
• Test Data

• Parametric
• Non-Parametric

System Reliability Analysis
• Reliability Block Diagram
• Fault-Tree Analysis Reliability Growth
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RELIABILITY MODEL – Propulsion System modeling 
requires further detail

Fig. 1 - Launch failures in the past 15 years classified by 
subsystem [1].
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RELIABILITY MODEL – Subsystem Estimate

Test and
Operational

Data

Kaplan-Meier
Estimator

Non-
Parametric
Estimate

Maximum-
Likelihood
Estimator

Parametric
EstimateHistorical Data Parametric
Estimate

Goodness-Of-Fit Check



9

RELIABILITY MODEL – Subsystem Estimate
Merlin Engine Example 

Flight Number Number of Failures

1 3

5 1

6 1

Flight Number Number of Right-
Censored
Elements

1 154

2 160

3 20

4 40

5 19

6 19

7 10

10 10

11 20

12 10
Fig. 1 – Representation of a right-censored data set [2].
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RELIABILITY MODEL – Subsystem Estimate
Merlin Engine Example 

Data KME

Fig. 3 – KME applied to Merlin Engine data.
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RELIABILITY MODEL – Subsystem Estimate
Merlin Engine Example 

Data MLE

Fig. 4 – MLE applied to Merlin Engine data assuming Weibull
distribution.
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RELIABILITY MODEL – Subsystem Estimate
Merlin Engine Example

Fig. 5 – Goodness-of-fit verification of MLE Weibull with KME.

Presenter Notes
Presentation Notes
Assessing the GOF, we see that the two methods converge, albeit with high uncertainty due to low quantity of failure dataInteresting detail is that engine failures can be hidden due to engine-out capability
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RELIABILITY MODEL – System Estimate
Fault Tree Analysis Top Level

‘OR’ gate:

𝑅𝑅 = �
𝑖𝑖

𝑛𝑛

𝑅𝑅𝑖𝑖

Presenter Notes
Presentation Notes
Mathematically express the sequence of failures in order for the top event failure to happenMain event: Loss of Mission1st level of indenture: stage and events levelModelled as an or gate: one has to fail in order for the whole system to fail
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RELIABILITY MODEL – System Estimate
Fault Tree Analysis Subsystem Level

‘AND’ gate:

𝑅𝑅 = 1 −�
𝑖𝑖

𝑛𝑛

(1 − 𝑅𝑅𝑖𝑖)

Presenter Notes
Presentation Notes
Subsystem Level: exemple of redundancy for reliability increase, modeled with and gate
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RELIABILITY MODEL – System Estimate
FTA Propulsion System

Engine-Out Model:

𝑅𝑅 = 1 −�
𝑖𝑖

𝑛𝑛
𝑛𝑛
𝑖𝑖
𝑅𝑅𝑖𝑖(1 − 𝑅𝑅𝑖𝑖)𝑛𝑛−𝑖𝑖

Presenter Notes
Presentation Notes
Detail in the propulsion subsystem:	common cause failure: factory or batch defects that cant be addressed by redundancy	Catastrophic failure: such as engine explosion	Multi-engine vehicles such as the falcon 9 use engine-out capability: in case failure is predicted, the main computer shuts down faulty engine and the rest are throttled up in order to accomplish mission. M out of N gate
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RELIABILITY MODEL – Reliability Increase Strategies

• Crow-AMSAA Reliability Growth
Model;

• Counting Method;
Increased

Testing

• Simple Redundancy;
• Engine-Out Capability;Redundancy

• Operating an item at a stress 
lower than its rated design 
value;

Derating

• Use of components with higher
reliability.

Quality
Increase

Fig. 6 – Reliability increase due to engine-out capability.

Presenter Notes
Presentation Notes
Crow-AMSAA: empirical observation that reliability increases with time of testing or operationCounting method: allows to obtain a reliability estimate based on a mission equivalence factorDetail of the importance of the engine out capability
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COST MODEL – Cost Estimating Tools

SOLSTICE & 
TRANSCOST

NASA 
CASTS 
& OCM

European
Space

Program
Data
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COST MODEL - Methodology

Cost per 
Flight

Development Manufacturing Operations
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COST MODEL – T1 Equivalence Method

First Unit
Estimate

Development
Costs

Manufacturing
Costs

Crawford learning curve: 
𝑀𝑀𝑀𝑀𝑀𝑀𝑖𝑖 = 𝑇𝑇1 � 𝑖𝑖

log(𝑝𝑝)
log(2)

Integration and Testing
Factor (I&T)

Model Philosophy

C-Cost
M-Mass
a, b-Regression Coefficients

𝐶𝐶 = 𝑎𝑎 � 𝑀𝑀𝑏𝑏

log 𝐶𝐶 = log 𝑎𝑎 + 𝑏𝑏 � log(𝑀𝑀)
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COST MODEL – Cost of Operations

Operations
Costs

Direct
Operations

Ground

Flight and
Mission

Propellant

Transportation
and Recovery

Fees and
Insurance

Indirect
Operations

Refurbishment
and Spares
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COST MODEL – Cost of Retrieval

• Function of Mass
• Based only on “Splash-Down” 

• Recovery Mass
2x Falcon 9

• Mass not
driving factor

Retrieval

TRANSCOST Parametric
CER

DLR Study Engineering
Build-Up

In-Air Capture

Down-Range 
Landing at Sea

Return to 
Launch Site

Parametric
CER

• Function of
yearly Launch
Rate
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COST MODEL – Cost of Refurbishment

Refurbishment

Percentage of
T1

Parametric
CER

• Falcon 9: 1.4%
• Shuttle Orbiter: 2.3%
• Orbital Ramjet: 3%

• Learning and Rate effects;
• Aging Effect;
• Verified with Merlin reference.
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COST MODEL – Cost of Failure

Failure Cost: 2-5 times CpF
1. Flight/Vehicle Replacement
2. Increase in Insurance Rates
3. Failure Investigation
4. Implementation of Modifications
5. Cost of Downtime
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COST MODEL – Cost of Failure

Vehicle/Flight Replacement
• Manufacturing Costs
• Operation Costs
• Re-Flight Guarantee (RFG)
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COST MODEL – Cost of Failure

Increase in Insurance Rates
• Insurance Policy
• Insurance Rates
• Time to Recover
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COST MODEL – Cost of Failure

Failure Investigation
• Investigation Duration
• Board size (Head Count)
• Worker Costs per Year
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COST MODEL – Cost of Failure

Implementation of Modifications
• Subsystem (type and T1)
• Level of Modification
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COST MODEL – Cost of Failure

Cost of Downtime
• Duration
• Launch Rate
• Profit Margin
• Mass in Storage
• Characteristics of Facilities
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COMBINED MODEL – Expected Cost of Failure

𝐶𝐶𝐹𝐹 = 𝐶𝐶𝑓𝑓 � 1 − 𝑅𝑅

𝐶𝐶𝐹𝐹 - Expected Cost of Failure

𝐶𝐶𝑓𝑓 - Failure Cost

𝑅𝑅 - Reliability

Expected Cost
of Failure

Failure Cost

Failure
Probability
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COMBINED MODEL – Expected Cost of Failure

Finding: Recovery failures do not lead to downtime or 
formal failure investigation.

𝐶𝐶𝐹𝐹 = �𝐶𝐶𝑓𝑓𝑖𝑖 � 𝑃𝑃𝑖𝑖

𝑃𝑃1-Probability of Mission Failure
𝑃𝑃2-Probability of First Stage not Surviving
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COMBINED MODEL – Expected Value

𝐸𝐸𝐸𝐸 = �𝑈𝑈𝑖𝑖 � 𝑃𝑃𝑖𝑖

𝑈𝑈𝑖𝑖-Outcomes
𝑃𝑃𝑖𝑖-Probability of Outcome

Expected Value

Effect of 
Outcome

Probability of
Outcome



32

COMBINED MODEL – Expected Value
Standard Case

𝐸𝐸𝐸𝐸 = �𝑈𝑈𝑖𝑖 � 𝑃𝑃𝑖𝑖

Simple Case:

Profit RFG Insurance
Premium

Replace
Vehicle

Relaunch
Payload

Insurance
Increase

Failure
Investigation

Modifications Downtime

Total 
Success

✔

Ascent
Failure

✔ ✔ ✔ ✔ ✔

Landing
Failure

✔ ✔ ✔

Presenter Notes
Presentation Notes
Total success leads to profitLanding failure results in only modifications and vehicle replacementAscent failures add failure investigation and downtime
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COMBINED MODEL – Expected Value
Re-Flight Guarantee

𝐸𝐸𝐸𝐸 = �𝑈𝑈𝑖𝑖 � 𝑃𝑃𝑖𝑖

RFG Case:

Profit RFG Insurance
Premium

Replace
Vehicle

Relaunch
Payload

Insurance
Increase

Failure
Investigation

Modifications Downtime

Total 
Success

✔ ✔

Ascent
Failure

✔ ✔ ✔ ✔ ✔ ✔ ✔

Landing
Failure

✔ ✔ ✔ ✔

Presenter Notes
Presentation Notes
With rfg, the customer pays the insurance premium, and it is necessary to relaunch the payload
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COMBINED MODEL – Expected Value
Insured Launch Vehicle

𝐸𝐸𝐸𝐸 = �𝑈𝑈𝑖𝑖 � 𝑃𝑃𝑖𝑖

Insured Case:

Profit RFG Insurance
Premium

Replace
Vehicle

Relaunch
Payload

Insurance
Increase

Failure
Investigation

Modifications Downtime

Total 
Success

✔ ✔

Ascent
Failure

✔ ✔ ✔ ✔ ✔ ✔

Landing
Failure

✔ ✔ ✔ ✔

Presenter Notes
Presentation Notes
With insurance, the Provider pays the insurance premium, not needing therefore to replace the vehicle, but in case of failure, there are additional costs coming from the increasing insurance rates
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COMBINED MODEL – Expected Value
RFG & Insurance

𝐸𝐸𝐸𝐸 = �𝑈𝑈𝑖𝑖 � 𝑃𝑃𝑖𝑖

RFG & Insured Case:

Profit RFG Insurance
Premium

Replace
Vehicle

Relaunch
Payload

Insurance
Increase

Failure
Investigation

Modifications Downtime

Total 
Success

✔ ✔ ✔

Ascent
Failure

✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔

Landing
Failure

✔ ✔ ✔ ✔ ✔

Presenter Notes
Presentation Notes
Combination of both
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RESULTS - Reliability

Fig. 8 – Reliability life-cycle results
for Falcon 9.

Presenter Notes
Presentation Notes
General trend of reliability increaseEach dip represents the reliability degradation of a booster, which is then expendedHigh mission reliability, lower landing success proabilityThese two figures can be used to obtain the probability of recovering the first stage
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RESULTS – Cost per Flight

Fig. 9 – Life-cycle Cost per Flight results for Falcon
9.

Presenter Notes
Presentation Notes
Peaks correspond to launchers using new boostersOverall trend of cost reduction due to learningNew boosters sold at a loss of 49%, reused boosters sold at a profit of 78 % profit (ESA sells at a 8% margin)Flights on reused boosters are paying for the losses of flights with new boostersPublic clientsAverage profit margin of 48%
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RESULTS – Failure Cost
• Expectation from literature: 2-5 times the CpF;
• Result for Falcon 9: 17 times the CpF.

Fig. 10 – Failure cost results for Falcon 9. 

Presenter Notes
Presentation Notes
Dips related to the fact that the vehicle isnt reused on last flight
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RESULTS – Expected Cost of Failure

Fig. 11 – Expected Cost of Failure cost results for Falcon 9. 

Presenter Notes
Presentation Notes
Expected cost of failure varies between ¼ and 1/3 of cpfThis gives a measure of how much Money is “risked” for a flight, but it is an incomplete picture, as it is necesary to contemplate the case of success in order to compare diferente options
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RESULTS – Expected Value

Fig. 12b – Falcon 9 Expected
Value results 9 (fixed price).

Fig. 12a – Falcon 9 Expected
Value results 9 (constant profit).

Presenter Notes
Presentation Notes
First graph: constant profit marginSecond graph: Fixed pricingFirst:-first of each booster has high value, due to high revenue-while reliability doesn’t mature and costs aren’t reduced, it isn’t advantageous to reuse boosters multiple times: the provider can be expected to lose moneyuSecond:-first flights sold at a loss aren’t beneficial-same case where reused might not be worth itThis mirrors Falcon 9:	-first boosters were only reused once or twice	-Flights with public customers subsidized (100M-300M)
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RESULTS – Expected Value

Fig. 13a – Falcon 9 Expected Value (first booster). Fig. 13b – Falcon 9 Expected Value (last booster).

Presenter Notes
Presentation Notes
First booster: insurance helps mitigate costsLast booster: insurance becomes worth it only after 6th flight: model allows to choose the optimal insurance policy
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RESULTS – Expected Value

RFG: Re-Flight Guarantee
INS: Insurance

Presenter Notes
Presentation Notes
Expected value between 30 and 45% of expected profit – this shows the importance of considering reliability, launch rate and failure when comparing different options. Cost, which is typically the value optimized in MDO, is an incomplete measure of valueOptimal insurance policy allows to increase value60-85% of profit margin, if negative value are removed: purchasing of flights at a higher price by public agenciesIn order to have EV=expected profit, Profit increase from 48% to 75%, price increase of 7.9Meuro
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RESULTS – Expendable Case

LpY =20
Profit = 48%

LpY = 10
Profit = 48%

LpY = 10
Profit = 8%

PpF 96.9 M€ 86.3 M€ 63 M€
EV/Profit 92.6% 82.6% 30%

Presenter Notes
Presentation Notes
Same Lpy and pm	very high value, better for Provider	very high (uncompetitive price)->leads to lower LpYLower LpY	Lower value, still high pricePm equal to ESA	EV much lower than that of reusable option
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ALTERNATIVE USE-CASE - Methodology

Fig. 14 – Multi-stage problem solving methodology.
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ALTERNATIVE USE-CASE - Results

Additional findings:
• Engine commonality with upper stage beneficial in 

reusable case;
• Heavier original engines yield better results

Fig. 15a –
Expendable Vehicle
results.

Fig. 15b – Reusable
Vehicle results.
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CONCLUSIONS

• Combination of tools;
• Development of new CERs;
• Failure incorporated as a cost figure;
• Accounting for cost of Reliability increase;
• New variable for MDO: Value
• Range of applications: From design to insurance
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