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National Aeronautics and Space Administration

Headquarters
Washington, DC 20546-0001

October 25, 2019

Office of Communications

FOIA: 19-MSFC-F-00098

Thank you for your Freedom of Information Act (FOIA) request dated November 12, 2018, and
received November 13, 2018, at the George C. Marshall Space Center FOIA Office. Your request was
assigned FOIA Case Number 19-MSFC-F-00098 and was for:

A copy of each report produced under each of these Heavy Lift and
Propulsion Technology (HLPT) tradeoffs contracts awarded by NASA
(MSFC)

NNM11AA09C awarded to Boeing

NNMI11AAO8C awarded to ATK Launch Systems
NNMI11AA10C awarded to Lockheed Martin Corporation
NNM11AA06C awarded to Analytical Mechanics Associates, Inc.
NNM11AAO5C awarded to Aerojet-General Corporation.
NNM11AA16C awarded to United Launch Alliance, LL.C
NNM11AA0O7C awarded to Andrews Space Inc.

NNMI11AA11C awarded to Northrop Grumman Systems Corp.
NNMI11AA14C awarded to Pratt & Whitney Rocketdyne/ United
Technologies

NNM11AA13C awarded to Orbital Sciences Corp.

Please be advised that the search for responsive records has concluded and a total of 1,644 pages have
been located. We have reviewed the responsive records under the FOIA to determine whether they may
be accessed under the FOIA's provisions. Based on that review, this office is providing the following:

Boeing report (369 pages):
69 page(s) are being released in full (RIF);!

29 page(s) are being released in part (RIP);
271 page(s) are withheld in full (WIF).

L All page counts above are provided in approximate numbers.



ATK Launch Systems Report (195 pages):

20 page(s) are being released in full (RIF); *
6 page(s) are being released in part (RIP);
169 page(s) are withheld in full (WIF).

Lockheed Martin Corporation Report (142 pages):
58 page(s) are being released in full (RIF);
2 page(s) are being released in part (RIP);
82 page(s) are withheld in full (WIF).
Analytical Mechanics Associates Report (197 pages):
0 page(s) are being released in full (RIF):
0 page(s) are being released in part (RIP);
197 page(s) are withheld in full (WIF).
Aerojet-General Corporation Report (149 pages):
33 page(s) are being released in full (RIF);
0 page(s) are being released in part (RIP);
68 page(s) are withheld in full (WIF).
United Launch Alliance Report (92 pages):
15 page(s) are being released in full (RIF);
3 page(s) are being released in part (RIP);
74 page(s) are withheld in full (WIF).
Andrews Space Report (166 pages):
29 page(s) are being released in full (RIF);
5 page(s) are being released in part (RIP);
131 page(s) are withheld in full (WIF).
Pratt & Whitney Report (71 pages):
28 page(s) are being released in full (RIF);

2 page(s) are being released in part (RIP);
41 page(s) are withheld in full (WIF).

2 All page counts above are provided in approximate numbers.



Orbital Sciences Report (184 pages):

129 page(s) are being released in full (RIF); ?
23 page(s) are being released in part (RIP);
32 page(s) are withheld in full (WIF).

Please be advised that release of report NNM11AAT11C, awarded to Northrop Grumman Systems
Corporation, will be released separately within the next 10 business days.

NASA redacted from the enclosed documents information that fell within the following FOIA
Exemptions explained below.

Exemption 3, 5 U.S.C. § 5352(b)(3)

Exemption 3 concerns matters that are “specifically exempted from disclosure by statute ... provided
that such statute (A) requires that matters be withheld from the public in such a manner as to leave no
discretion on the issue, or (B) establishes particular criteria for withholding or refers to particular types
of matters to be withheld.” See 5 U.S.C. § 552 (b)(3). Pursuant to the Export Administration Act of
1979, in conjunction with the Export Control Act of 2018 (P.1..115-232, Subtitle B, Part [), NASA
withholds export controlled information, including items on the Commerce Control List (15 C.F.R. §
774).

Exemption 4, 5 U.S.C. § 5352(b)(:H)

Exemption 4 protects trade secrets and commercial or financial information obtained from a person that
is privileged or confidential. See 5 U.S.C. § 552(b)(4). Courts have held that this subsection protects (a)
confidential commercial information, the disclosure of which is likely to cause substantial harm to the
competitive position of the person who submitted the information and (b) information that was
voluntarily submitted to the government if it 1s the kind of information that the provider would not
customarily make available to the public. Thus NASA invokes Exemption 4 to protect contractor
proprietary information.

Exemption 6, 5 U.S.C. § 552(b)(6)

Exemption 6 allows withholding of “personnel and medical files and similar files the disclosure of
which would constitute a clearly unwarranted invasion of personal privacy.” See 5 U.S.C. § 552(b)(6).
NASA is invoking Exemption 6 to protect personal signatures.

You have the right to treat this delay as a denial of your request. Under 14 CFR § 1206.700, you may
appeal this denial within 90 calendar days of the date of this letter by writing to:

Administrator
NASA Headquarters
Executive Secretariat

3 All page counts above are provided in approximate numbers.



L All page counts above are provided in approximate numbers.

MS 9R17

300 E Street, SW
Washington, DC 20546
ATTN: FOIA Appeals

The appeal should be marked “Appeal under the Freedom of Information Act” both on the envelope and
the face of the letter. A copy of your initial request must be enclosed along with a copy of the adverse
determination and any other correspondence with the FOIA office. In order to expedite the appellate
process and ensure full consideration of your appeal, your appeal should contain a brief statement of the
reasons you believe this initial decision to be in error.

For further assistance and to discuss any aspect of your request you may contact NASA’s Chief FOIA
Public Liaison at:

Stephanie Fox

Chief FOIA Public Liaison
Freedom of Information Act Office
NASA Headquarters

300 E Street, S.W., 5P32
Washington D.C. 20546

Phone: 202-358-1553

Email: Stephanie. K . Foxi@nasa.gov

Additionally, you may contact the Office of Government Information Services (OGIS) at the National
Archives and Records Administration to inquire about the FOIA mediation services it offers. The contact
information for OGIS is as follows: Office of Government Information Services, National Archives and
Records Administration, 8601 Adelphi Road-OGIS, College Park, Maryland 20740-6001, e-mail at
ogis(@nara.gov; telephone at 202-741-5770; toll free at 1-877-684-6448; or facsimile at 202-741-5769.

Important: Please note that contacting any agency official including the undersigned, NASA’s Chief
FOIA Public Liaison, and/or OGIS is not an alternative to filing an administrative appeal and does not
stop the 90 day appeal clock. If you have further questions, please feel free to contact me at
martha.e.terry(@nasa.gov or 202-358-23309.

In accordance with § 1206.804 (¢), after consultation with the NASA Marshall Space Flight Center
General Counsel Office, I am the official responsible for the denial of your request. If T can be of further
assistance, please feel free to contact me at martha.e.terrvi@nasa. gov or Stephanie Fox at the contact
information provided above.

Sincerely,
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Martha Terry
NASA FOIA Officer
Headquarters, Office of Communications



National Aeronautics and Space Administration

Headquarters
Washington, DC 20546-0001

November 15, 2019

Office of Communications

FOIA: 19-MSFC-F-00098

Thank you for your Freedom of Information Act (FOIA) request dated November 12, 2018, and
received November 13, 2018, at the George C. Marshall Space Center FOIA Office. Your request was
assigned FOIA Case Number 19-MSFC-F-00098 and was for:

A copy of each report produced under each of these Heavy Lift and
Propulsion Technology (HLPT) tradeoffs contracts awarded by NASA
(MSFC)

NNM11AA09C awarded to Boeing

NNM11AAO8C awarded to ATK Launch Systems
NNMI11AAI10C awarded to Lockheed Martin Corporation
NNMI11AAO6C awarded to Analytical Mechanics Associates, Inc.
NNMI11AAO5C awarded to Aerojet-General Corporation.
NNM11AA16C awarded to United Launch Alliance, LLC
NNM11AA07C awarded to Andrews Space Inc.

NNM11AA11C awarded to Northrop Grumman Systems Corp.
NNMI11AA14C awarded to Pratt & Whitney Rocketdyne/ United
Technologies

NNMI11AAI13C awarded to Orbital Sciences Corp.

On October 25, 2019, responsive documents for all companies listed in your request were released to
you. We informed you at that time that the report under contract NNM11AA11C (awarded to Northrop
Grumman) would be released separately. The program office located a total of 79 pages in response to
your request for the Northrop Grumman report. Processing of these pages is now complete. We have
reviewed the responsive records under the FOIA to determine whether they may be accessed under the
FOIA's provisions. Based on that review, this office is providing the following:

64 page(s) are being released in full (RIF);!
14 page(s) are being released in part (RIP);

L All page counts above are provided in approximate numbers.



1 page is withheld in full (WIF).

NASA redacted from the enclosed documents information that fell within the following FOIA
Exemptions explained below.

Exemption 3, 5 U.S.C. § 5352(b)(3)

Exemption 3 concerns matters that are “specifically exempted from disclosure by statute ... provided
that such statute (A) requires that matters be withheld from the public in such a manner as to leave no
discretion on the issue, or (B) establishes particular criteria for withholding or refers to particular types
of matters to be withheld.” See 5 U.S.C. § 552 (b)(3). Pursuant to the Export Administration Act of
1979, in conjunction with the Export Control Act of 2018 (P.1..115-232, Subtitle B, Part ). NASA
withholds export controlled information, including items on the Commerce Control List (15 C.F.R. §
774).

Exemption 4, 5 U.S.C. § 552(b)(4)

Exemption 4 protects trade secrets and commercial or financial information obtained from a person that
is privileged or confidential. See 5 U.S.C. § 552(b)(4). Courts have held that this subsection protects (a)
confidential commercial information, the disclosure of which is likely to cause substantial harm to the
competitive position of the person who submitted the information and (b) information that was
voluntarily submitted to the government if it is the kind of information that the provider would not
customarily make available to the public. Thus NAS A invokes Exemption 4 to protect contractor
proprietary information.

You have the right to treat this delay as a denial of vour request. Under 14 CFR § 1206.700, you may
appeal this denial within 90 calendar days of the date of this letter by writing to:

Administrator

NASA Headquarters
Executive Secretariat
MS 9R17

300 E Street, SW
Washington, DC 20546
ATTN: FOIA Appeals

The appeal should be marked “Appeal under the Freedom of Information Act™ both on the envelope and
the face of the letter. A copy of your initial request must be enclosed along with a copy of the adverse
determination and any other correspondence with the FOIA office. In order to expedite the appellate
process and ensure full consideration of vour appeal, your appeal should contain a brief statement of the
reasons you believe this initial decision to be in error.

For further assistance and to discuss any aspect of your request you may contact NASA’s Chief FOIA
Public Liaison at:

Stephanie Fox
Chief FOIA Public Liaison



Freedom of Information Act Office
NASA Headquarters

300 E Street, S.W., 5P32
Washington D.C. 20546

Phone: 202-358-1553

Email: Stephanie. K. Fox{@nasa.gov

Additionally, you may contact the Office of Government Information Services (OGIS) at the National
Archives and Records Administration to inquire about the FOIA mediation services it offers. The contact
information for OGIS is as follows: Office of Government Information Services, National Archives and
Records Administration, 8601 Adelphi Road-OGIS, College Park, Maryland 20740-6001, e-mail at
ogis{@nara.gov; telephone at 202-741-5770; toll free at 1-877-684-6448; or facsimile at 202-741-5769.

Important: Please note that contacting any agency official including the undersigned, NASA’s Chief
FOIA Public Liaison, and/or OGIS is not an alternative to filing an administrative appeal and does not
stop the 90 day appeal clock. If you have further questions, please feel free to contact me at
martha.e.terryi@nasa.gov or 202-358-2339.

In accordance with § 1206.804 (¢), after consultation with the NASA Marshall Space Flight Center
General Counsel Office, I am the official responsible for the denial of your request. If I can be of further
assistance, please feel free to contact me at martha.e.terrvi@nasa. gov or Stephanie Fox at the contact
information provided above.

Sincerely,

Martha Terry
NASA FOIA Officer

Headquarters, Office of Communications
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SYSTEM ANALYSIS

1 TECHNICAL APPROACH

Alliant Techsystems Inc. (ATK) conducted system analyses and trade studies to objectively trade
appropriate key attributes that support human space flight exploration. ATK followed a systems
analysis approach portrayed in Figure 4 that uses probabilistic analysis to effectively and
objectively allow system architecture trades of key decision attributes/figures of merit/measures
of effectiveness, ground rules and assumptions, and weighting factors. The cyclic nature of this
approach also allows for the process to be repeated as knowledge and insights increase.

The architecture trade space started with an initial assessment of the NASA architectures
summarized in the Heavy Lift Launch Vehicle (HLLV) study provided with the broad agency
announcement (BAA). Upon completion of the first technical interchange meeting (TIM-1) ATK
nartrowed the architecture trade space to the leading candidate architectures and refined the figures
of merit (FOM) based on what was learned through the initial iteration of the trade study and
development of the probabilistic analysis tool. Additionally, an evaluation of potential n-space
mission architectures was performed to identify capability gaps that must be bridged to achieve
manned exploration beyond Earth orbit.
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Figure 4. System Optimization Tool and Trade Study Approach
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PROBABILISTIC ASSESSMENT TOOL
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4 PROBABILISTIC ASSESSMENT OF HEAVY LIFT LAUNCH VEHICLE

4.1 Heavy Lift Launch Vehicle Charactriic Architectures

1 ———————————————————————————————————
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The results of the IOC FOM as prepared for TIM-1 are listed in Table 11. For TIM-2, no update
was performed on the analysis. The data for the three down selected architectures remained
unchanged.

(b) (4)

424 Cost

Three FOM were established to assess affordability for this study. These were the Funding Profile
FOM, Life Cycle Cost FOM, and the DDT&E FOM

4.241 Funding Profile

42411 Funding Profile FOM rationale

The Funding Profile FOM was initially established with a weighting of 15% based on the desire
to meet an affordable funding profile. The concern here is to not have an architecture that requires
more funds in a given annual budget cycle than can be expected.

424 1.2 Analysis Description

The FOM was designed to capture the impact aggressive schedules for the IOC FOM might have
on the year to year funding availability. IOC was calculated without regards to the availability of
funds in any given year; therefore a given architecture could theoretically have an early IOC but
require substantially more funds than are available during its compressed development timeline.

The available funding profile was calculated by taking the Human Exploration Framework Team
(HEFT) projected budget bogeys and their Design Reference Mission 4 Heavy Lift Launch Vehicle
yearly allocation, adjusted with a knockdown factor based on the projected available budget (ie if
HLLV had $500 allocated in 2015, while all of HEFT had $1,000 and there was only $800
available, the overage was allocated equally such that the HLLV line was adjusted down with a
20% knockdown factor to $400). The assumed available funding profile is shown in Table 12
below (values in millions). Note these values are in line with or substantially less than the amounts
authorized in the National Aeronautics and Space Administration Authorization Act of 2010 for
the first 3 years covered by the act.

Table 12. Available Funding Profile (assumed
Year 2012 2014 2015 2016

2017 2018 2019 2020

Funding

21
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Next a crude funding required table was built for each architecture based on evenly distributing
the DDT&E cost over the time from ATP (assumed to be the start of FY12) to the IOC date for
cach architecture. This was intended to be a crude approach for the TIM-1 analysis, with the idea
of coming back during TIM-2 to build more realistic time-phased cost models. However, the
results from this crude approach (shown in Table 13 below) revealed that only the architecture
with the shortest development schedule (shuttle derived w/ no upper stage) managed to trip the
funding profile, however this overage occurs after the IOC date and is therefore not relevant. Based
on these results, it was determined that our cost models were far enough below NASA’s estimates
that the funding profile was not likely to be tripped even with more accurate time-phased cost
models. In order to make the funding profile FOM a useful discriminator between architectures,
we would have needed to come up with a new, lower assumed funding profile. Instead, we chose
to eliminate this FOM and reallocate its overall weight as discussed in the FOM weighting Section
43.

(©) (4)

4.2.4.2 Life-Cycle Cost

42421 Life Cycle Cost FOM rationale.

In the HLPT BAA request, NASA identified low DDT&E and Life Cycle Costs as parameters of
primary importance. The Life Cycle FOM was established with weighting of 15% based on the
desire to meet a total life cycle cost.

42422 Life Cycle Cost Analysis Description

All costs were determined through research of current and historical programs, open source data
and engineering estimates. Two different business practice models were assumed: a government
and commercial model. The primary difference between the two business models are in the area
of government oversight which also contribute to the staffing levels required by the contractor.
Since the tool used in this study is based on a probabilistic assessment, cost variation inputs were
based on the fidelity of the costs source data, the vehicle complexity and the known demonstrated

22
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performance of the various vehicle elements. All vehicles were given a -10% variation on the low
side since under running a complex technical development program has been shown to be
optimistic. The variation on the high side (Overrun) differed with each vehicle concept. Appendix
B.2.2 contains the detailed costs assumed for each of the vehicle elements for both DDT&E and
recurring costs and the source of the data.

The life cycle for the launch vehicle portion of this study was assumed to be the DDT&E and
flights required to place 800 metric tons of payload in a 30 X130 nm LEQO. The data was gathered
in two areas; 1* for the DDT&E phase of the vehicle design and 2" the projected recurring costs
times the number of flight required to place the required amount of payload into orbit.

4.2.4.3 Design, Development, Test and Evaluation Cost

42431 DDT&E FOM rationale.

The Life Cycle FOM was established with weighting of 15% based on the desire to meet a DDT&E
cost target. This FOM is one of three FOM established to assess affordability for this study.

4.2.43.2 DDT&E Analysis Description

All costs were determined through research of current and historical programs, open source data
and engineering estimates. Two different business practice models were assumed: a government
and commercial model. The primary difference between the two business models are in the area
of government oversight which also contribute to the staffing levels required by the contractor.
Since the tool used in this study is based on a probabilistic assessment, cost variation inputs were
based on the fidelity of the costs source data, the vehicle complexity and the known demonstrated
performance of the various vehicle elements. All vehicles were given a -10% variation on the low
side since under running a complex technical development program has been shown to be
optimistic. The variation on the high side (Overrun) differed with each vehicle concept. Appendix
B.2.2 contains the detailed costs assumed for each of the vehicle elements for both DDT&E and
recurring costs and the source of the data.

The DDT&E cost target is for the development of the vehicle to includes full development and
resulting in the first flight of the resulting vehicle. The target level for this FOM was $11.5B for
this effort.

4244 Life Cycle cost and DDT&E FOM Results

The initial results of both the Life Cycle Cost FOM and the DDT&E FOM are shown below in
Table 14 and Table 15

() (4)
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Table 16 and Table 17 summarize the results of the study for the architectures down selected for
TIM-2. The cost assessment results indicate that the three remaining architectures all meet the
DDT&E requirement of being equal to or less than $11.5B. On a life cycle cost the SDLV scored
the best.

Table 16. Final Commercial Cost Model Results (TIM-2)
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Table 17. Final Government C ost Model Results (TIM-2)

(b) (4)
(b) (3)
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5 READINESS LEVEL ASSESSMENT SUMMARY

5.1 In-space architectures

The entirety of the in-space propulsion related architectures are currently at very low readiness
levels. All of these technologies have been discussed at length in academic papers and theoretical
research. Some have been previously tested, including nuclear thermal Rockets, but do not have a
current use or industry base to draw from. Especially in the case of nuclear thermal rockets, there
may even be significant restrictions on the development and testing of these technologies.

Other technology gaps, related to propulsion, are the need for reliable automated rendezvous and
docking, advanced propulsion in-space cryo-cooling and zero gravity fluid transfer. NTR and
LOX/LH2 propulsion require large amounts of LHz to be stored in the hostile environment of space.
LLH, must be kept pressurized and at a temperature of -252.87°C (-423.17°F). Hydrogen boil off'is
a common occurrence due to heat leaks and it is estimated that a hydrogen loss of 0.5 to 1.0% per
month would not be uncommon. The technology for cooling of large amounts of propellant for a
period of over two years needs to be established and qualified. Some additional information can
be found in Appendix A.

Heavy lift launch capability is an enabling technology for providing opportunities to develop and
test other technologies in a real space environment. Technology development misgsions also serve
to exercise and mature the heavy lift launch system in preparation for manned missions beyond
Earth orbit.

(©) (3)
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7  CONCLUSIONS & RECOMMENDATIONS

This study shows that the probabilistic analysis tool can be instrumental in guiding decision
processes, and can provide NASA with additional insight into the uncertainties and risk associated
with varying trade space options, ground rules and assumptions.

A Space Shuttle derived architecture utilizing heritage hardware and infrastructure is consistently
identified as the most cost effective solution with the least schedule uncertainty. Opportunities
exist for significant reduction in heritage Space Shuttle program costs through reduced material
costs, process optimization, design-for-cost modifications, controlled government-contractor
interactions and utilization of right-sized facilities. Additionally, Space Shuttle derived
architectures provide the optimum use of solid and liquid propulsion to minimize launch delays,
maximize workforce retention, and provides a clear path for evolvability from 70mT to 130+mT
payload capabilities.

When evaluating reliability, the SDLV were competitive with the other architectures. The small
gains in reliability that may be achievable through non-heritage technology come with
considerable cost investment and schedule risk. The maturity growth of new systems significantly
impacts the probability of success for large, multiple launch, missions such as manned exploration
of Mars. This risk can be bought down through additional, and smaller, pre-cursor missions. These
precursor missions could include demonstrations of on-orbit assemblies or destinations such as the
International Space Station, Moon or near Earth objects.

Space Shuttle derived architecture can be operational by 2016 and stay within the projected budget
constraints. ATK encourages NASA to verify this study, and others like it, by challenging the
assumptions and techniques used. Finally, ATK recommends that NASA proceed with
development of a Space Shuttle derived heavy lift launch vehicle leveraging existing contracts to
the maximum extent possible; targeting operational capability in 2016.
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Executive Summary

NASA has a mandate for human exploration beyond Earth’s orbit. In the last four decades, NASA’s
two biggest obstacles to achieving its mandate have been obtaining adequate funding and capturing the
public imagination with its human exploration missions. Aerojet’s approach to this study was to focus,
not on expanding the limits of current technology, but rather on developing a sustainable and affordable
architecture that would capture the public’s interest and that would be within the financial reach of
NASA’s expected budgets. To accomplish this, Aerojet developed several core tenets of affordable and
sustainable beyond LEO space transportation architectures.

Tenet #1 — The architecture must support early (this decade) missions of public interest and
must continue regularly scheduled missions that engage the public. Aerojet chose a series of
exploration missions beginning with a crewed long duration lunar orbit mission in 2018 and then
increasing in challenge and public interest up to a Mars surface landing in 2033. In addition, each
exploration campaign involves significant milestone launches and mission events occurring at a regular
tempo from the initial launch up to and including the human exploration phase. The Mars surface
campaign begins in 2025 with the first cargo launches occurring while the human Phobos exploration
campaign is still underway. The Mars surface campaign lasts until 2036 when the crew returns from their
500+ day stay exploring the Martian surface.

Human

Destination Arrival Year
mier
;;15[% ﬁooa EV5) _—
Phobos Surface 2025
Mars Surface 2033

Tenet #2 — The in-space architecture must be flexible and each element must support multiple
missions. NASA cannot afford to develop unique elements for each mission. The elements must be
linked to the selected missions and demonstrated with an incremental approach to permit the step-wise
development of multipurpose architectural elements. Qur architecture maximizes the use of common
elements such as the 70 mT launch vehicle, the commeon cryogenic in-space propulsion stage, the 150kW
SEP Module, and the Space habitat to keep the major engine, stage, and habitat production lines active
with continuing production to support a series of missions using the same common elements. This also
avoids having years with no production, and the associated sustaining engineering costs of keeping the
production lines available.
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Tenet #3 — The driving cost of missions is the cost of placing payloads in Low Earth Orbit
{LEQ). The architecture must reduce the mass required in 1.EO through the use of near term technology.
Prepositioning carge at the destinalion enables most of the mission elements to be transported to the
destination using mass-efficient space electric propulsion (SEP). This greatly reduces the mass required
in LEO. As aslower method of payload delivery, SEP also has the benefit of spreading mission
milestones and spending cver a longer time base, rather than requiring a large salvo of launches all in one
year. Propellant logistics at the destination can also be used to reducs the mass required in LEO. The
propellant for crew return fram Mars to Earth can be prepositioned using mass-efficient SEP tugs, and
verified ready before the crew departs Earth. The use of in-situ manufactured propellants for Mars ascent
is also important for saving the mass of Mars ascent propeilant detivered from Earth. Finally, for truly
robust crew transportation infrastructure beyond 2033, capable of providing crewed missions to Mars at
every launch opportunity, the fuel efficiency provided by nuclear thermal rockets 1s indispensible.

Tenet #4 — Because the driving cost of missions is the cost of placing payloads in LEQ, the
launch architecture must also minimize infrastructure costs by making maximum use of
commonality with other launch systems and with the in-space systems. Aerojet also found that with
SEP cargo delivery to the destinations, a 70 mT launch vehicle is capable of meeting all the mission
requirements up to the Mars surface campaign, The 70 mT vchicle size also allows hardware
commonality with other users such as launch vehicle engines, in space engines, and stage hardware
shared by Air Force and commercial users. This distributes the fixed costs of production among users
outside the NASA budget and lowers recurring costs for all users. The use of multiple, modular launch
vehicles also increases the production rate of each launch vehicle element enabling lower costs and
competition during production,

Another key feature of the commonality in the architecture is the separation of the earth departure
stage fram the launch vehicle stage. This separation allows a smaller upper stage engine on Lhe launch
vehicles and also allows the tailoring of the earth departure stage to the payload size in Earth orbit,

Commanality is increased through the separation of crew and cargo. This separation allows a smatler
launch vehicle for the crew and allows the larger cargo vehicle to avoid the extra expense of man-rating,

Using thesc tenets, Acrojet developed an architecture that meets our goal of fitting within NASA’s
Exploration budget while providing regular exciting missions. Figure 1 provides a summary of the mass-
produced hardware elements, and how they are shared with other users. The recommended engines are
summarized in Figure 2. and explained in detail in Section 6. Other architecture elements are common 1o
multiple missions, but their production rates are not very high. Steady, medium-raie production of the
engines and vehicles for the exploration architecture and other users will ensure hardware reliability and
work force stability.
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Figure 1. Exploration Architecture Hardware Commonality

In-Space
70T Cryo Stage

Block 0 Vehicle Block 1 Vehicle
Crew 70T Cargo
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Figure 2. Exploration Architecture Engines

AerojetEngines Discussed in H_LPT Report

Engine Name AJ26-500 NGE MarsAscent | SEP150kW | NTR AJ-1M
Engine Module
Propeliants LOX/RP LOX/LH2 LOX/ Kror Xe LH2; LOX/RP
Methane (U, ZrC in
Graphite
Composite
Cycle Ox-Rich Augmented Augmented Hall Thruster | Expander Ox-Rich
Staged Expander Expander Staged
Combustion Combusfion
Thrust 500,000 Ibf 35,000 Ibt 35,000 Ibf 1.35Ibf 20,000 Ibf 1,000,000 Ibf
(SL) (Vac) (Vac) (Vac) {(Vac) (S1)
Specific Impulse | 332 sec 467 sec 375sec 3,000 sec 913 sec 331 sec
(vac)
Mixture Ratio 27 588 35 0 0 27
Chamber 2,280 psi 1,800 psi 1,800 psi NIA 1,000 psi 2,280 psi
Pressure (2,700 K)
Area Ratio 27 288 288 N/A 300 27
Dry Mass 4,465 Ibm 655 Ibm 8351bm 300 tbm 5,700 Ibm 9,800 Ibm
Throtiling Range | 50%to 108% T0%to 100% Non-throitling | 10%1o 150% | Non-hrotiling | 50%1o 100%
Exit Diameter 6%in 51in 60in 40in 58in 89in (150 in
overall dia.)
Length 170in 10010 105in 24in 208In 174in

The architecture is sustainable over the long haul. Launches are scheduled in almost every calendar

year, and at least one human exploration campaign is always in progress. Figure 3 shows a summary
schedule for the overall architecture. A fleet of space electric propulsion (SEP) tugs will be built to ferry
vehicles and supplies to Mars and back. Each tug is capable of three round trips to Mars in its 15 year
design life. Crew transportation to Mars will be done initially with cryogenic propulsion for the Phobos
mission, and later with nuclear thermal rockets that will be capable of mounting a crew mission to Mars
with as few as three launch vehicles, and will be positioned to continue crewed Mars exploration on two-
year centers after the first Mars surface mission in 2033.

This architecture also meets NASA buodget profile as shown in Figure 4. Average spending from
2012 through the Mars surface campaign in 2033 is $2.7b in constant 2010 dollars, inclusive of all launch
vehicle and in-space hardware development. Peak spending is $5.1b in 2022, which can be leveled by
early procurement of launch vehicle and in-space hardware.
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Figure 3. Exploration Architecture Schedule

Figure 4. Budget Profile
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In this report, we have described a plan and architecture that meets the ultimate destination goal of
putting humans on the surface of Mars. We have shown that this can be done with a 70 mT launch
vehicle. We have shown that we can do it withimn the time and budgetary constraints, inchuding even more
severe assumptions than what the NASA HEFT tcam assumed.

How is it that we were able to do this? We did it the way that Werner von Braun and Ernst Stuhlinger
said it should be done. Von Braun was famousty quoted as saying “I would not be at all surprised if we
did not fly to Mars eiectrically.” And he dispatched Stuhlinger 10 go off and explore the potential of
electric propulsion — which resulted in his classic book oa ion propulsion. The Von Braun team was also
heavily involved in the planning and motivation for the NERVA program to develop the nuclear thermal
rockel. ‘They knew that these technologies were critical to any exploration program that proposed 1o take
humans further into the solar system.

In doing this we paid attention to three fundamental subjects: Physics, Economics, and History.

The physics of transporting large amounts of material to destinations far beyond low earth orbit drove
us to consider highly efficient forms of in-space transportation such as SEP and NTR. We took
maximum advantage of these in our archijecture. This is necessary te limit the amount of propetlant
required to accomplish these transfers, which becomes the predominant driver of the Initial Mass in LEO
(IMLEO} and therefore the cost of executing the missions.

The economics of preducing hardware in sufficient quantities to achicve an affordable unit cost is
what drove our approach of commonality (including looking beyond just NASA to DoD> and commercial
users). 1t is also what made us select a launch lempo and production rate that kept the workforce
productively employed and not reliant on large periods of sustaining engineering,.

And finally history showed us that the right path is an evelving one. Just as Apollo did not start with
Saturn V launches 1o the moon, but rather with a Mercury / Redstone launch inte a suborbital trajectory,
lollowed by subsequently more capable Mercury / Atlas flights and then by a whole series of Gemini /
Titan flights — each one proving critical elements and steps along the path to the moon. This was our
motivation for our evolving path to Mars. Each ong of the missions in our manifest proves another
element or critical aspect before we attempt the next more ambitious mission.

We at Acrojet are grateful for the opportunity to share our thoughts with NASA, and we look forward
to continued collaboration with NASA as we implemen this exciting vision of human exploration beyond
low earth orbit.
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Section 1.0—Intreduction

The overall objective of this study is to identify an affordable and sustainable architecture, iachuding
ail lavnch and in-space elements, for human exploration beyond Low Earth Orbit {LEQ}, including high
Earth orbits, cis-lunar space, Near-Earth Objects, the Martian moons, and ultimately the surfzce of Mars.
A key to the study is an understanding of how the in-space elements direclly tmpact the launch
reqguirements: use of innovative but practical in-space power and propulsion systems dramatically reduce
the launch vehicle requirements, resulting in an affordable and sustainable human exploration campaign.
This report summarizes the assessmenit of the Concept of Operations (CONOPS) considered by Acrojet,
including architecture element data, in-space transportation opticns, trade evaluations, and resuits which
demaonstrate that the human deep-space exploration can be reafisticallv accomplished within the current
NASA exploration budeet by properly investing in the architecture elements.

All exploration architecture assessments mast start by selecting the target destinations and
establishing the delivered mass requirements to complete the planned missions. Once the required
delivered mass is gstablished, the transportation architectures are {raded to identify the most affordable
and suslairable delivery approach which accomplishes the mission objective. The transportation trades
arc performed by selecting propulsion options, establishing mass models for the transportation vehicics,
and using appropriate mission analysis and trajectory codes 1o gstablish vehicle requirements for each
option. 1t is critical to remember that the AV for a piven mission depends on the selected transportation
architecture, departure dates, and other constraints (gravity losses, orbital alignment, trip times, etc). The
result of this effort is a table of launch mass and date requirements and trip thnes between the Earth
departure orbit and the destination. These resulis represent the delivery requirements for the launch
vehicle trade study: how much do you need to launch and when do you need to launch it? The results of
the overall architecture trades are then evaluated against the affordability and sustainability requirements
described above. It is critical to note that all costs must be included in this evaluation: technology
development, vehicle design, development and build, all launch and ground operations costs (including all
required demonstration missions), and the costs of the cxploration missions themselves. The fact that
many required capabilities and vehicles do not yet exist drives a phased approach to human deep-space
exploration: it is critical that the early missions demonstrate the capabilities required by later missions.

1.1 The von Braan Paradigm

In 1994 the phrase “von Braun paradigm™ was coined to describe the early approaches laid oul by
Dr. Werner von Braun for human space exploration that has been largely followed by NASA until present
day. This approach is as follows:

* Build a Space Shuttle to enable Toutine space access

¢ Build a Space Station to Jearn how to work in space for long durations and to stage future
missions

» Build a lunar outpost to learn how to work off-world and to stage large missions beyond Earth
orbit

¢ Explore Mars

This approach, while not intended to be sirict or exactly linear, was leap-frogged by ihe Apollo
program. In the years after ApoHo, NASA went on 1o develop the Space Shuitle and International Space
Station (15%) both of which were disconnected from either Moon or Mars exploration, but which have
served to establish capabilities for in-space assembly of large structures and long-term human space
habitation. Among the issues plaguing the Space Shuttle and 1SS programs are the lack of gains in
propulsion beyond pure chemical approaches, the combination of crew and cargo missions, and the
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enormous ground infrastructure required to support vehicles that are not used by any organizations other
than NASA. Only recently, with the advent of the European ATV and Japanese HTV, has NASA started
launching crew and cargo separately to take advantage of the lower cost of unmanned launchers. While
many studies have considered mission to the Moon and Mars, this work primarily relied on the most
recent ESAS' and DRA 5.0 reports from NASA. The work presented herein represents a reevaluation of
the von Braun paradigm using new propulsion technologies and separate crew and cargo approaches to
establish an affordable and sustainable human exploration campaign.

1.2 Apollo Reference

The Apollo mission to the moon provides an excellent reference for capabilities and a maturation plan
as shown in Table 1-1. This section documents some of the basic aspects of the Apollo space architecture
for later comparison.

Table 1-1, Apollo Reference Mefrics

Architecture | MLEO, mT Function

Apollo CM 5.8 Crew habitat for up to 6d

Apollo SM 24.5 Lunar capture and Earth Return (AJ10-137 NTO/Aerozine 50 @ 271s Isp)
Apollo LM 14.7 Lunar descent/ascent/surface habitat for 3 day stay

S-IvVB 120 Earth departure (J-2 LOX/LH2 @ 421s Isp)

It is important to note that Apolio did not start with a Moon landing — they developed and
demonstrated increased capabilities in a series of increasingly difficult missions, starting with. This did
not stop after Apollo 11, but rather continued with the introduction of improved engines and other
capabilities providing ever greater capability, culminating in a 3-day, multi-excursion stay on the lunar
surface with Apollo 17.

1.3 Study Design Approach

Time constraints dictated that our study evaluate the launch and in-space architectures in parallel,
following the core tenets of our study described above: using the in-space architecture to drive toward
smaller launch vehicles, which in turn enables launch vehicle element commonality across NASA, DoD,
and commercial markets to dramatically reduce the overall cost of exploration. For each architecture
considered, we carefully matched the boundary conditions for the launch vehicle and in-space elements.
The design and analysis approach for the space architecture and exploration campaign are as follows:

1. Design the Architecture
a. Define the candidate destinations and delivered mass requirements
b. Define the propulsive mission phases (from launch to Earth return)
c. Estimate the AV requirements for each mission phase and destination

d. Define the architecture trade space
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2. Analyze the Architecture
a. Optimize propulsion options for each mission phase
b. Perform sensitivity analysis for cach mission
c. Estimate the maximum condition of each architecture element
3. Design the Exploration Campaign
a. Define the campaign objectives
b. Design each mission
i. Define the mission objectives
ii. Define the concept of operations
iii. Estimate the manifest
iv. Estimate the mission timeline
v. Estimate the mission cost
c. Estimate the campaign timeline
d. Eslimale time-phased exploration campaign cost

The following sections review the detailed approach and results for each of these sections, beginning
with the launch vehicle.
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Section 2.0—Launch Vehicle Architecture Design
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Section 7.0—Costing Analysis

7.1 Costing Approach

One of the major objectives of this study was to perform a life cycle cost analysis on the selected
exploration architecture. The study divided the architecture costs into categories, including propulsion,
launch vehicles, in-space elements, ground operations, mission operations, and NASA program
management. Each category was investigated in detail, based on the assumed exploration destinations,
mission plans, and required launch manifests as defined elsewhere in this report. Constant 2010 dollars
were used throughout the study. The study cost categories are addressed separately in the following
sections.

7.2 Launch Vehicle Costing

The two main drivers for the launch vehicle costs were the booster and upper stage engines, and the
launch vehicles themselves. Ground operations were a third significant cost element on the launch
vehicle side. The derivation of cost estimates for these categories is described in the following sections.

7.2.1 Engine Cost Model

. Aerojet provided an engine.development and recurring cost model to NASA and the other study
participants at the beginning of the present study. We used our own model for estimating the engine costs
of the selected architecture, including booster engines, upper stage engines, and the in-space engines for
applications including cryo stages and Mars descent and ascent vehicles. Our costs for the nuclear
thermal rocket program were developed using a different model, which was created based on work from a
concurrent proposal to NASA. The resulting engine life cycle costs are shown in Figure 7-1.

Figure 7-1.  Main Engine Life Cycle Cost Summary

Main Engine Life Cycle Cost Summary

Costs Included

From Start of i o 4

Engine { =

Development i

Through 2033 or ] | ol

End of Program A e / A
1 | i
| IR

Engine AJ26+ NGE Mars Ascent SEP 150kW NTR Ad-1M
Engine modules (HCT, {Optional)*
PPU,XFC)
Life Cycie Cost $5.580m $1.749m $510m $540M $1,765m $3.341m

In the Aerojet engine cost model, a production rate of 10 units per year was assumed sufficient to
meet the minimum recurring cost for a given engine. Based on the required launch manifest, this
production rate was met for both the AJ26-500 booster engine and the NGE upper stage and in-space
engine. The life cycle costs in Figure 7-1 do not reflect additional production of these engines required to
meet requirements of other users. For example, the AJ26-500 engine also serves the Taurus IT program
and potentially the EELV program. The NGE also serves the EELV program with projected demand of 9
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engines per year. In fact, production levels significantly above 10 units per year would result in
additional decreases in the engine unit cost, but this decrease was not reflected in the engine cost model.

The non-recurring cost for the NGE was assumed to be paid by the US Air Force for their EELV
upper stage engine requirement. This is a longstanding program requirement that must be filled for the
national interest, whether an exploration program uses the engine or not. We assumed a thrust level for
the NGE that is compatible with the Air Force customer requirements, even though a somewhat higher
thrust level would be better for the exploration architecture from a purely technical standpoint.

The launch manifest included several years with no launches. This did not result in interruptions to
the engine production lines for AJ26-500 and NGE. The production lines were slightly front loaded with
higher production rates in the early years to meet the overlapping NEQ and Phobos campaigns, then
reduced to lower levels that were still above 10 units per year through 2033. As a result, we found that
there were no sustaining engineering costs associated with maintaining these engine production lines in
years with no production — thus illustrating one advantage of a modular, hardware rich launch vehicle
architecture,

The AJ-1M one million pound thrust engine was costed on the basis of its use in the Block IT 100 mT
and Block ITF 130 mT class faunch vehicles. The number of engines required was calculated based on a
revised flight manifest that used fewer launches to put essentially the same set of payloads inte the
reference LEQ. The average production rate was just below the 10 unit benchmark for minimum unit
cost. However, in this scenario, development of the AJ26-500 engine was still required to meet the
requirement for a 2017 demonstration flight. The AJ26-500 was also used for crew launches in the Block
0 launch vehicle through the Mars surface campaign in 2033. This approach had the advantage that the
AJ-1M was never required to be a man-rated engine. The drawback was that the AJ26-500 became a low
rate production engine, with average production of about three units per year, and resulting unit cost
increased. -

The other engines in Figure 7-1 also had lower production rates. The SEP 150 kW module was built
for the SEP tugs, which were reuseable with a 15 year service life. Therefore, we assumed this line would
be shut down after the launch of the last reuseable tug. Small sustaining costs were included to keep the
line open during vears of no production between the initial 300 kW tug production, and the later 600 kW
tug production. The Mars lander engine was included in the production totals for the NGE, since the
lander engine was an NGE modified for 2:1 throttling. The Mars ascent engines assumed vety low
production, since the architecture only included one NTR vehicle and one Mars ascent vehicle, We
deferred sustaining engineering costs for these engines, since the definition of exploration activity beyond
the first Mars surface landing was outside the scope of the study. In a robust exploration program enabled
by the approaches described in this study, it would be anticipated that additional NTR and Mars ascent
engines would be built on 2-year or 4-year centers, resulting in production and sustaining engineering
costs for both lines in later years.

7.2.2 Launch Vehicle Cost Model

For launch vehicle cost modeling, Aerojet worked with Ares Corporation to take advantage of their
experience with the Launch Vehicle Cost Model (LVCM) tool. LVCM was used by the Air Force to
estimate the costs for the Evolved Expendable Launch Vehicle (EELV), and later updated by the National
Intelligence Center (around 1998). Recently, LVCM was updated and used, along with other cost
models, by NASA to estimate the cost of the Constellation Program. LVCM uses Cost Estimating
Relationships (CERs) based on actual costs from the Atlas IIAS, Delta II, Titan IV, Minuteman,
Peacekeeper, Space Shuttle, and IUS programs. The CERs in the LVCM use parameters that are known to
drive costs, e.g., thrust for engines, bit-rate for telemetry, and loads for siructural elements. Recurring
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CERs in the model estimate a first unit cost that includes direct labor, material, other direct costs,
overhead, general and administrative (G&A), fee, and commission. The non-recurring CERs use the first
unit cost and the number of development units. Three development were assumed for the present study.
A learning curve of 85% was also added for similar elements within a single launch vehicle such that
multiple tanks and boosters within a Vehicle Block would benefit from the “rate-effect.” Aerojet used an
internal model for engine costs, as described above, rather than the LVCM results.

For conservatism, the LVCM first unit cost for launch vehicle elements was applied for all vehicles
produced throughout the exploration architecture. No credit was taken for economy of scale at higher
production rates of multiple launch vehicles per year. The learning curve of 85% was only applied within
a single launch vehicle; for example, the Block I launch vehicle with five nearly identical liquid booster
cores benefitted from this. On the other hand, the LVCM derives avionics costs from data rate as the key
requirement driver. Since we did not specify data rate for the LV at the time of the study, the model
defaulted to the lowest value and produced fairly low avionics costs.

Other groundrules and assumptions for launch vehicle costing included a development timeframe of
5-6 years, and a production cycle length of three years for stages and two years for engines. Sustaining
engineering labor costs of 40% of production cost were applied in years with no launch vehicle
production. However, this only added a total of $155m to the program for the years 2028-2030 leading
up to the Mars surface campaign. LVCM included the cost of spares at the stage level. One unassigned
or “white-tail” Block I launch vehicle was also added to the program cost to allow for prompt recovery
and relaunch in case of a failure.

The results of the launch vehicle cost analysis are shown in Table 7-1. Launch vehicle spending over
the duration of the exploration architecture is shown in Figure 7-2..

Table 7-1. Launch Vehicle Cost Model Results

LV Eiement | Recurring Cost of | Recurring Cost of

Block [ Cargo LV Block 0 Crew LV
(70 mT) ' (25 mT)

LRB Module 912.3 320.9 196.2
LV Stage 1 102.5 174 ) 176
Upper Stage 1293 90.2

LV Other 240.2 88.6 194
Total 1384.3 526.1 233.2
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Figure 7-2. Projected Launch Vehicie Spending 2012-2033
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14000
g
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3 g0 # Blockd Launch Vehicle
[}
: ¥ Launch Vehicle NRE
5000  prigin

Year
Launch | BlockOlaunch | Block]launch Launch Vehicle
| CostPlement | Engine |VehicleNRE | Vehide | Vehicle |SustainingEngineering| TotalPerYear |

2012 150.0 125.0 275.0
2013 200.0 175.0 375.0
2014 658.6 125.0 54.0 0.0 837.6
2015 558.6 100.0 161.9 0.0 820.5
2016 435.9 75.0 215.9 112.2 838.9
2017 4359 34,0 215.9 2244 910.1
2018 435.9 215.9 785.4 1437.1
2019 435.9 1619 673.2 12710
2020 -435.9 215.9 897.6 1549.3
2021 435.9 161.9 673.2 12710
2022 435.5 215.9 1122.0 1773.7
2023 4359 107.9 1234.2 1778.0
2024 435.9 54.0 897.6 1387.4
2025 326.9 54,0 673.2 1054.1
2026 2860 54.0 224.4 564.4
2027 245.2 54.0 224.4 523.5
2028 245.2 0.0 0.0 111.3 356.5
2029 245.2 0.0 2244 21.6 491,2
2030 245.2 0.0 448.8 2.6 715.6
2031 245.2 54.0 5610 860.1
2032 54.0 336.6 390.6
2033 54.0 112.2 166.2

Cost Element Total, $8 | 7329.0 634.0 2104.7 9424.8 154.5 19647.0
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7.2.3 Lauanch Operations Cost Model

Aerojet’s approach for the ground operations cost estimate was to perform analysis by similarity to an
operationally successful commercial program using similar types of hardware. Sea Launch performed 30
Jaunches of commercial satellites between 1999 and 2009. Although price competition with subsidized
competitors led to their eventual bankruptcy, from an operational standpoint the Sea Launch program was
a success. Owing to the bankruptcy, some financial data about the venture reached the public domain.
Sea Launch sold 30 launches at market rates averaging approximately $65m per launch, for total revenue
of $1,95b. Their total accumulated debt at bankruptcy was $2.02b, for total program expenses of revenue
plus debt of $3.97b. In July 2010, Sea Launch’s Kjell Karlsen stated publicly that the reorganized
company can operate profitably on two launches per year, and that their operating costs are $2m per
month. Given the current market pricing of commercial launches at $100m, this implies that a total
revenue of $200m will cover $24m of operating costs plus two complete launch vehicles at $86m apiece.
Projecting these vehicle and operating costs backwards over the 30 launches in 10 years, we obfain a total
cost of $2.84b for vehicles and operations. The balance of total program cost, $3.97b minus $2.84b or
$930m, represents the approximate non-recurring cost to establish the program. The estimated Sea
Launch costs were then scaled for vehicle size and complexity as shown in Table 7-2 to estimate the costs
for an analogous approach for the Block 0/Block I launch vehicles.

Table 7-2. Ground Operations Cost Estimate Breakdown

Assumed Lv Complexity Estimated
Cost Element ($m) Sea Launch | Sea Launch Scope Size £ aI;t s Block 0/Block | LV

Cost Factor Cost
Development/NRE Costs
Launch Control Center 233 Command Ship ] 2.0 _ 466
Launch Platform 03 Converted Drilling N/A
Acquisition Platform
Launch Vehicle Design 03 Upper Stage Mods, 20 20 372
Adaptation Fairing, Adapter
Ground Facilities 233 Port, Processing 6.0 1398
Development Facility ;
Launch Platform Automation, Fueling 6.0 1668
Moadification and 278 Equipment,
Installation Propellant Supply
Total NonRecurring 930 3904
Recurring Costs
Annual Operations o4 Two launches per 5.0 2.0 240

year

The cost exercise we performed assumed that launch vehicle operations development, planning, and
execution would be conducted on a commercial basis by one of the major US prime contractors, much as
Boeing handled the development of the Sea Launch facilities. The level of insight and oversight
exercised by NASA was assumed to be less than was done for the shuttle and other past programs. The
resulting annual operations cost of $240m is approximately 50% of the expected operations cost to
maintain a shuttle derived architecture. This is a reasonable result in terms of the number of facilities
supported. The shuttle derived architecture uses two full service pads, the VAB, several mobile service
platforms, and the command center. The architecture of this study uses only one pad, converted to a clean
pad with no payload access capability, a minimum size launch vehicle integration facility, the command
center, and retires the remaining shuttle program assets.
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7.2.4 Alternative Launch Vehicle Architecture With 130 mT Payload Capability

Aegrojet studied an alternative launch vehicle architecture using the Block T 100 m'T and Block [11
130 mT launch vehicle designs described earlier in this report. These vehicles used an 8.3 meter diameter
core stage, with the 0.8 m diameter hydrogen upper stage identical to the version used on the Block T
launch vehicle, The Block [1I differed from the Block LI only by the addition of two liquid rocket baaster
stages based on the common booster module of the Block 0/Block I launch vehicles.

The Block I/Block 111 launch vehicle architecture required the development of a one million pound
class booster engine, the AJ-1M, described in detail above. This was required to reduce the total number
of engines per vehicle back to quantities comparable to the Block [ launch vehicle for equivalent engine
reliability. Additionally, development of the Block 11/Block I1I did not obviate the need to develop the
Block 0 launch vehicle with its AJ26-500 engine. Both the separation of crew from cargo philosophy and
the need fer a 2017 initial launch capability required the development of the Block 0 Iaunch vehicle, even
though the Block 1 was never developed or used in the alternative architecture. This resuited ina
requirement for two sets of Taunch pad and ground processing infrastructure, since the Block 0 and Block
TI/ITY vehicles were not geometrically similar and could not use the same launch pad and ground
processing infrastructure.

A cost comparison was performed by allocating the required manifest of in-space elements to Block
1i/Block III launch vehicles instead of the 70 mT Block I vehicle. Mission elemenis were combined to
take maximum advantage of the 100 mT and 130 mT vchicles. The 100 mT vehicle was used when
possible 1o climinate the cost of the strap-on liquid boosters for those launches. Table 7-3 shows the
comparison of the two alternative launch manifests. The total number of launches required was reduced
from 41 to 26 by the use of the larger launch vehicles.

Table 7-3. Comparative Launch Manifests for 70 mT and 130 mT LVs

Year  [Basetine iapnch Lampslen 4Altemative Lsunch {ampaigr
2611 | Block OLY | Sleckiiy Black 0LV | Blogk i Ly | Bloge N LV
2012
2013
2014
2015
2018 1 1
2017 2 2
018 1 1
2019 1 1 1
2020 2 3 1 2
2021
2022 2 3 1 1
2023 i 3 1 1 1
2024 1 4 1 Z
2025 4 2
2026
2027 1 2 1
2028
2023
2030
2033 2 2
2032 2 1
2033 L 1 i i

Subtotals 13 28 7 g 10|

Grand Total a1 ) 26
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The launch vehicle and ground operations combined costs were compared for the two alternative
architectures. Launch vehicle and engine costs were built up for the 100 mT and 130 mT launch vehicles
using the same approach as for the 70 mt launch vehicle architecture. Sustaining engineering costs of
engine and launch vehicle production lines were more significant than for the 70 mT architecture, and -
amounted to $1.2b over the 18 year period of analysis. This was due to generally lower quantities of
flight hardware and the corresponding lower production rates. Operations costs assumed development
and operation of two launch vehicle processing facilities and two pads. The cost of the second facility
and pad was assumed to be 50% of the cost for the first, due to commonality of infrastructure and support
personnel. The results of the 130 mT architecture study are shown in Figure 7-3.

Figure 7-3. Comparative Costs of 70 mT and 130 mT LV Architectures

Launch Veh:cle Plus Launch Ops Spending
for HLPT Architectures
30000 - -
25000
=t Block0/Block |
254/70t
Architecture
£ 20000
@ Total $29.0b
g
=
3 il Bigck 0/Block
#5004 1 /Block i
& 25t/100t/130t
g Architacture
.E 1000.0 Total$32.3b
500.0
00 +——r ——
2010 2018 2020 2025 2030 2035
Year

From the figure, the 130 mT architecture, in red, has a significant spending peak in the early years
due to additional engine, launch vehicle, and ground facility development. The 70 mT architecture, in
blue, has a higher peak in the middle years, due to the higher numbers of launches required to meet the
NEO and Phobos campaign requirements. Finally, the sustaining costs of the additional engine lines and
ground facilities lead to higher costs for the 130 mT architecture in the later years, due to the lower launch
rate. The total spending for the two architectures over the 18 year period was approximately the same.
Our conclusion was that the 130 mT architecture did not show promise of significant cost savings over
the 70 mT architecture, despite the lower number of launches.
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7.3 In-Space Element Costing

The in-space portion of the exploration architecture contained a number of various vehicle types. We
defined the schedule and cost of these architecture elements using NAFCOM-based estimates or scaling
from comparable programs, including consultation with other contractors. ‘The hardware demand list
used for costing the in-space part of the architecture is shown in Table 7-4.

Table 7-4. Hardware Demand Llist for !n-Spaoe‘Architecture

Destination | Year | Launch  InSpace Elements
Vehicles
512y §
")) .
218§ . J:
tl2 g E 5
2 i3 5|g|8 :
= Hd—l“
«|E|E|R|B |28 E|2|8 g
EE£§“‘E£§E‘E' ‘E~§
s - _|glgls|t|Z|2|8 58|z &% |a 212
i3 slalelg|s|glele's(s elelelE|z|E
2 2 5|&8|k|lg|lz|3|5|5 £§|8 §|5 8|2|8|:3
155 2016 | 1 1 ! '
LunarOmbit | 2017 | 2 1 1 |1 |1 | i |
018 |1 1 1 1
NEC 016 |1 1 1 |1 1|1 1 1 |
NEO/Phobos | 2020 | 2 & 2 (2 [z 2 i i
2021
022 |2 3 1 1 [1 |1 2
201 l1 3 1 1 |2 !
Phobos w2a |1 4 1 1 |3 |1
Mars 2025 4 2 12 1 1 |2 1 |1
20%
2027 |1 2 1 1 1 1 1
2028
2029
2030
2031 2 1 1
032 | 2 2
2033 (1 1 1 1 1

The development timeframe of most elements was 3-7 years, although 10 years was assumed for the
NTR. due to its unique attributes. The production eycle for in space elements was three years, and
recurring costs were divided evenly across the three years preceding flight. When gaps in production
occurred for elements in ongoing serial preduction, sustaining engineering costs equivalent to one unit per
year were added to maintain the line. It was assumed that contractor personnel beyond this level would
be shifted to other customers” programs due to commonality. Finally, spare hardware was allocated to
allow for recovery from some anomalies. One unassigned 70 mT space cryogenic stage was costed, and
each SEP tug included one spare 150 kW engine module in the flight configuration to accommodate
failure of other modules.
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7.4 Other Exploration Architecture Cost Elements

Other exploration architecture costs inciuded the Orion program, NASA program management
expense, and mission operations. For the Orion program, we estimated the non-recurring cost to complete
the design as $2b, with a recarring cost per unit of $200m based on two units per year. For most of the
architecture, Orion production was one unit Or zero per year, so sustaining costs were imposed at 40% of
production cost during inactive periods. Total Orion expense worked out to $1.6b for the campaign, with
sustaining costs equal to $2b spread over the 18 year period considered.

NASA program management costs were estimaied at $100m per year on average. Thisisa
significant change from the shuitle derived baseline value of $419m per year, and reflects implementation
of a commercial approach to procurement of mass-produced launch vehicle and in-space hardware. For
major hardware items in serial production, the NASA level of participation was assumed to be equivalent
10 a commercial customer, with attendance at major reviews, but reduced oversight irto production details
and no parallel analysis.

Mission operations costs were also assumed to be reduced compared to past practice. A mission ops
budget was assumed to begin at $50m per year in 2¢12 to support planning, then rise to $300m at steady
state during the expioration missions. This compared to $1.1b per year for the shuttle derived baseline.
The assumed reduction refiected the reduced operations tempo compared to the STS era, smaller mission
operations staffing, and greater use of autonomy by the exploration crews, partly to save costs and partly
of necessity due to the great distances involved,

7.4.1 Cost Sharing

I a few areas, it appeared reasonable io share exploration architecture costs with other budget
accounts or different end users. The most important example of this was the NGE engine development,
The US Air Force has a firm requirement for a production hydrogen/oxygen upper stage engine in the 25
kibf to 35 kibf thrust class. The incumbent RL-10 engine is not in current production, and a new engine
production line will have to be established for future hardware deliveries in the next few years, whether
the incumbent RL-10 engine line is re-established, or a new engine such as the Aerojet NGE is built.
NASA could greatly benefit from splitting the cost for this engine, as well as reaping the performance
dividend of a new engine designed from the beginning with modern technology. For our cost analysis,
we assumed use of the Air Force’s NGE with all non-recurring cost paid by the Air Force given their firm
requirement for this engine.

Ancther area where cost sharing was assumed was in the technology development and validation
programs for some of the in-space elements. 1n particular, the Mars sample return mission in 2020 was
assumed to be partly paid for by the NASA technology or space science budgets, rather than the human
exploration budget. The Mars sample return mission will demonstrate some important fechnologies
applicable to human exploration, such as subscale aeroshell and lander design, and a pilot plant for Mars
ISRU.

For development of the nuclear thermal rocket engine, the nuclear fuel is one of the most expensive
program elements, but we assumed the fuels cost would come from the NASA exploration architecture,
and these costs are reflected in our cost projection. However, some of the engine technology cost and test
facilities cost was assumed to be shared with the DoE and NASA technology budget.
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7.5 Costing Analysis Results

Based on the cost analysis described in the previous sections, an overall exploration architecture
spending profile or “sand chart™ was generated. This allowed for a comparison of projected spending
against the previous budget guidance supplied by the Human Exploration Framework Team, or HEFT,
Figure 7-4 shows the projected total program spending.

The sand chart had three distinct peaks of spending. The first occurred in 2014 and reflected the
significant non-recurring spending required for engine, launch vehicle, and ground facilities development,
The second peak occurred in 2622 with a number of important launches required to support the NEO and
Phobos exploration campalgns, which had some overlap. All of the years from 2020 to 2025 had a higher
total spending figure than the 2014 peak. Finally, a third peak occurred in 2031 during the Mars surface
campaign. This peak, and spending in general from 2026-2033, was much lower than the earlier spending
because by that point all of the non-recurring expense was retired for launch vehicie and in-space
clements. Additionally, the 2033 Mars launch window was much more favorable than the 2024 Phobos
window, and required significantly fewer launches to meet. [t should be noted that the highest peak in the
sand chart, around 2024, could be leveled without additionai expense by bringing production of some
launck vehicle and in-space hardware forward ahead of the need date.

The sand chart in Figure 7-4 assumed that only the Block 0 (25 mT) and Block I (70 mT) launch
vehicles were developed. All of the exploration nrissions were flown using a maximum payload bit size
of 7¢ mT, although the nominal performance of the Block I Jaunch vehicle was aciually 77 mT.
Substantially all the exploration equipment, with the exception of the crew space habitat itself, was
prepositioned at each exploration destination using space electric propulsion tugs. This allowed the mass
of the crewed deep space transportation system to be absolutely minimized. Crew transportation to the
NEQ, Phobos, and Mars was performed using long term storable cryogenic stages with NGE engines.
However, given the need for a more robust crew transportation system permitting more frequent and less
costly Mars transit opportunities, the cost of developing the NTR engine and transportation stage was also
included in the sand chart, including one N'TR flight stage. This stage would be available to support the
Mars surface campaign beginning in 2033. For the sand chart, the cost of both the cryogenic stages and
the NTR stage were included. The launch vehicles needed for the heavier cryogenic stage approach were
used in the cost projection.
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Figure 7-4. Overall Cost Projection for Explorauon Architecture
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Otherin- | Launch | Launch
| CostFlement | NASAPM |MissionOps| SEP | space | vehide |PsdOps| Orion | NTR | Fotalpervear |
2012 100 50 10 [1] 25 393 600 0 1,428
2013 100 50 176 105 375 787 700 100 2,393
2014 100 50 176 310 838 1,180 467 120 3,240
2015 100 50 185 330 821 787 367 140 2,779
2016 100 50 359 35 839 443 213 160 2,519
2017 100 100 391 330 910 344 213 170 2,618
2018 100 200 158 574 1,437 344 213 200 3,426
2019 100 200 150 624 1,271 344 187 100 2,976
2020 100 100 431 794 1,549 594 187 100 3,855
2021 100 300 709 912 1,271 244 213 100 3,849
2022 100 300 709 1,256 1,774 454 240 200 5,073
2023 100 300 273 1,210 1,778 444 213 100 4,418
2024 100 300 5 1,279 1,387 494 187 100 3,852
2025 100 300 32 1,126 1,054 A44 187 100 3,343
2026 100 300 32 496 564 244 187 100 2,023
2027 100 320 27 240 524 394 187 100 1,871
2028 100 300 (1] 40 as7 244 160 150 1,351
2029 100 300 5 72 491 244 160 150 1,522
2030 100 300 32 259 716 244 160 150 1,961
2031 100 300 27 320 B60 344 187 0 2,138
2032 100 300 0 286 Lol 344 187 0 1,607
2033 100 300 [4] 93 166 344 187 0 1,150
2034 100 300 4] 0 (1] {0 400
Cost Element Total. $#M 2,300 5,050 4,097 | 11,061 19,647 5,738 5,600 2,340 59,833
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Section 8.0—Advanced Propulsion Technology
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Section 9.0—Conclusion

9.1 Conclusion

Acrojef has completed an assessment of an integrated architecture for human deep space exploration,
from launch 1o Earth return. We have established that we can meet the objects of an affordable and
sustainabie deep space exploration campaign by focusing on the tenets described at the beginning of this

report:
+ Support early (this decade) missions of public interest and continue regularly schedided missions
that engage the public

s Use an in-space architecture that minimizes the required launch mass, is flexible and for which
each element supports multiple missions

* Use a launch architecture that minimizes the cost of placing payloads in Low Earth Orbit (LEQ),
and

»  Selecting a launch architecture that minimizes infrastructure costs by making maximum use of
commonality with other launch systems and with the in-space systems,

While our initial trade space was quite broad, the absolute requirement for affardablllty quickly
narrowed the field to those systems with large impact on launch cost:

»  Use of a hydrocarbon-based launch vehicte and maximize vehicle commonality across
NASA/DoD/Commercial markets to distribute fixed costs and ensure continuous production

o Separate cargo and crew, and utilize the most efficient propulsion system available for each -
high thrust LOX/H2 or N'TR for crew, Solar Electric Propulsion for cargo

Following these principles we have demonstrated that an exciting and viable human space exploration
campaign, with missions to the Moon, NEOs, Phobos, and the surface of Mars, can be readily
accomplished within NASA’s Exploration budget.

Our studies revealed the following critical technology developments:
»  The next generation hydrocarbon ORSC launch vehicle engine to provide for increased faunch

vehicle commonality

s Long-term (>1yr) storage of liquid hydrogen in space or a means for local production at the
destinations

¢ A high power Solar Electric Propulsion Tug for efficient cargo transport
s A high performance LOX/H2 engine for crew transport
o Nuclear thermal rockets for susfainable crew exploration of the surface of Mars.

With these technologies, all of which are weli within our reach with credible development plans,
humanity can embark on a truc cxploration of the solar system.
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1. Executive Summary

1.1 Introduction

Andrews Space, Inc. is pleased to present this report at the completion of its study of Heavy Lift and
Propulsion Technologies. This study has been far-reaching, encompassing human exploration elements,
in-space propulsion elements, as well as earth-to-orbit launch elements as part of a plan to provide
heavy-lift capability to support human exploration for the next several decades.

Andrews has developed and compiled assessments of a wide range of both in-space and launch
elements, leading to recommendations for architecture development paths as well as technologies that
will most benefit those paths. This report is a compilation of the processes, analyses, and assessments
of those architectures and technologies.

1.2 Study Process

At the beginning of the study, top-level objectives were identified to provide direction for subsequent
architecture and technology evaluation and selection. It was Andrews’ goal to provide an unbiased lock at
heavy-lift propulsion technologies, both for in-space and Earth to orbit capability, to provide an affordable
and sustainable path for human exploration. Those top-level objectives include:

+ Determine capabilities required to support innovative human space exploration

¢ Ensure capability to multiple destinations: Moon, Mars & environment, near-Earth asteroids, and
Lagrange points

¢ Determine technology, research, and development required to meet system goals

+ Determine heavy-lift launch vehicle and in-space propulsion elements for a complete architecture
¢ Explore multiple alternative architectures, including expendable and reusable elements

« Assess affordability, operability, reliability, and commonality of the considered architectures

+ Determine space launch propulsion technologies that will enable a more robust exploration
program, support commercial ventures as well as related national security needs.

1.3 Architecture Assessment

Andrews’ approach during the HLPT study was to research potential human exploration missions, define
required mission elements required for those missions, derive the necessary transportation requirements,
and then define and assess a variety of in-space and earth-to-orbit transportation architectures that would
meet those requirements.

1.3.1 Mission Models

A variety of Design Reference Missions (DRMs) were developed with the goal of eventually supporting a
flagship human mission to Mars, the Moon, or other exploration destination (Figure 1-1). Precursor
missions provide a near-term testbed for technologies and processes eventually needed for the flagship
mission. Four potential flagship missions were studied, encompassing widely different mission goals: A
science mission to a near-earth asteroid investigating solar system origins, a shorter term science outpost
at a Lagrange point, a lunar mining mission that involves the retrieval of rare elements and minerals that
are currently running in short supply on Earth, and a mission to Phobos, with tele-operated Mars rovers
and science eguipment emplaced on Mars. The goal of understanding these mission models was to
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derive requirements for the heavy-lift and in-space transportation systems that will be needed to carry out
the missions.

1.3.2

JHEQLR L

Potential Exploration Objectives

Phobos g~
o)

Figure 1-1 Possible Human Exploration Destinations

Mission Elements

The selection of mission elements early in the transportation architecture development cycle is important
since mission element dimensions and masses drive requirements to in-space propulsion systems, Earth
to orbit launch vehicles, and eventually ground systems and operations. Andrews derived mission
element designs from previous studies for both lunar and Mars missions, and developed a database of
potential mission elements, with mass, dimensions, and functionality characteristics that would drive

transportation needs.

1.3.3

The development of an efficient, reusable in-space propulsion technology is needed for any affordable
long term human mission architecture. Four in-space transportation options were studied to determine

In-space Propulsion Elements

suitability for use in the proposed DRMs (Figure 1-2).

Propulsion

Conflguration

Description

Basellne
Performance

Key Technologles

Benefits

- FAST compact - Compactw/ High
SolarElectric 1.2Mwetug 25 | amay radiation resistance
(Baseline) mT dry mass = Channel HET, ELF, | - Long-life array and
orVASMIR hrusters | thrusters
” - Fast Spectrum - Deep space
Nuclear 1 %m&‘i‘“ 980 | Reactor capability
Electric a a”;e = Redundant Brayton | - Electrical power
> ¥ cycle conversion generation
7 « Deep space
Nuclear 1.04 GW,, 5 - BiHmodal capability
Thermal mission life, 600 | Tungsten-CERMET | - Dual cycle for
Rocket ’ to972secly, | reactor electrical power
generation
Chemical 0.88 propeliant | »30-70 kib s
(LOXILH2) : mass fraction, | expander cycle it o
EDS y 454 sec lgp LOX/LHZ2 engines
Figure 1-2 In-Space Propulsion System Options
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A conventional LO2/LH2 chemical stage was compared in terms of performance, cost, reliability, and
mission time metrics to stages using solar electric propulsion, nuclear electric propulsion, and nuclear
thermal propulsion. Andrews also looked at the current state of technology readiness for each of these
propulsion types in order to understand the development needs.

1.3.4 Earth-to-orbit Launch Elements

The primary focus of the HLPT study was to determine an optimum heavy-lift launch system with its
associated ground operations, and to understand its technical and performance requirements, while
meeting serious budget constraints. Variants of six launch vehicle architectures were considered by
Andrews over the course of this study. Each vehicle family was developed to address one or more
Figures of Merit (FOMs), with the ultimate goal to understand how a heavy-lift launch system might be
developed to meet human exploration needs and still be affordable under the expected budget

constra

ints.

Heavy lift option families address key figures of merit

[ Shutti Hertags | Clean sheet
[ ] : 1 I 1
‘ LOX/RP LOX/LH SDV SDV Partially Fully
Derived Derived Side-mount | In-line Reusable | Expendable

| Option1

Option 2

Option 3

Baseline

Option4

¥

Option 5

| Option 6

IMLEO 30-130 mT 35-100+ mT 65—85 mT 25- 130 mT 25-130 mT 35- 130 mT
Primary = DDTE, Infrastructure S = Performance, Reliability,
FOM iy HBTE oSt Costs, Early I0C HETtAty, Rk Extensibility Volumetric Effic.
_ = 8.4-mshroud = 8.4-mshroud = 8-m shroud = 8.4-mshroud = 8.4 m shroud = 8.4-mshroud
£5 [2t06CBCLRBs |20 6 CBCLRBs |-4-seg RSRMs - 5-segment SRMs |- 3x RS-25D (1PAM) - 6XRS-B4 LOX/IRP
E E * RS-84 class * RS-68A LOX/LH =3xRD-25D (1x PAM) |- 5x RS-25E = Zenit-1 boosters engine
=z engine (2x ea) engine (1x ea) =5x RL-10C EUS = No upper stage (Reusable RBS for DoD) |- 6xRL-10C EUS
* 6XRL-10C EUS * 6XRL-10C EUS «6XRL-10C EUS

Figure 1-3 Candidate Launch Vehicle Options

The characteristics of each launch architecture are:

Option 1 — EELV-derived LOX/RP modular booster with LO2/LH2 upper stage
Option 2 — EELV-derived LOX/LH2 modular booster with LO2/LH2 upper stage

Option 3 — Shuttle-derived LO2/LH2 booster with side-mounted payload carrier and LO2/LH2

upper stage

Option 4 — Shuttle-derived LO2/LH2 booster with in-line payload fairing

Option 5 — 8.4-m LO2/LH2 partially-reusable core vehicle with LO2/RP strap-on boosters and
LO2/LH2 upper stage

Option 6 — Fully expendable 10-m LO2/RP first stage with LO2/LH2 upper stage
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1.3.5 Ground Systems and Operations

The infrastructure needs and associated costs of ground systems and operations were assessed for each
of the launch architectures and compared to current Space Shuttle operations. Comparisons were made
based on vehicle dimensions, mass, complexity, and facility usage. Fixed costs were assessed to
understand where improvements could be made, and to understand what changes would need to be
made to reach operations and recurring cost goals.

1.3.6 Heavy Lift and Propulsion Technologies

The ultimate goal of the study was to identify and quantify the technologies and processes needed to
move forward with a heavy lift capability that will meet the needs of a robust human exploration program.
Andrews has assessed the mission needs, in-space transportation needs, and the launch architecture
needs to arrive at a set of technologies that can be implemented within the budget constraints.

1.4 Study Recommendations

1.4.1 Mission Model Development

A near term investment in serious systems engineering studies to reach consensus on what the flexible
path to human space exploration should be undertaken in the near term. These systems engineering
studies should be widely subscribed to and include international partners. The systems engineering
studies should be used to determine: if future lunar resources are adequate to justify going back to the
Moon, why humans are needed for Near-Earth Objects (NEC) exploration, and how a future Mars mission
can be made affordable.

1.4.2 In-Space Propulsion Technology Application

In terms of technelogy development, the most important technologies relate to the in-space propulsion
system. Early development of modular solar electric power (SEP) systems and variable Isp thrusters are
necessary to meet future exploration needs and keep launch costs to a minimum. Later development of
nuclear power systems will enhance the capability to explore further into the solar system. Modular SEP
designs will allow incremental development of array and thruster technologies with potential commercial
applications. In concert with this, any planned Mars exploration will require aero-capture and entry,
descent, and landing (EDL) technologies to drastically reduce the amount of transportation propellants
required.

1.4.3 Launch Capability

A primary finding of the Andrews HLPT study was that by developing a high-performance in-space
propulsion system, the need for super-heavy-lift (100 mT to 150 mT class) launch systems goes away. In
fact, all expected launch requirements for human exploration missions can be met by an 80-mT class
launch system. This not only helps the program meet development cost goals, but it also maintains a
more robust flight rate, improving the efficiency of the ground operations. Expected benefits of payload
margin and assembly reliability of the larger capacity launch vehicle are outweighed by the cost, risk,
availability, and extensibility benefits of the smaller launch vehicle.

1.4.4 Modularity and Extensibility

Another recommendation is to develop a medular launch vehicle capable of launching a wide range of
payload classes, ranging from 25 mT to 80 mT capability. This allows for cost reductions over the course
of the system lifetime through increased flight rate of vehicle elements, and it improves the sustainability
of the launch system by meeting stakeholder needs other than human exploration. Andrews’ preferred
launch concept is a modular LO2/RP booster with a LO2/LHZ2 upper stage. Multiple booster and upper
stage engines allow engine-out capability off of the launch pad, dramatically improving the overall mission
reliability.
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Andrews recommends the development of a LO2/RP staged-combustion engine in the 500 — 600 kib
thrust class, derived from existing engine technologies (AJ26). Using a derivative RL10 upper stage
engine draws on the heritage of the RL10 and provides maximum extensibility across all national upper
stage assets.

1.4.5 Operations

Thirdly, operations costs must be drastically reduced from current Shuttle levels by implementing
automated launch processes and vehicle health monitoring systems to reduce the number of personnel
and facilities needed to support ground and launch operations.

1.4.6 Launch Vehicle Technology Application

For launch systems, Andrews found that most technologies exist or are relatively mature to implement
cost-effective launch architectures. Combining existing “best-practice” automated ground processes and
preduction capability, vehicle health monitoring and system management processes, as well as
automated mission planning processes will allow the Heavy-lift system to be cost effective and capable of
meeting human exploration needs.

ANDREWS Use or disclosure of data is subject to the restrictions on the notice 16
sPACE  posted on the title page.




Heavy Lift and Propulsion Technology AS-4107-RPT-00003 Rev A
Final Report, DRD No. 1374MA-003

2. Andrews HLPT Study Process

The NASA Heavy Lift and Propulsion Technology Study, while focused on transportation for human
exploration, became a far-reaching study due to the fact that future human exploration goals and
objectives are not well-defined. Andrews Space undertook this study with an eye to providing an
unbiased look at how those goals might drive the trans portation system design and development.

2.1 Study Philosophy

Because future human exploration paths are not well-defined, Andrews embarked on the HLPT study with
a few basic principles in mind. These principles are derived in part from our understanding of NASA's
desires and goals, as well as our past experience in system architecture development.

+ Requirements: Mission objectives drive transportation requirements; therefore a study of
transportation needs must start at the end, not at the beginning. Understanding the mission
requirements and the logical building blocks needed for exploration missions is critical to
understanding how those mission elements will be transported from earth to their destinations.

¢ Cost: HLPT is a design to cost study in that costs must be kept under the budget limits. Early in
the study it became clear that we couldn't keep trying the same approach and expect different
(cheaper) answers.

« Commercialization: Some developments may be best shared between NASA and other
commercial/government interests. If commercial interests are involved, they must be able to
operate the system at a profit. This requires adequate flight rates and revenue potential for those
interests to even consider involvement. If commercial interests are met, NASA may be able to
benefit by significantly reduced operations and/or hardware costs.

+ Technology application: Selected high risk, high payoff technologies (i.e. game changing) can
make a big difference in the outcome of the program. If new technologies are to be applied, they
must “buy” themselves onto the program. The benefits must outweigh the risk and cost.

« Sustainability: A key stakeholder is the public. Keep the public engaged with significant
program milestones and clear progress toward a worthwhile goal. This also relates to political
support.

« Flexibility: Maintain a flexible path that includes options and feedback loops. Expect setbacks
and include backups in the plan.

« International Participation: Plan for potential international participation, but with well defined
interfaces

2.2 Architecture Development Process

Using standard systems engineering principles, it was advantageous to construct the overall architecture
by working from a set of Design Reference Missions (DRMs) to determine which mission elements drive
the sizing of the transportation elements. In the case of human exploration there are the additional in-
space Transportation elements, which can vary the Integrated Mass In Low Earth Orbit (IMLEQ) mass by
about 50% even after the mission elements are defined. Therefore Andrews’ approach was to research
various candidate human exploration missions, define required mission elements (e.g. Mars Transit
Habitat) and then define the initial in-LEQO configuration for each of the candidate In-space transportation
concepts. This process is shown schematically in Figure 2-1. Once we understood what needed to come
together in LEC it was possible to design the HLY options and associated ground infrastructure to meet
the range of sizes and masses needed to be launched to enable on-orbit assembly of an Exploration
mission package.
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It was apparent early in the study that launching an entire mission package in one launch was not
possible due to volumetric and mass requirements (masses in excess of 200 mefric tons are required). It
also became apparent once costing of heavy lift architectures was initiated that modifications to ground
infrastructure could be a major contributor to nonrecurring costs, and that the HLV program would need to
share development costs with other launch systems or utilize existing hardware elements (e.g. existing
stages, engines, tooling, etc.) as much as possible to make any HLV architectures affordable. This is
reflected in the design-to-cost feedback loop in Figure 2-1.

Destinations
. IExploration !
Objectives ~  Requirements
? Drive Capability
o ~ s e
~ Mission 1 Effective application of

technologyreduces
requirements

r .’...
y

Elements

Design-to-Cost

Feedback | in:Space

Transportation

il

Earth-to-orbit
transportation

Definition of mission objectives

and in-space transportation can
significantly influence
requirements on expensive Ground/
launch systems Infrastructure

Figure 2-1 Exploration Requirements Flow Diagram

With the basic study philosophy in place, Andrews determined the architectures that would support a set
of human flagship missions, whether they be to the moon, to Near-Earth Asteroids, or to Mars. In order to
prepare for the ultimate flagship missions, as well as for an exploration path beyond those missions, a
series of incremental steps must be taken. Those steps must include development of the mission
elements and transportation systems themselves, early robotic precursor missions to understand
environments and resources, then early human precursor missions to test system functionality while still
in a relatively safe environment (Figure 2-2). With these elements in mind, Andrews developed full
exploration architectures that included these steps, and that figured into our assessments.

2.3 Architecture Assessment Process

Andrews Space typically uses a complete systems engineering process to conduct conceptual trade
studies and assessments (Figure 2-3). This process includes requirements development, mission model
development, trade option development, then assessment of the options against a set of FOMs. We then
use an Analytical Hierarchy Process (AHP) that allows us to compare trade options and make decisions
based on a set of defined Figures of Merit (FOMs). With the AHP we are also able to perform sensitivity
analyses and understand the influence of technology applications.
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For the HLPT study, this process was used at several levels to assess in-space fransportation options as
well as heavy-lift launch vehicle options. We used this process to assess in-space transportation options,
as well as Heavy-lift Launch Vehicle options.
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Figure 2-2 Exploration Architecture Development Path
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Figure 2-3. Andrews Systems Engineering Process.
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2.3.1 Figure of Merit (FOM) Definition

NASA Objective 1: Provide a recommended list of key decision attributes and
rationale associated with each.

The first step in the HLPT AHP process was to define and weight Figures of Merit. Primary figures of
merit (FOMs) were developed to encompass a large variety of system attributes. Primary FOMs are
typically generic and can be applied to almost any trade-set. These FOMSs, along with a rationale for their
applicability can be seen in Table 2-1. The primary FOMs were then broken down further into secondary
FOMSs, each identified with metrics that were used to assess the trade options. Secondary FOMs are
typically more specific to a particular trade-set, and may vary depending on the options being studied. In

this case, the FOMs were driven by perceived NASA objectives, as well as the expected system

attributes.
Table 2-1. Figure of Merit Definition.
Primary FOM Rationale Secondary FOM Proposed Metric
‘ ‘ o ‘ 1.1 DDTE Cost DD'I:E cost, excluding
Cost is the primary driver in the development and operation infrastructure
1.0 Cost of an extensive transportation system. The system must fit | 1.2 Infrastructure Cost Facilities and GSE cost
within the available NASAbudget constraints. ) Expendable Hardware
1.3 Recurring Cost :
+ operations cost
i i Total h t
[This FOM is a measure of how well the system can be A HaRds-6H crawtime otal crew hoursto prepare
2.0 Operability joperated, both in terms of routine flight operations, as well launch
as availability to meet the desired flight rate. 2.2 Availability Min. time between launches
[Thisis a measure of how well the operational system meets 3.1 Capability Dellveret:'l peliond /‘Sy‘rstem T
3.0 i : weight {ref. missions)
the system objectives, in terms of mass, volume, and = -
PEFfoURNGE throughput capability. 3.2 Volumetric efficienc Augitakle pavioad disemeteramd
i . Y shroud height
4.0 Safety and Reliability relates to the operaticnal system. High reliability 4.1 Loss of mission Percent mission success {PLOM)
.Reliahi‘lfit is a must for human exploration transportation systems,
Y lespecially for relatively low flight-rate systems. 4.2 Loss of Crew Catastrophic failure rate (PLOC}
[This FOM applies to the development of the system, in how |5.1 Time to human flight| Monthsto first human flight
5.0 Mission qt{ic!(ly and how effectively the system captures the d.esired Range of addressable payload
Capture mission model; as well as how the system can be applied 5.2 Extensibility capability {minimum to
over arange of payloads. maximum})
6.1 Technical Risk Risk score of performance or
: ’ : s cost drivers
IAn important attribute of any system development is risk, in : :
. y e ; ! . Combined risk score of non-
6.0 Risk terms of technical and programmatic risk. This FOM applies | 6.2 Programmatic Risk . .
: technical cost risks
mainly to the system development. 2
s Average time between
6.3 Sustainability . .
exploration milestones

2.3.2 Figure of Merit Weighting

NASA Objective 2: Provide a recommendation for the weighting of the
recommended key decision attributes.

Determination of the weightings of each of the FOMs was performed by pair-wise comparison using
Expert Choice software. These weightings were used for the initial assessment of each architecture
option. Forthe HLPT study, it was determined that there are two potential paths that might lead to
different weightings of the FOMs. One case would relate to the launch of crew on board the heavy lift
system, as opposed to being launched on a separate crew-launch system. The other case would relate
to a system that is strictly used for cargo, and not crew.

The relative weightings for the case of crew launching on the newly designed HLYV can be seen in Figure
2-4. In this scenario, crew safety and system reliability is paramount, with cost being a close second
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place, and risk coming in third. When broken down to secondary FOMSs, again loss of crew is most
important, with sustainability (risk) and DDTE cost being highly valued. Alternately, weightings for cargo-
only usage of the HLV can be seen in Figure 2-5. Weightings for each of the secondary FOMs are also
shown. In this case, cost is most highly weighted, with design, development, testing, and evaluation (
DDTE) cost as the most significant portion; followed by Risk (sustainability) and mission capture (Time to
flight and Extensibility). A later variation of the cost weighting placed higher emphasis on recurring cost
as opposed to DDTE cost, but the primary FOM weighting remained the same. Going into the HLPT
study, Andrews assumed as a baseline case that crew would not be launched aboard the HLV, but rather
on a separate launch vehicle.

1 | |

b 7 1.1 DDTE Cost
1.0 Cost
1 2 Infrastructure Cost

1.3 Recurring Cost

2.0 Operability 2.1 Hands-on Crew Time Shown for Crew
2.2 Availability Launch on HLV
3.0 Performance 3.1 Capability design

3 2 Volumetric Efficiency

4.0 Safety and 4.1 Loss of Mission
Reliability 4 2 Loss of Crew
5.1 Time to Human flight

5.0 Mission
Capture 5.2 Extensibility
6.1 Development Risk
6.0 Risk 6.2 Operational Risk
6.3 Sustainability

Figure 2-4 Crew Launch Figure of Merit Weightings
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1.2 Infrastructure Cost

1 3 Recurring Cost
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1

3.2 Volumetric Efficiency

4.0 Reliability 4.1 Loss of Mission

5.1 Time to Human flight

5.0 Mission
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Figure 2-5 Cargo Launch Only Figure of Merit Weightings
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3. Mission Model Development
(b) (3)
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4. Mission Element Definition
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4.2 Mission Element Descriptions
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5. Transportation Architecture Definition
(b) (3)
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