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Cost/Flight* 1.00 1.11 1.32 1.71 1.00 .96 .96
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LOM: Loss of Mission LOC: Loss of Crew US: Upper Stage RSRB: Reusable Solid Rocket Booster
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Average cost/flight based on 6 launches per year. 9 =
** Assumes NASA has to fund the Americanization of the RD-180. Comparison of Crew
Lockheed Martin is currently required to provide a co-production capability by the USAF. LEO Launch Systems
Another factor in both vehicles is the very low T/W ratio at liftoff, which limits the additional
mass that can be added to improve performance. The RD—180 first-stage engine of the Atlas
HLYV will require modification to be certified for human-rating. This work will, by necessity,
have to be performed by the Russians. The RS—68 engine powering the Delta IV HLV first
stage will require modification to eliminate the buildup of hydrogen at the base of the vehicle
immediately prior to launch. Assessments of new core stages to improve performance as an
alternative to modifying and certifying the current core stages for human-rating revealed that
any new core vehicle would be too expensive and exhibit an unacceptable development risk to
meet the goal of the 2011 IOC for the CEV. Note the EELV costs shown in Figure 1-26 do not
include costs for terminating Shuttle propulsion elements/environmental cleanup. Finally, both
the EELV options were deamed high risk for a 2011 IOC.
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Figure 1-27. ESAS CLV
Concept

42

CLV options derived from Shuttle elements focused on the configurations that used a Reus-
able Solid Rocket Booster (RSRB), either as a four-segment version nearly identical to

the RSRB flown today or a higher-performance five-segment version of the RSRB using
Hydroxyl Terminated Polybutadiene (HTPB) as the solid fuel. New core vehicles with ET-
derived first stages (without SRBs) similar to the new core options for EELV were briefly
considered, but were judged to have the same limitations and risks and, therefore, were not
pursued. To meet the CEV lift requirement, the team initially focused on five-segment RSRB-
based solutions. Three classes of upper stage engine were assessed—SSME, a single J-2S+,
and a four-engine cluster of a new expander cycle engine in the 85,000-1bf vacuum thrust
class. However, the five-segment development added significant near-term cost and risk
and the J-2S+/expander engine could not meet the 2011 schedule target. Therefore, the team
sought to develop options that could meet the lift requirement using a four-segment RSRB.
To achieve this, a 500,000-1bf vacuum thrust class propulsion system is required. Two types
of upper stage engine were assessed—a two-engine J-28S cluster and a single SSME. The
J-28 option could not meet the 2011 target (whereas the SSME could) and had 6 percent less
performance than the SSME-based option (LV 13.1). The SSME option offered the added
advantages of an extensive and successful flight history and direct extensibility to the CaLV
with no gap between the current Shuttle program and exploration launch. Past studies have
shown that the SSME can be air-started, with an appropriate development and test program.

The 13.1 configuration was selected due to its lower cost, higher safety/reliability, its ability
to utilize existing human-rated systems and infrastructure and the fact that it gave the most
straightforward path to a CaLV.

1.5.2.2 Preferred CLV Configuration

The recommended CLV concept, shown in Figure 1-27, is derived from elements of the
existing Space Shuttle system and designated as ESAS LV 13.1. It is a two-stage, series-burn
configuration with the CEV positioned on the nose of the vehicle, capped by an LAS that
weighs 9,300 Ibm. The vehicle stands approximately 290 ft tall and weighs approximately
1.78M lbm at launch. LV 13.1 is capable of injecting a 24.5-mT payload into a 30-x-160 nmi
orbit inclined 28.5 deg and injecting 22.9 mT into the same orbit inclined 51.6 deg.

Stage 1 is derived from the Reusable Solid Rocket Motor (RSRM) and is composed of four
field-assembled segments, an aft skirt containing the Thrust Vector Control (TVC) hydrau-
lic system, accompanying Auxiliary Power Units (APUs), and Booster Separation Motors
(BSMs). The aft skirt provides the structural attachment to the Mobile Launch Platform
(MLP) through four attach points and explosive bolts. The single exhaust nozzle is semi-
embedded and is movable by the TVC system to provide pitch and yaw control during
first-stage ascent. The Space Transportation System (STS) forward skirt, frustrum, and nose
cap are replaced by a stage adapter that houses the RSRB recovery system elements and a roll
control system. Stage 1 is approximately 133 ft long and burns for 128 sec. After separation
from the second stage, Stage 1 coasts upward in a ballistic arc to an altitude of approximately
250,000 ft, subsequently reentering the atmosphere and landing by parachute in the Atlantic
Ocean for retrieval and reuse similar to the current Shuttle RSRB.
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Stage 2 is approximately 105 ft long, 16.4 ft in diameter, and burns LOX and Liquid Hydro-
gen (LH2). It is composed of an interstage, single RS-25 engine, thrust structure, propellant
tankage, and a forward skirt. Near the conclusion of the ESAS, the CEV concept increased in
diameter from 5 m to 5.5 m. Subsequent to the ESAS, LV 13.1 adopted a 5.5-m diameter, 100-
ft long upper stage to accomodate the CEV. The interstage provides the structural connection
between the Stage 1 adapter and Stage 2, while providing clearance for the RS—25 exhaust
nozzle. The RS-25 is an expendable version of the current SSME, modified to start at alti-
tude. The thrust structure provides the framework to support the RS-25, the Stage 2 TVC
system (for primary pitch and yaw during ascent), and an Auxiliary Propulsion System (APS)
which provides three-axis attitude control (roll during ascent and roll, pitch, and yaw for CEV
separation), along with posigrade thrust for propellant settling. The propellant tanks are cylin-
drical, composed of Aluminum-Lithium (AL-Li) with ellipsoid domes, and are configured
with the LOX tank aft, separated by an intertank. The LH2 main feedline exits the OML of
the intertank and follows the outer skin of the LOX tank, entering the thrust structure aft of
the LOX tank. The forward skirt is connected to the LH2 tank at the cylinder/dome interface
and acts as a payload adapter for the CEV. It is of sufficient length to house the forward LH2
dome, avionics, and the CEV SM engine exhaust nozzle. Stage 2 burns for approximately 332
sec placing the CEV in a 30- x 160-nmi orbit. After separation from the CEV, Stage 2 coasts
approximately a three-quarter orbit and reenters, with debris falling in the Pacific Ocean.
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1.5.3 Cargo Launch Vehicle

1.5.3.1 Results of CaLV Trade Studies
A summary of the most promising CaLV candidates and key parameters is shown in Figure 1-
28. (Note: Cost is normalized to the selected option.) The requirement for four or less launches
per mission results in a minimum payload lift class of 70 mT. To enable a 2- or 1.5-launch
solution, a 100- or 125-mT class system, respectively, is required.
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EELV-derived options for the CaLV included those powered by RD—-180 and RS—68 engines,
with core vehicle diameters of 5.4 and 8 m. No RS—68-powered variant of an EELV-derived
heavy-lift cargo vehicle demonstrated the capability to meet the lunar lift requirements with-
out a new upperstage and either new large liquid strap-on boosters or Shuttle RSRBs. The
considerable additional cost, complexity, and development risk were judged to be unfavor-
able, eliminating RS—68-powered CaLVs. Hydrocarbon cores powered by the RD—-180 with
RD-180 strap-on boosters proved to be more effective in delivering the desired LEO payload.
Vehicles based on both a 5.4-m diameter core stage and an 8-m diameter core were analyzed.
A limitation exhibited by the EELV-Derived Vehicles (EDVs) was the low liftoff T/W ratios
for optimized cases. While the EELV-derived Cal.Vs were able to meet LEO payload require-
ments, the low liftoff T/W ratio restricted the size of EDS in the suborbital burn cases. As

a result, the Earth-escape performance of the EELV options was restricted. The 5.4-m core
CaLV had an advantage in DDT&E costs, mainly due to the use of a single diameter core
derived from the CLV which was also used as a strap-on booster. However, the CLV costs for
this option were unacceptably high. (See Section 1.5.2.1, Results of the CLV Trade Studies.)
In addition, there would be a large impact to the launch infrastructure due to the configura-
tion of the four strap-on boosters (added accommodations for the two additional boosters in
the flame trench and launch pad). Also, no EELV-derived concept was determined to have the
performance capability approaching that required for a lunar 1.5-launch solution. Finally, to
meet performance requirements, all EELV-derived CaLV options required a dedicated LOX/
LH2 upper stage in addition to the EDS—increasing cost and decreasing safety/reliability.

The Shuttle-derived options considered were of two configurations: (1) a vehicle configured
much like today’s Shuttle, with the Orbiter replaced by a side-mounted expendable cargo
carrier, and (2) an in-line configuration using an ET-diameter core stage with a reconfigured
thrust structure on the aft end of the core and a payload shroud on the forward end. The ogive-
shaped ET LOX tank is replaced by a conventional cylindrical tank with ellipsoidal domes,
forward of which the payload shroud is attached. In both configurations, three SSMEs were
initially baselined. Several variants of these vehicles were examined. Four- and five-segment
RSRBs were evaluated on both configurations, and the side-mounted version was evaluated
with two RS—68 engines in place of the SSMEs. The J-2S+ was not considered for use in
the CaLV core due to its low relative thrust and the inability of the J-2S+ to use the extended
nozzle at sea level, reducing its Specific Impulse (Isp) performance below the level required.
No variant of the side-mount Shuttle-Derived Vehicle (SDV) was found to meet the lunar lift
requirements with less than four launches. The side-mount configuration would also most
likely prove to be very difficult to human-rate, with the placement of the CEV in close prox-
imity to the main propellant tankage, coupled with a restricted CEV abort path as compared to
an in-line configuration. The proximity to the ET also exposes the CEV to ET debris during
ascent, with the possibility of contact with the leeward side TPS, boost protective cover, and
the LAS. The DDT&E costs are lower than the in-line configurations, but per-flight costs are
higher—resulting in a higher per-mission cost. The side-mount configuration was judged to
be unsuitable for upgrading to a Mars mission LEO capability (100 to 125 mT). The in-line
configuration in its basic form (four-segment RSRB/three-SSME) demonstrated the perfor-
mance required for a three-launch lunar mission at a lower DDT&E and per-flight costs.
Upgrading the configuration with five-segment RSRBs and four SSME:s in a stretched core
with approximately one-third more propellant enables a 2-launch solution for lunar missions,
greatly improving mission reliability. A final variation of the Shuttle-derived in-line CaLV
was considered. This concept added a fifth SSME to the LV core, increasing its T/W ratio at
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Figure 1-29. ESAS CalLV
Concept
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liftoff, thus increasing its ability to carry large, suborbitally ignited EDSs. LV 27.3 demon-
strated an increased lift performance to enable a 1.5-launch solution for lunar missions,
launching the CEV on the CLV and the LSAM and EDS on the larger CaLV. This approach
allows the crew to ride to orbit on the safer CLV with similar LCCs and was selected as the
reference. This configuration proved to have the highest LEO performance and lowest LV
family non-recurring costs. When coupled with the four-segment RSRB/SSME-derived CLV
(13.1), LOM and LOC probabilities are lower than its EELV-derived counterparts.

1.5.3.2 Preferred CaLV Configuration

The ESAS LV 27.3 heavy-lift CaLV, shown in Figure 1-29, is recommended to provide the
cargo lift capability for lunar missions. It is approximately 357.5 ft tall and is configured as

a stage-and-a-half vehicle composed of two five-segment RSRMs and a large central LOX-/
LH2-powered core vehicle utilizing five RS—25 SSMEs. It has a gross liftoff mass of approxi-
mately 6.4M lbm and is capable of delivering 54.6 mT to TLI (one launch) or 124.6 mT to

30- x 160-nmi orbit inclined 28.5 deg.

Each five-segment RSRB is approximately 210 ft in length and contains approximately 1.43M
Ibm of HTPB propellant. It is configured similarly to the current RSRB, with the addition

of a center segment. The operation of the five-segment RSRBs is much the same as the STS
RSRBs. They are ignited at launch, with the five RS—25s on the core stage. The five-segment
RSRBs burn for 132.5 sec, then separate from the core vehicle and coast to an apogee of
approximately 240,000 ft. They are recovered by parachute and retrieved from the Atlantic
Ocean for reuse.

The core stage carries 2.2M lbm of LOX and LH2, approximately 38 percent more propel-
lant than the current Shuttle ET, and has the same 27.5-ft diameter as the ET. It is composed
of an aft-mounted boattail which houses a thrust structure with five RS—-25 engines and their
associated TVC systems. The RS-25 engines are arranged with a center engine and four
circumferentially mounted engines positioned 45 deg from the vertical and horizontal axes of
the core to provide sufficient clearance for the RSRBs. The propellant tankage is configured
with the LOX tank forward. Both the LOX and LH2 tanks are composed of Aluminum-
Lithium (AL-Li) and are cylindrical, with ellipsoidal domes. The tanks are separated by an
intertank structure, and an interstage connects the EDS with the LH2 tank. The core is ignited
at liftoff and burns for approximately 408 sec, placing the EDS and LSAM into a suborbital
trajectory. A shroud covers the LSAM during the RSRB and core stage phases of flight and
is jettisoned when the core stage separates. After separation from the EDS, the core stage
continues on a ballistic suborbital trajectory and reenters the atmosphere, with debris falling
in the South Pacific Ocean.
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1.5.4 Preferred EDS Configuration

The recommended configuration for the EDS, shown in Figure 1-30, is the ESAS S2B3
concept, which is 27.5 ft in diameter, 74.6 ft long, and weighs approximately 501,000 lbm at
launch. The EDS provides the final impulse into LEO, circularizes itself and the LSAM into
the 160-nmi assembly orbit, and provides the impulse to accelerate the CEV and LSAM to
escape velocity. It is a conventional stage structure, containing two J-2S+ engines, a thrust
structure/boattail housing the engines, TVC, auxiliary propulsion system, and other stage
subsystems. It is configured with an aft LOX tank, which is comprised primarily of forward
and aft domes. The LH2 tank is 27.5 ft in diameter, cylindrical with forward and aft ellipsoidal
domes, and is connected to the LOX tank by an intertank structure. Both tanks are composed
of AL-Li. A forward skirt on the LH2 tank provides the attach structure for the LSAM and
payload shroud. The EDS is ignited suborbitally, after core stage separation and burns for 218
sec to place the EDS/LSAM into a 30- x 160-nmi orbit inclined 28.5 deg. It circularizes the Figure 1-30. ESAS EDS
orbit to 160 nmi, where the CEV docks with the LSAM. The EDS then reignites for 154 sec in ~ Concept

a TLI to propel the CEV and LSAM on a trans-lunar trajectory. After separation of the CEV/

LSAM, the EDS is placed in a disposal solar orbit by the APS.

AEA

1.5.5 LV and EDS Recommendations

1.5.5.1 Recommendation 1

Adopt and pursue a Shuttle-derived architecture as the next-generation launch system for
crewed flights into LEO and for 125-mT-class cargo flights for exploration beyond Earth
orbit. After thorough analysis of multiple EELV- and Shuttle-derived options for crew and
cargo transportation, Shuttle-derived options were found to have significant advantages with
respect to cost, schedule, safety, and reliability. Overall, the Shuttle-derived option was found
to be the most affordable by leveraging proven vehicle and infrastructure elements and using
those common elements in the heavy-lift CaLV as well as the CLV. Using elements that have a
human-rated heritage, the CaLLV can enable unprecedented mission flexibility and options by
allowing a crew to potentially fly either on the CLV or CaLV for 1.5-launch or 2-launch lunar
missions that allow for heavier masses to the lunar surface. The Shuttle-derived CLV provides
lift capability with sufficient margin to accommodate CEV crew and cargo variant flights to
ISS and potentially provides added services, such as station reboost.

The extensive flight and test databases of the RSRB and SSME give a solid foundation of
well-understood main propulsion elements on which to anchor next-generation vehicle devel-
opment and operation. The Shuttle-derived option allows the Nation to leverage extensive
ground infrastructure investments and maintains access to solid propellant at current levels.
Furthermore, the Shuttle-derived option displayed more versatile and straightforward growth
paths to higher lift capability with fewer vehicle elements than other options.

The following specific recommendations are offered for LV development and utilization.

1.5.5.2 Recommendation 2

Initiate immediate development of a CLV utilizing a single four-segment RSRB first stage
and a new upper stage using a single SSME. The reference configuration, designated LV 13.1
in this study, provides the payload capability to deliver a lunar CEV to low-inclination Earth
orbits required by the exploration architectures and to deliver CEVs configured for crew and
cargo transfer missions to the ISS. The existence and extensive operational history of human-
rated Shuttle-derived elements reduce safety, risk, and programmatic and technical risk to
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enable the most credible development path to meet the goal of providing crewed access to
space by 2011. The series-burn configuration of LV 13.1 provides the crew with an unob-
structed escape path from the vehicle using an LAS in the event of a contingency event from
launch through EOL. Finally, if required, a derivative cargo-only version of the CLV, desig-
nated in this report as LV 13.1S, can enable autonomous, reliable delivery of unpressurized
cargo to ISS of the same payload class that the Shuttle presently provides.

1.5.5.3 Recommendation 3

To meet lunar and Mars exploration cargo requirements, begin development as soon as practi-
cal of an in-line Shuttle-derived CaLV configuration consisting of two five-segment RSRBs
and a core vehicle with five aft-mounted SSMEs derived from the present ET and recon-
figured to fly payload within a large forward-mounted aerodynamic shroud. The specific
configuration is designated LV 27.3 in this report. This configuration provides superior
performance to any side-mount Shuttle-derived concept and enables varied configuration
options as the need arises. A crewed version is also potentially viable because of the extensive
use of human-rated elements and in-line configuration. The five-engine core and two-engine
EDS provides sufficient capability to enable the “1.5-launch solution,” which requires one
CLV and one CaLV flight per lunar mission—thus reducing the cost and increasing the
safety/reliability of each mission. The added lift capability of the five-SSME core allows the
use of a variety of upper stage configurations, with 125 mT of lift capability to LEO. LV 27.3
will require design, development, and certification of a five-segment RSRB and new core
vehicle, but such efforts are facilitated by their historical heritage in flight-proven and well-
characterized hardware. Full-scale design and development should begin as soon as possible
synchronized with CLV development to facilitate the first crewed lunar exploration missions
in the middle of the next decade.

1.5.5.4 Recommendation 4

To enable the 1.5-launch solution and potential vehicle growth paths as previously discussed,
NASA should undertake development of an EDS based on the same tank diameter as the cargo
vehicle core. The specific configuration should be a suitable variant of the EDS concepts
designated in this study as EDS S2x, depending on the further definition of the CEV and
LSAM. Using common manufacturing facilities with the Shuttle-derived CaLV core stage
will enable lower costs. The recommended EDS thrust requirements will require development
of the J-2S+, which is a derivative of the J-2 upper stage engine used in the Apollo/Saturn
program, or another in-space high performance engine/cluster as future trades indicate. As
with the Shuttle-derived elements, the design heritage of previously flight-proven hardware
will be used to advantage with the J-2S+. The TLI capability of the EDS S2x is approximately
65 mT, when used in the 1.5-launch solution mode, and enables many of the CEV/LSAM
concepts under consideration. In a single-launch mode, the S2B3 variant can deliver 54.6 mT
to TLI, which slightly exceeds the TLI mass of Apollo 17, the last crewed mission to the Moon
in 1972.

1.5.5.5 Recommendation 5
Continue to rely on the EELV fleet for scientific and ISS cargo missions in the 5- to 20-mT lift
range.
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1.6 Technology Assessment

1.6.1 Overview

The Vision for Space Exploration set forth by President Bush cannot be realized without a
significant investment in a wide range of technologies. Thus, a primary objective of the ESAS
was to identify key technologies required to enable and significantly enhance the reference
exploration systems and to prioritize near- and far-term technology investments. The product
of this technology assessment is a revised ESMD technology investment plan that is traceable
to the ESAS architecture and was developed by a rigorous and objective analytical process.
The investment recommendations include budget, schedule, and Center/program allocations to
develop the technologies required for the exploration architecture.

The three major technology assessment tasks were: (1) to identify what technologies are truly
needed and when they need to be available to support the development projects; (2) to develop
and implement a rigorous and objective technology prioritization/planning process; and (3) to
develop ESMD Research and Technology (R&T) investment recommendations about which
existing projects should continue and which new projects should be established.

Additional details on the technology trade studies and analysis results are contained in
Section 9, Technology Assessment, of this report.

1.6.2 Technology Assessment Process

The baseline ESAS technology program was developed through a rigorous and objective
process consisting of the following: (1) the identification of architecture functional needs; (2)
the collection, synthesis, integration, and mapping of technology data; and (3) an objective
decision analysis resulting in a detailed technology development investment plan. The invest-
ment recommendations include budget, schedule, and Center/program allocations to develop
the technologies required for the exploration architecture, as well as the identification of other
investment opportunities to maximize performance and flexibility while minimizing cost and
risk. More details of this process are provided in Appendix 9A, Process.

The ESAS team’s technology assessment included an Agency-wide Expert Assessment Panel
(EAP). The team was responsible for assessing functional needs based on the ESAS architec-
ture, assembling technology data sheets for technology project(s) that could meet these needs,
and providing an initial prioritization of each technology project’s contribution to meeting a
functional need. This involved key personnel working full-time on ESAS as well as contractor
support and consultation with technology specialists across NASA, as needed.

The EAP was a carefully balanced panel of senior technology and systems experts from eight
NASA Centers. They examined the functional needs and technology data sheets for miss-
ing or incorrect entries, constructed new technology development strategies, and performed
technology development prioritization assessment using the ESAS FOMs for each need at the
architecture level. They provided internal checks and balances to ensure evenhanded treat-
ment of sensitive issues.

All results were then entered into spreadsheet tools for use by the ESAS team in analyzing
technology investment portfolio options. During the final step of the process, the ESAS team
also worked with ESMD and the NASA Administrator’s office to try to minimize Center
workforce imbalance.
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1.6.3 Architecture R&T Needs

This assessment was performed in parallel with the architecture development, requiring the
ESAS team to coordinate closely to ensure that the technology assessment captured the latest
architecture functional needs. The functional needs were traced element-by-element, for each
mission, in an extensive spreadsheet tool. These needs were the basis for the creation of the
technology development plans used in the assessment. Thus, all technology development
recommendations were directly traceable to the architecture. This analysis indicated that R&T
development projects are needed in the following areas:

 Structures and Materials,
 Protection,

* Propulsion,

* Power,

e Thermal Controls,

 Avionics and Software,

» Environmental Control and Life Support (ECLS),
* Crew Support and Accommodations,
e Mechanisms,

* ISRU,

* Analysis and Integration, and

* Operations.

These areas are described in additional detail in Section 9, Technology Assessment, of this
report. Each area’s section contains the description of its functional needs, the gaps between
state-of-the-art and the needs, and the recommended developments. There is a more detailed
write-up for each recommended technology development project listed in Appendix 9B,
Technology Development Activity Summaries.

1.6.4 Recommendations

As aresult of the technology assessment, it is recommended that the overall funding of
ESMD for R&T be reduced by approximately 50 percent to provide sufficient funds to
accelerate the development of the CEV to reduce the gap in U.S. human spaceflight after
Shuttle retirement. This can be achieved by focusing the technology program only on those
technologies required to enable the architecture elements as they are needed and because

the recommended ESAS architecture does not require a significant level of technology devel-
opment to accomplish the required near-term missions. Prior to the ESAS, the technology
development funding profile for ESMD was as shown in Figure 1-31. The ESAS recommen-
dations for revised, architecture-driven technology development is shown in Figure 1-32.
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Figures 1-33 through 1-35 show, respectively, the overall recommended R&T budget broken
out by program with liens, functional need category, and mission. “Protected” programs
include those protected from cuts due to statutory requirements or previous commitments.
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Figure 1-33. Overall
Recommended R&T
Budget Broken Out by
Program with Liens

Figure 1-34. Overall
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by Functional Need
Category
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The funding profile includes 10 percent management funds and approximately 30 percent
liens due to prior agency agreements (e.g., Multi-User System and Support (MUSS), the
Combustion Integrated Rack (CIR), and the Fluids Integrated Rack (FIR)) and legislated
requirements (e.g., Small Business Innovation Research (SBIR), Small Business Technology
Transfer (STTR)).

The final recommended technology funding profile was developed in coordination with the
ESAS cost estimators using the results of the technology assessment.
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Table 1-1.

Technology Project
Recommendations
ESAS
Number | Control | Program Category New Projects
Number

1 1A ESRT Structures Lightweight structures, pressure vessel, and insulation.

2 2A ESRT Protection Detachable, human-rated, ablative environmentally compliant TPS.

3 20 HSRT Protection Lightweight radiation protection for vehicle.

4 2E HSRT Protection Dust and contaminant mitigation.
Human-rated, 5-20 kibf class in-space engine and propulsion system (SM for ISS

5 3A ESRT Propulsion orbital operations, lunar ascent and TEI, pressure-fed, LOX/CH4, with LADS). Work
also covers 50-100 Ibs nontoxic (LOX/CH4) RCS thrusters for SM.

6 3B ESRT Propulsion Human-rated deep throttleable 5-20 kibf engine (lunar descent, pump-fed LOX/LH2).

7 3C ESRT Propulsion Human-rated, pump-fed LOX/CH4 5-20 kIbf thrust class engines for upgraded lunar
LSAM ascent engine.

8 3D ESRT Propulsion Human-rated, stable, nontoxic, monoprop, 50-100 Ibf thrust class RCS thrusters (CM
and lunar descent).

9 3F ESRT Propulsion Manufacturing and production to facilitate expendable, reduced-cost, high production-
rate SSMEs.

10 3G ESRT Propulsion Long-term, cryogenic, storage and management (for CEV).

11 3H ESRT Propulsion Long-term, cryogenic, storage, management, and transfer (for LSAM).

19 3K ESRT Propulsion Human-rated, nontoxic 900-Ibf Thrust Class RCS thrusters (for CLV and heavy-lift
upper stage).

13 4B ESRT Power Fuel cells (surface systems).

14 4E ESRT Power Space-rated Li-ion batteries.

15 4F ESRT Power Surface solar power (high-efficiency arrays and deployment strategy).

16 4 ESRT Power Surface power management and distribution (e.g., efficient, low mass, autonomous).

17 4J ESRT Power LV power for thrust vector and engine actuation (nontoxic APU).

18 5A HSRT Thermal Control Human-rated, nontoxic active thermal control system fluid.

19 5B ESRT Thermal Control Surface heat rejection.

20 6A ESRT Avionics and Software | Radiation hardened/tolerant electronics and processors.

91 6D ESRT Avionics and Software Integrated'System Health Management (ISHM) (CLV, LAS,. EDS, CEV, lunar ascent/de-
scent, habitat/Iso new hydrogen sensor for on-pad operations).

22 6E ESRT Avionics and Software | Spacecraft autonomy (vehicles & habitat).

23 6F ESRT Avionics and Software | Automated Rendezvous and Docking (AR&D) (cargo mission).

24 6G ESRT Avionics and Software | Reliable software/flight control algorithms.

25 6H ESRT Avionics and Software | Detector and instrument technology.

26 6l ESRT Avionics and Software | Software/digital defined radio.
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Table 1-1. (continued)

Technology Project
Recommendations
ESAS
Number | Control Category New Projects
Number
27 6J ESRT Avionics and Software | Autonomous precision landing and GN&C (Lunar & Mars).
28 6K ESRT Avionics and Software | Lunar return entry guidance systems (skip entry capability).
29 6L ESRT Avionics and Software | Low temperature electronics and systems (permanent shadow region ops).
30 7A HSRT ECLS Atmospheric management - CMRS (C02, Contaminants and Moisture Removal
System).

31 7B HSRT ECLS Advanced environmental monitoring and control.
32 7C HSRT ECLS Advanced air and water recovery systems.

Crew Support and oo . .
33 8B HSRT Accommodations EVA Suit (including portable life suppport system).

Crew Support and Crew healthcare systems (medical tools and techniques, countermeasures, exposure
34 8E HSRT : -

Accommaodations limits).

Crew Support and B .
35 8F HSRT Accommodations Habitability systems (waste management, hygiene).
36 9c ESRT Mechanisms éhjttgggtmous/teleoperated assembly and construction (and deployment) for lunar
37 9D ESRT Mechanisms Low temperature mechanisms (lunar permanent shadow region ops).
38 9E ESRT Mechanisms Human-rated airbag or alternative Earth landing system for CEV.
39 9F ESRT Mechanisms Human-rated chute system with wind accommodation.
40 10A ESRT ISRU Demonstration of regolith excavation and material handling for resource processing.
41 10B ESRT ISRU Demonstration of oxygen production from regolith.
42 10C ESRT ISRU Demonstration of polar volatile collection and separation.

Large-scale regolith excavation, manipulation and transport (i.e., including radiation

43 10D ESRT ISRU shielding construction).

44 10E ESRT ISRU Lunar surface oxygen production for human systems or propellant.
45 10F ESRT ISRU Extraction of water/hydrogen from lunar polar craters.
46 10H ESRT ISRU In-situ production of electrical power generation (lunar outpost solar array fabrication).
47 1A ESRT Analysis and Integration liorﬁlu?aet\i/g#opment for architecture/mission/technology analysis/design, modeling and
48 11B ESRT Analysis and Integration | Technology investment portfolio assessment and systems engineering and integration.
49 19A ESRT Operations Supportab|llty (commonality, interoperability, maintainability, logistics, and

in-situ fab.)
50 12B ESRT Operations Human-system interaction (including robotics).
51 12C ESRT Operations Surface handling, transportation, and operations equipment (Lunar or Mars).
52 12E ESRT Operations Surface mobility.
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Figure 1-36.

ESAS Architecture
Implementation
Roadmap

56

1.7 Architecture Roadmap

As outlined in this executive summary, the ESAS team developed a time-phased, evolutionary
architecture approach to return humans to the Moon, to service the ISS after Space Shuttle
retirement, and to eventually transport humans to Mars. The individual elements were inte-
grated into overall Integrated Master Schedules (IMSs) and detailed, multi-year integrated
LCCs and budgets. These detailed results are provided in Section 11, Integrated Master
Schedule, and Section 12, Cost, of this report. A top-level roadmap for ESAS architecture
implementation is provided in Figure 1-36.
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Surface Systems Development.

In this implementation, the Space Shuttle would be retired in 2010, using its remaining flights
to deploy the ISS and, perhaps, service the Hubble Space Telescope (HST). CEV and CLV
development would begin immediately, leading to the first crewed CEV flight to the ISS in
2011. Options for transporting cargo to and from the ISS would be pursued in cooperation
with industry, with a goal of purchasing transportation services commercially. Lunar robotic
precursor missions would begin immediately with the development and launch of the Lunar
Reconnaissance Orbiter mission and continue with a series of landing and orbiting probes

to prepare for extended human lunar exploration. In 2011, development would begin of the
major elements required to return humans to the Moon—the LSAM, CaLV, and EDS. These
elements would be developed and tested in an integrated fashion, leading to a human lunar
landing in 2018. Starting in 2018, a series of short-duration lunar sortie missions would be
accomplished, leading up to the deployment and permanent habitation of a lunar outpost.
The surface systems (e.g., rovers, habitats, power systems) would be developed as required.
Lunar missions would demonstrate the systems and technologies needed for eventual human
missions to Mars.
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1.8 Architecture Advantages

The ESAS team examined a wide variety of architecture element configurations, func-
tionality, subsystems, technologies, and implementation approaches. Alternatives were
systematically and objectively evaluated against a set of FOMs. The results of these many
trade studies are summarized in each major section of this report and in the recommendations
in Section 13, Summary and Recommendations.

Although many of the key features of the architecture are similar to systems and approaches
used in the Apollo Program, the selected ESAS architecture offers a number of advantages
over that of Apollo, including:

* Double the number of crew to the lunar surface;

* Four times the number of lunar surface crew-hours for sortie missions;

* A CM with three times the volume of the Apollo Command Module;

* Global lunar surface access with anytime return to the Earth;

* Enabling a permanent human presence at a lunar outpost;

* Demonstrating systems and technologies for human Mars missions;

* Making use of in-situ lunar resources; and

* Providing significantly higher human safety and mission reliability.

In addition to these advantages over the Apollo architecture, the ESAS-selected architecture
offers a number of other advantages and features, including:

* The Shuttle-derived launch options were found to be more affordable, safe, and reliable
than EELV options;

* The Shuttle-derived approach provides a relatively smooth transition of existing facilities
and workforce to ensure lower schedule, cost, and programmatic risks;

* Minimizing the number of launches through development of a heavy-lift CaLV improves
mission reliability and safety and provides a launcher for future human Mars missions;

» Use of an RSRB-based CLV with a top-mounted CEV and LAS provides an order-of-
magnitude improvement in ascent crew safety over the Space Shuttle;

* Use of an Apollo-style blunt-body capsule was found to be the safest, most affordable, and
fastest approach to CEV development;

* Use of the same modular CEV CM and SM for multiple mission applications improves
affordability;

* Selection of a land-landing, reusable CEV improves affordability;

* Use of pressure-fed LOX/methane propulsion on the CEV SM and LSAM ascent stage
enables ISRU for lunar and Mars applications and improves the safety of the LSAM; and

* Selection of the “1.5-launch” EOR-LOR lunar mission mode offers the safest and most
affordable option for returning humans to the Moon.
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