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Preface

July 20th, 1969: astronauts Neil Armstrong and Buzz Aldrin set foot on the Moon for the first time in the
history of mankind. Forty nine years later, a team of ten students at the Delft University of Technology
begins a project to design the first ever habitat on the Moon: LUNARGOS. Situated in the Peloponnese,
Greece, Argos is one of the most antique cities in Europe. Being continuously inhabited its entire history,
the team was inspired by its name and merged it with Luna, the ancient Roman divine personification of
the Moon, to create the pioneering habitat name of LUNARGOS.

The Lunar base shall be designed to accommodate a total of four astronauts for a period of one year,
with the possibility of future expansions and a minimum operational lifetime of ten years. The pioneering
technologies, the alternating eclipses on the Moon, and the harsh environment drastically increase the
technical challenges and the complexity of design choices. However, the team is target focused, highly
motivated, and determined to succeed.

This is the conclusive report in fulfilment of the requirements for the course AE3200 - Design Synthesis
Exercise, in the final year of the Bachelor in Aerospace Engineering at the TU Delft. This document is
preceded by three preliminary ones, precisely a project plan to outline the basis of the assignment, a
baseline report to initiate the design phase of the mission, and a Midterm Report to assess the identified
possibilities and select a final concept. In fact, the chosen design idea is extensively investigated and
analysed in this report. An in-depth study has been performed in terms of all stages of the mission: from
orbit transfer, to landing operations, through both interior and exterior habitat layouts, as well as each
subsystems design, and end-of-life sustainability approach.

We are indebted to Prof.dr.ir. S. van der Zwaag for mentoring the team with his extensive technical feedback
and instructions throughout this eleven weeks process. Moreover, we would like to thank D. de Tavernier
MSc. and Y. Xiao MSc. for the help and support they have provided since the beginning of this project.
Furthermore, we are grateful to the PM/SE team for their insights and guidelines, especially to Dr.ir. W.
Verhagen, Dr.ir. E. Mooij, and S. Singh. Finally, we would like to thank experts Dr. A. Menicucci for the
explanations on radiation in space and Ir. B. Blank for his insights on the structure of the Moon surface, Dr.
S.J. Hulshoff and Dr. R.P. Dwight for their support in computational modelling and Dr. Venkatesha Prasad
and Sujay Narayana Msc. for their support in designing the Command and Data Handling system. Last but
not least, each member of the team is extremely thankful to their family, friends and loved ones for their
continuous affection throughout this whole experience.

DSE Group 26
Delft, June 27, 2018
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Executive Summary
Our project’s target is to design a Lunar Habitat hosting a crew of 4 astronauts for at least one year at a
time, with a total mission lifetime of 10 years. The primary challenge faced is providing a reliable and safe
environment in which astronauts wear minimal protective gear, in an environment that has a strongly fluc-
tuating temperature, continuous meteorite impacts, high radiation levels, and a lack of atmosphere. This
has to be done while complying with the international legislation regarding Moon exploration, using launch-
ers that are commercially available no later than 2018, having adequate backup facilities to allow the safe
return of the astronauts to Earth under all conditions and staying below an all-inclusive cost 500000 €/𝑘𝑔 of
material delivered to the Moon ( including research, development, manufacturing, transport, deployment,
usage, and disposal). The project aspires to contribute to European Space Agency’s (ESA) research on
extraterrestrial habitation possibilities of humankind, improving the human species chances of long-term
survival.

During the market analysis, the team identified that we lie at a crucial moment in the market where
no similar product has ever been constructed, yet the opportunity to design and build this project would
provide significant value to multiple stakeholders. Currently, the moon is seen as a target for five of six
biggest space agencies on earth, as it is seen as a logical step towards colonising Mars. Furthermore,
a significant rise in the number of space corporations has been occurring in the last decades, from less
than 10 in the early 2000s to more than 60 in 2016. Most of them looking into space tourism, asteroid
mining and Mars colonisation, for all of which a Lunar colony is of prime interest. However, this project
does have weaknesses and threats, such as the high price tag which our primary client cannot afford
and public opinion that does not prioritise space exploration. These can be mitigated by generating value
for multiple stakeholders that do not rely on public opinion, such as space corporations and focusing on
producing strong marketing campaigns. Based on the opportunities derived from the market analysis and
the stakeholder requirements, the following concepts where generated:

1. Concept 1 - Reusable Lander Base: using the landing vehicle as the habitat itself, by interconnecting
various landers together;

2. Concept 2 - Inflatable Dome: a habitat consisting of an inflatable dome, stemming out of a rigid
cylinder;

3. Concept 3 - Rigid Cylinder: transporting rigid pre-fabricated cylinders from Earth, placing them hori-
zontally and interconnecting them;

4. Concept 4 - Build-in Design: constructing an underground dome, by either using a crater/cave or
digging a hole, inflating a structure in it and then covering it with regolith;

5. Concept 5 - Honeycomb Design: constructing a series of domes out of hexagonal tiles.

Concept four and five were discarded after a first qualitative trade-off as installation was found to be
unfeasible. After further development, a second quantitative trade-off was performed based upon safety,
mass, sustainability, TRL and launch cost. From this trade-off, concept three, the rigid cylinder, was found
to be the best design, as it had the highest score as well as being the safest design. A sensitivity analysis
was performed which confirmed the outcome.

A site 10 𝑘𝑚 north-east of the Apollo 11 landing site was selected as the building location of the habitat,
and the geological, soil, radiation, thermal and meteoroid characteristics of this area were explored in detail.

After multiple iterations, the final habitat design consists of four horizontally placed cylinders, connected
through a central node, an airlock, multiple rovers and an escape vehicle. The cylinder design is constrained
by the size of the payload fairing of the chosen launch vehicle, specifically SpaceX’s Falcon 9. To optimise
the space use, the ends of the cylinders are conically shaped to fit in the conical shape of the fairing,
the payload adapter is redesigned, the landing struts are folded, and the fuel is stored in the walls of
the cylinder. The last feature is of special interest as this saves significant volume, serves as a sandwich
structure to resist buckling loads during launch, and can be filled with water during operation to provide
radiation protection.

The modules are interconnected using a specially designed mechanism to overcome misalignments
during construction. The mechanism consists of three rings, two on the connecting module and one on the
module to be connected to. The two rings on the connecting module are themselves interconnected by 6
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actuators providing 6 degrees of freedom movement and a flexible material providing an airtight seal. In
the centre of the base there is a node providing four connecting points. The final layout of the base can
be seen in figure 1.

Figure 1: External layout of the cylinders, central node, and airlock

Given the Lunar environment has high radioactivity levels, meteorite impacts with 21.3 𝑘𝐽 of energy and
temperature fluctuations from 100 𝐾 to 400 𝐾, protective systems needed to be designed. It was concluded
that one of the most efficient solutions is covering the base with a layer of 1.2 𝑚 of lunar regolith in combi-
nation with the aforementioned 4 𝑐𝑚 thick water layer, in which radiation protection was the constraining
factor. This configuration allows for meteoroid probability of no penetration significantly higher than the
required of 99.8�, based on the Grun model and the Fish summer equation. Furthermore, the radiation
dose inside the habitat will be lower than 78.3 𝑚𝐺𝑦/𝑦𝑟 and a stable temperature on the habitat walls of
247.50 𝐾 ± 0.5 𝐾 will be reached. The radiation levels will be measured using piezoelectric film sensor
panels, which will be mounted outside of the shell modules, similar to the ISS. As a first-order structural
integrity estimation, multiple load cases on the cylinders were considered, during launch and operation.
Furthermore, after multiple materials were investigated, it was determined that the cylinders would be
made out of Aluminium 7055-T7751, resulting in the values for the layers as shown in table 1.

Table 1: Final dimensions of the structural layers, from outside in

Layer Thickness Length Radius Weight
[𝑚𝑚] [𝑚] [𝑚] [𝑘𝑔]

Regolith 1200 7.7 - -
Aluminium 7055-T7751 1.60 7.7 2.3 510
Water 40 5.9 ≈ 2.25 -
Aluminium 7055-T7751 2.74 7.7 2.25 830

Communication system consists of two parabolic high gain antennas and an omnidirectional low gain an-
tenna. HA6-1 provides the primary communication and has a diameter of 1.5 meters, and HA6-2 provides
the BOL communication and serves as a redundant system. Data rates up to 564 Mbps can be reached,
having a round trip time of 2.71 seconds. Concerning life support, 4200 𝑘𝑔 of food will be brought from
earth while experiments on growing food will take place using the Advanced Plant habitat. All waste left at
the end of the mission will be sent back to earth using the return vehicle. To recycle water, the Alternative
Water Processor will be used as it can also process hygiene and laundry water with a total recovery rate of
90�. The alternative water processor uses four bio-reactors which utilise bacterial metabolic processes to
remove carbon and nitrogen from water by means of nitrification and denitrification. Afterwards, the resid-
ual water goes through a process of forwarded and reversed osmosis to assure removal of large molecules.
The internal air pressure is chosen to be 101.4 𝑘𝑃𝑎, while having a 21� oxygen and 79� nitrogen content
with a 50� humidity. The atmospheric management system will regulate the air composition, based on
the inputs received from the environmental monitoring system. It does so by utilising Astine beds for 𝐶𝑂ኼ
removal, Sabatier reactors to reprocess the removed 𝐶𝑂ኼ and fixed alkaline electrolysis to generate the
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required oxygen. The inner thermal control system uses two active systems of water and ammonia trough
heat pipes, as well as a passive system of regolith insulation. The water pipes are connected to the water
layer in the habitat shell to ensure better climate control. Noise control will be provided by placing acoustic
barriers on both the inside and outside of the structural wall, while simultaneously investigating the pos-
sibility of active noise control. Noise will be kept below NC-50 in every module, while the living cabin will
serve as a quiet room having a maximum noise level of NC-40. More medical equipment than is present on
the ISS will be taken, as evacuation is less feasible for this mission. However, future development is needed
as knowledge on the subject is limited. To reduce muscle atrophy, the treadmill with Vibration Isolation and
Stabilisation System, the ISS Advanced Resistive Exercise Device and the Cycle Ergometer with Vibration
Isolation and Stabilisation as are used on the ISS are installed in the lunar habitat. The Command and
Data handling system was designed to be completely redundant and distributed, with a reliability of 99.99
�. It is designed using a combination of commercial off-the-shelf components and radiation hardened
components as it needs to continue functioning in critical situations where radiation protection breaches
are possible.

Due to high eclipse time and high power requirement a conventional power system is not possible. After
a thorough exploration of feasible power systems, the Kilopower project from NASA has been chosen. The
use of this system lays the path to closer cooperation with NASA, supplying them with a chance to test
their system close to earth, before it may be applied to Mars missions or deep space orbiters. KRUSTY
(Kilowatt Reactor Utilizing Stirling Technology) is a nuclear fission reactor using a small and compact fast
neutron reactor. The heat from the core is transported using sodium heat pipes to 4 Stirling generators.
These generators are hooked up to a titanium radiator, to get rid of the waste heat and to supply a cold
side for the thermodynamic cycle. Its design is inherently safe by making sure the dynamics between the
core and converters are an underdamped, stable system. During launch, a boron carbide rod is inserted in
the core. This neutron absorber is only pulled out after full installation of the system. The reliability of the
system, assuming 3 out of 8 generators still supplies enough power to sustain life in emergency situations,
is over 99.9999�. Contrary to solar panels, this system can survive without any significant maintenance,
having no issues with dust or micrometeoroids.

As previously mentioned, the base is primarily made up of 4 cylinders. The first module, seen in
figure 10.4a, contains the ECLSS system, bathroom, laundry facilities and medical bay. The second module,
seen in figure 10.4b, contains the main working area, basic research equipment, exercise equipment and
backup medical equipment. The third module, seen in figure 10.5a, is primarily designed as living quarters,
containing sleeping capsules, personal storage space, a sofa and entertainment system. Finally, figure 10.5b
shows the safety and command module, which serves as a shelter for the astronauts during emergencies. It
is completely redundant, containing EVA suits, a toilet, a down-scaled ECLSS, emergency provisions, backup
power, the main CDH system, medical and maintenance equipment, and secondary sleeping quarters. It is
directly connected to the airlock, through which the astronauts can reach the escape vehicle.

(a) Module 1, contains the ECLSS, med-bay, bathroom &
laundry and a variety of storage space

(b) Module 2, contains the exercise equipment and a
generous amount of storage space

Figure 2: Renders of modules 1 and 2
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(a) Module 3, the astronaut living compartment (b) Module 4, the ECM. Also contains the galley, central
server and other essential systems for standalone

operation

Figure 3: Renders of modules 3 and 4

The process of getting the hardware and astronauts to the moon and installing the base has also been
thoroughly investigated. Based on an astrodynamics model using third body perturbations, it was decided
to use a Hohmann transfer to bring payloads to the moon. The cylindrical modules will be launched to
Low Earth Orbit by Falcon 9 rockets and rendezvous with a transfer vehicle launched by a Falcon Heavy
rocket. From there, the transfer vehicle brings the payload to Low Lunar Orbit, where the two systems
are disconnected, and the payload starts the landing process. The installation of the different payloads
on the moon is performed by small rovers dubbed ঈants”, which collect elements and place them in their
designated location. The area needed to transport the modules is already sintered by the regolith rovers
before the other launches arrive. Finally, regolith rovers cover the completely installed habitat with Lunar
regolith and sinter the top layer. Our calculations show that eighteen launches and nine Lunar landings
over a 19-week period are required to bring all habitat components and assembly machines to the Moon.

As this project has never been done before, a high number of risks are identified throughout the duration
of the mission. The project requires a high level of reliability engineering to deal with all these risks. Safety
and mitigation procedures are in place for all activities that pose a higher risk. Especially the logistics and
operations of this project are critical cases that need extensive design work. Given that this topic will be
developed into further detail during future development, the current project risk level is considered within
acceptable bounds. The final estimates of the relevant technical resource budgets are listed in table 2.
These include the necessary contingencies on the calculated values.

Table 2: Mission technical budgets

Mass Cost Pressurised volume Habitable volume Power generated
[𝑘𝑔] [𝑀€] [𝑚ኽ] [𝑚ኽ] [𝑘𝑊]
87309 29802 423 226 20

To make this project a reality, lots still has to be done during the future development of this project. As a
first, the rovers are at a TRL of 1. This means the complete design of this part of the project will be done
during future development. Also, a KRUSTY information campaign will be held to change the public opinion
towards the power plant. This shows that during the next phases, social sustainability is of more importance
than environmental sustainability. How the future development will take place is already planned, with the
first phases concentrated on the design itself and further phases more concentrated on the testing and
usage of the design.

To finalise this design, the requirements stated in the beginning of the project are checked for compliance
with the actual design. In conclusion, five of the 137 requirements were not met, and seven of the
137 requirements were not yet met, as the design was not developed far enough to meet the specific
requirement. For all of the five requirements that are not entirely met, either a good reason is given for
not meeting the requirement, or the requirement was changed as the requirement itself was not correct.
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List of Acronyms

ACRONYM FULL NAME ACRONYM FULL NAME

AC Alternating Current
ACLS Advanced Closed Loop System
APH Advanced Plant Habitat
ARV Astronauts Rover Vehicle
ATCS Active Thermal Control System
AWP Alternative Water Processor
BFR Big Falcon Rocket
BHN Brinell Hardness
BIRD Battery�operated Independent Ra-

diation Detector
BLE Ballistic Limit Equation
BMD Benchmark Dose
CAD Computer Aided Design
CCA ፂፎᎴ Concentration Subsystem
CDH Command & Data Handling
CPAD Crew Personal Active Dosimeter
CRA ፂፎᎴ Reprocessing Subsystem
COTS Commercial Off-The-Shelf
DSE Design Synthesis Exercise
EAFTC Environmentally Adaptive Fault Tol-

erant Computing
ECLSS Environmental Control and Life Sup-

port System
EDS Electrodynamic Dust Shields
EOL End-of-Life
EPS Electrical Power System
ESA European Space Agency
EV Extra-Vehicular
EVA Extra-Vehicular Activity
FAA Federal Aviation Authority
FBD Functional Breakdown Diagram
FFD Functional Flow Diagram
FH Falcon Heavy
FMEA Failure Mode & Effect Analysis
FNS Fast Neutron Spectrometer
GCR Galactic Cosmic Radiation
GEO Geostationary Earth Orbit
GNP Gross National Product
GTO Geostationary Transfer Orbit
GUI Graphical User Interface
HERA Hybrid Electronic Radiation Assessor
HGA High-Gain Antenna
IBDM International Berthing & Docking

Mechanism
ICT Information & Communication Tech-

nology
ISRU In-Situ Resource Utilisation
ISS International Space Station
IV Intra-Vehicular
JSC Johnson Space Centre
KRUSTY Kilowatt Reactor Utilising Stirling

Technology
LED Light-Emitting Diode

LEO Low Earth Orbit
LGA Low Gain Antenna
LLO Low Lunar Orbit
LTO Lunar Transfer Orbit
LRV Lunar Roving Vehicle
LVS Lander Vision System
MEM Meteoroid Engineering Model
MLI Multi-Layered Insulation
MMOD Micro-Meteoroid and Orbital Debris
MMS Method of Manufactured Solutions
MNS Mission Need Statement
MPT Miniaturised Particle Telescope
MULASSIS Multi-Layered Shielding Simulation

Software
NASA National Aeronautics & Space Ad-

ministration
NPP Nuclear Power Plant
NDL Navigation Doppler Lidar
OGA Oxygen Generation Subsystem
PTCS Passive Thermal Control System
PDE Partial Differential Equation
PNP Probability of No Penetration
PVDF Polyvinylidene Fluoride
POS Project Objective Statement
PR Public Relations
PTCS Passive Thermal Control System
QJA Quest Joint Airlock
RAD Radiation Assessment Detector
RAM Radiation Area Monitor
RAMS Reliability, Availability, Maintainabil-

ity & Safety
R&D Research & Development
RR Regolith Rover
RPN Risk Priority Number
RTG Radioisotope Thermoelectric Gener-

ator
S/C Spacecraft
SCM Safety & Command Module
SCMLS Safety & Command Module Life Sup-

port
SLS Space Launch System
SNR Signal-to-Noise Ratio
SOI Sphere of influence
SWOT Strengths, Weaknesses, Opportuni-

ties & Threats
TLI Trans Lunar Injection
TRL Technology Readiness Level
TRN Terrain Relative Navigation
TV Transfer Vehicle
US United States
UV UltraViolet
V&V Verification & Validation
WRS Water Recovery System
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List of Symbols

ROMAN
SYMBOL

FULL NAME UNIT

ፀᎳ Area of heat-radiating object ፦Ꮄ

ፀᎴ Area of eluminated side of an object ፦Ꮄ

ፀᑙ Footprint area of habitat ፦Ꮄ

ፀᑟ Footprint area of nuclear fission plant ፦Ꮄ

፜ᑡ Specific heat capacity ፉ/፤፠ፊ
፜Ꮃ Constant for the micrometeoroid flux ዅ
፜Ꮄ Constant for the micrometeoroid flux ዅ
፜Ꮅ Constant for the micrometeoroid flux ዅ
፜Ꮆ Constant for the micrometeoroid flux ዅ
፜Ꮇ Constant for the micrometeoroid flux ዅ
ፂᑥ Speed of sound in the target ፤፦/፬
ፃᑄ Distance between Earth and Moon ፦
ፃᑣ Relative density of regolith ዅ
፝ᑡ Projectile diameter ፦
፝ᑫ Depth of loaded regolith surface ፦
ፄᑤ Source of energy ፉ
፞ᑣ Average void ratio of regolith ዅ
ፅ(ፄᑤ) Energy-based Lunar flux ።፦፩ፚ፜፭፬/፦Ꮄ/፬
ፅ(፦, ፫Ꮂ) Mass-based Lunar flux ።፦፩ፚ፜፭፬/፦Ꮄ/፬
ፅᑊ Solar flux ፖ/፦Ꮄ

ፅᐼ,ᑀᑉ Infrared flux of the Earth ፖ/፦Ꮄ

ፆᑃ Specific gravity of Lunar soil ዅ
፠Ꮂ Gravity on Earth ፦/፬Ꮄ
ፈᑤᑡ Efficiency of a rocket engine ፬
፤ Constant for isotopic flux ዅ
ፊ Damage parameter for titanium alloy ዅ
ፊᑒᑝ Material constant aluminium ዅ
፤ᑥ Thermal conductivity ፖ/(፦ፊ)
ፌᎲ Initial mass ፤፠
ፌᎳ Final mass ፤፠
፦ Mass ፤፠
፦ᑥᑒᑟᑜ Tank mass ፤፠
ፍ(፦, ፫Ꮂ) Spatial density distribution ዅ
፧ᑣ Average porosity of regolith �
፩ Number of nodes in the mesh in y-direction ዅ
ፏ Gas pressure ፏፚ
ፏᑔ Critical gas pressure ፏፚ
ፏᐼ Radiated power of the evaluated body ፖ
ፏᑣ፞፠ Pressure of regolith ፏፚ
ፏᑊ Radiated power of the Sun ፖ
፫ Number of nodes in the mesh in x-direction ዅ
፫Ꮂ Radius of distance from the Sun ፀፔ
፫ᐼ Radius of the Earth ፦
ፑ Universal gas constant ፉ/፤፠ፊ
ፑᐸᑥᑞᑠᑤ Reliability of atmospheric regulation system ዅ
ፑᐺᐻᐿ Reliability of command and data handling system ዅ
ፑᐺᑠᑞᑞᑤ Reliability of communication system ዅ
ፑᑀᑟᑤᑥᑒᑝᑝᑒᑥᑚᑠᑟ Reliability of installation ዅ
ፑᑃᑒᑦᑟᑔᑙᑖᑣ Reliability of launcher ዅ
ፑᑃᑒᑟᑕᑖᑣ Reliability of lander ዅ
ፑᑄᑄᑇ Reliability of micrometeoroid protection ዅ
ፑᑆᑡᑖᑣᑒᑥᑚᑠᑟ Reliability of operation ዅ
ፑᑇᑠᑨᑖᑣ Reliability of power system ዅ
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ፑᑉᑒᑕᑚᑒᑥᑚᑠᑟ Reliability of radiation protection ዅ
ፑᑉᑠᑧᑖᑣ Reliability of rover ዅ
ፑᑊᐺᑄ Reliability of SCM ዅ
ፑᑊᑥᑣᑦᑔᑥᑦᑣᑖᑤ Reliability of structure ዅ
ፑᑊᑪᑤᑥᑖᑞ Reliability of system ዅ
ፑᑋᑒᑟᑜ Radius tank ፦
ፑᑋᑙᑖᑣᑞᑒᑝ Reliability of thermal system ዅ
ፑᑋᑋᑄ Reliability of transfer to Moon ዅ
ፑᑋᑍ Reliability of transfer vehicle ዅ
፭ Time ፬
፭ᑥᑒᑟᑜ Tank wall thickness ፦፦
ፓ Gas temperature ፊ
ፓᑔ Critical gas temperature ፊ
ፓᐼ Temperature of the evaluated body ፊ
ፓᑊ Temperature of the Sun ፊ
ፓᑤ፮፫፟ፚ፜፞ Temperature of the surface ፊ
፮ Temperature ፊ
፱ Position in the mesh in x-direction ፦
፲ Position in the mesh in y-direction ፦
፳ᑣ Depth of Lunar regolith ፦

GREEK
SYMBOL

FULL NAME UNIT

ᎎ Thermal diffusivity ፦Ꮄ/፬
ᎎᑒ፛ Absorptance of a gray body ዅ
Ꭸ Emittance of a gray body ዅ
᎐Ꮃ Exponent for the micrometeoroid flux ዅ
᎐Ꮄ Exponent for the micrometeoroid flux ዅ
᎐Ꮅ Exponent for the micrometeoroid flux ዅ
᎐Ꮆ Exponent for the micrometeoroid flux ዅ
᎐Ꮇ Exponent for the micrometeoroid flux ዅ
᎘ᑡ Aspect ratio projectile ዅ
፯̄ᑞ Average velocity of a meteoroid ፦/፬
᎞ Density ፤፠/፦Ꮅ

᎞ᑒᑝ Density of aluminum ፤፠/፦Ꮅ

᎞ᑡ Average density of meteoroid ፤፠/፦Ꮅ

᎞ᑣ Average density of regolith ፤፠/፦Ꮅ

᎞ᑤ Density of dry sand ፤፠/፦Ꮅ

᎞ᑋᑚ Density of Titanium ፤፠/፦Ꮅ

᎟ Stefan-Boltzmann Constant ፉ፬ᎽᎳ፦ᎽᎴፊᎽᎶ
᎟ᑋᑚ Yield stress Titanium ፌፏፚ
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1
Mission Introduction

The purpose of this chapter is to introduce the mission and outline its main objectives. In fact, the mission
need and project statements are provided in section 1.1, as well as an investigation into the primary user
requirements that constrain the project in section 1.2 and the structure with which this report is organised.

1.1. Project Objectives
It is of utmost importance for the team and future readers that the ’mission need statement’ (MNS) and
the ’project objective statement’ (POS) are defined and mentioned explicitly. With this properly achieved,
the driving factors will stay clear throughout the entire duration of the project.

঎ Mission need statement: ”Analyse, design and build a safe, living and working environment for
sustained manned Lunar activities in order to improve the chances of long-term human survival”;

঎ Project objective statement: ”Design a semi-permanent living and working habitat for four as-
tronauts on the surface of the Moon within eleven weeks with a team of ten students to contribute
to European Space Agency’s (ESA) research on extraterrestrial living possibilities of humankind”.

1.2. User Requirements
Designing a product that will accomplish the POS is the preeminent goal of the team. To do so, an appro-
priate analysis of the users involved is needed, leading to a list of user requirements. It is vital to clearly
identify what these are, as they drive the mission design and shall be considered at every stage of the
project. They are found in the list of user requirements in appendix B.

1.3. Project Structure
Having defined the POS, a clear and concise structure for this project can be established. The design
process will be as follows:

঎ Investigate the current market of the product, its opportunities and the available resources;

঎ Identify all functions that the product shall accomplish and in which order;

঎ Generate possible concepts for the product;

঎ Analyse the generated design ideas utilising qualitative and quantitative trade-offs;

঎ Verify the results via a sensitivity analysis;

঎ Investigate the final environment of the product and its challenges;

঎ Clearly define the design of all subsystems of the product;

঎ Integrate the system, verify, and validate the outcome;

঎ Develop a logistics and operational plan for the product;

঎ Assess the risks, reliability, availability, maintainability, and safety of the product;

঎ Perform an analysis of the future development;

঎ Draw appropriate conclusions on the process.

This report will follow this pattern, although the detailed version of the process up to the final concept
selection can be found in the Baseline Report [2] and the Midterm Report [3]. It is worth mentioning that
iterating is part of any design process, and it is done at any stage of the assignment, whenever necessary.
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2
Market Analysis

The first step of designing a new product or service is to investigate the potential market characteristics.
Hence, an introduction to the market and a possible market gap are identified in section 2.1. Secondly, a
number of similar missions to the one being designed in this project are investigated in section 2.2. Thirdly,
the possible values and opportunities that this pioneering mission could bring to the market are discussed
in section 2.3. Finally, the available funding possibilities are described in section 2.4. To combine all the
information regarding the market, an analysis of strengths, weaknesses, opportunities and threats of the
product has been performed in section 2.5.

2.1. Market Gap
The space sector has had a huge development over the last decade, with the number of space agencies
increasing enormously in the past ten to fifteen years. In fact, the emerging space companies established
per year rose from less than ten in the early 2000s to almost sixty in 2016 [4]. This is a clear proof of a
global increase in public interest in space activities and explorations. However, besides the space-giants
that dominate the business, most of these companies are still in a research and development (R&D) phase
and the required technologies are still being improved.

With this being said, a conclusion can be drawn on the fact that this field is still very much under
progress. In particular, the exploration of the Moon is currently more frequently investigated by space
agencies. Although we know a lot about this celestial body, there is a clear and unique market gap to be
filled. There is simply no similar product to the one being investigated in this project. There have been
several enterprises and other universities that have investigated similar possibilities of building a Lunar
habitat. However, since this has never been realised, the market gap remains open.

2.2. Similar Missions
Even though there is no existing Lunar habitat and this is a pioneering project, we do have some similar
missions which shall be taken into account throughout the design process: in particular, the Apollo program
and the International Space Station (ISS). The investigation into these is crucial as it provides an overview
into what has already been done, what challenges were faced, along with providing information in what
may be replicable or improved upon for the Lunar habitat mission.

2.2.1. Apollo Program
The Apollo program is renowned and was a product of political tensions between the United States (US)
and Russia. America’s National Aeronautics and Space Administration (NASA) had access to a substantial
budget: nearly 140 billion in current-day dollars according to Stine [5] (118 billion in 2008 dollars, adjusted
for inflation). This might seem over budgeted, however, there was no hands-on experience and practical
information from and comparable missions.

The Apollo program is the first and only mission that successfully sent a group of astronauts to the Moon
and back in 1969. Despite the fact that most technologies used in the Apollo program are rather outdated,
the technology developed for the landing and ascent of manned vehicles on another celestial body is still
very valuable. Furthermore, an incredible amount of studies into the landing site characteristics have been
performed in the last decades, which are used in this report where applicable.

2.2.2. International Space Station
The ISS is an international collaboration between NASA, Roscosmos, ESA, Japan and Canada. It is the
largest single structure humanity has ever put in space, housing astronauts continuously since November
2000. The budget that was made available for the construction of the ISS is different for each party: NASA
is by far the largest contributor having spent well over $100 billion, with a total cost approaching $160
billion [6]. The business model that drives contributions for the ISS is fairly straightforward: astronaut-
and research time is allocated to the agencies according to expenditures, which is a strategy that could be
copied for the Lunar Habitat project.
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2.3. Added Value
A gap in the market has been identified. The reason why it should be filled shall be analysed too. What is
the value added to the market with the implementation of this product? This question will be addressed
firstly by looking into what similar missions brought and then by predicting future market opportunities of
a Lunar habitat.

Both the ISS and the Apollo programs largely contributed to an economic growth. In fact, it has been
proven that technological advances have a substantial effect on the prosperity of the market. Historically
speaking, a good dose of social development on a global scale is attributed to either scientific or techno-
logical innovations and to the abilities derived from their expansion, as described by Benaroya [7] in his
book ”Building Habitats on the Moon”.

Neil Armstrong was right: ”a giant leap for mankind”. The Apollo program was much more than just
a small step, but an incredible opportunities-generator on a practical level. The popular shoemaker AVIA
Inc. adopted the foam materials used in the Lunar boots to improve shock absorption and provide superior
stability and motion control during physical activities [8]. The advances in structural materials were also
enormous; a particular fabric has been created based on the Apollo programs, with which the roof of Hous-
ton’s Reliant Stadium is constructed. This permanent structure fabric is stronger than steel and incredibly
light, maintains the natural grass of the field and decreases lighting, cooling and maintenance needs, as
well as moisture and deterioration [8]. The remote and harsh environment of both the Moon and the ISS
triggers the necessity of advanced mechanisms with regards to communications, safety measures, health
assurance and a lot more. On an energy-related note, it is interesting to understand that solar panels,
which are widely used nowadays, are derived from the Apollo programs. In fact, these were an implemen-
tation from NASA to counteract the extreme amounts of energy needed to power such a mission. The ISS
brought into the game immense advances related to medicine and scientific researches, such as the first
automatic heart monitors, essentially a smaller version of the defibrillators currently used in any hospital.
These are just a few of the developments that these missions introduced in the market and discussing all
of them would be outside the scope of this project.

Benaroya [7] believes that ”proponents of a manned and permanent return to the Moon have expressed
the belief that over time, such activity can propel the Earth economy to a higher level of activity due to
federal and industrial expenditures in high-tech research and development”. Also the added values that
would follow from the creation of a Lunar habitat are more than extensive: generate demand of products,
increase Earth’s economy, further develop technological advancements, set the base for future expansions
to Mars and beyond, investigate extraterrestrial materials for various applications, survive as humans in the
radioactive, low, and micro-gravity space environment, improve the chance of long-term survival, provide
a base for nuclear weapons to destroy near-Earth asteroids, contribute to research in geology, astronomy
and other sciences and an infinite more [7]. The technology developed for space industries is thus often
used for the development in other sectors. Possibilities could be:

঎ Research on long duration micro-g space missions, as this mission can be used for the research of
health care and sport medicine [7];

঎ The mission can give insights in implementing health care at very remote locations or when staying
in underdeveloped communities [7];

঎ The mission shall provide insight into advanced processes for water and waste management [7];

঎ The findings of the mission could aid in building in extreme conditions, i.e. possibility in Antarctica;

঎ The mission’s findings could supply knowledge in designing self-sustainable living communities;

঎ The mission could possibly give insight into designing houses which can be assembled much quicker.

The options are not limited to the ones listed above. Developments in space industry are going fast, and
new markets are expected to continuously emerge in the near future. These are all consequences that
are likely to emerge with a Lunar habitat, and reasons why this product would be hugely beneficial to the
market.

2.4. Funding Opportunities
Big projects require large funding, and large budgetary needs are part of this particular assignment. Hence,
potential investors shall be analysed and evaluated. Furthermore, a brief investigation into nuclear tech-
nologies is conducted to determine if this would have an influence on the stakeholder decisions to contribute
to this project or not.
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2.4.1. Stakeholder Analysis
From space agencies to private companies, including research institutions and universities, there are many
parties that could be considered for funding this mission. However, since the estimated costs of this project
are so high, no such enterprise alone would be able to finance the entirety of the mission. Hence, just like
for the ISS, a collaborations between entities is more likely. What follows in table 2.1 is a breakdown of
the principal public and private space companies, their budgets and their willingness to collaborate with
other space agencies based on past experiences. The main objective of this stakeholder analysis is to find
opportunities to obtain funding from multiple sources. As research into Lunar habitation is being conducted
by a whole range of parties, universities and national research institutes alike, it would be vital to identify
institutes that may be willing to either support the project budget-wise or conduct outsourced research. As
universities will not support the project budget-wise, they could only be contacted for research.

Table 2.1: Public and private space entities, their budgets and collaboration possibilities

Space entity
Budget
[$ billion] Collaboration possibilities

Space agencies - public sector

ESA 6.9
ESA is interested in the possibilities of a Lunar basis on the Moon and
has collaborated with other parties before [9]

NASA 20.7
NASA is the first space agency that landed on the Moon and already
has a plan for a permanent Lunar basis in 2040 [10]

ROSCOSMOS 2.46
ROSCOSMOS has a small budget since the fall of USSR and has no
known plans to go to the Moon [11]

JAXA 2.03
JAXA is working with ISRO on a mission to the Moon and is prone to
collaborate. It wants to have a working Lunar basis in 2025 [12]

CNSA 1.3
CNSA is planning on unmanned missions to the Moon, but is reluctant
to collaborate with other parties [13]

ISRO 1.4
ISRO is working with JAXA on a mission to the Moon and is prone to
collaborate [14]

Space companies - private sector
Airbus Space
and Defence 332

Airbus supplies and develops technology needed for the mission and
has collaborated with ESA before

Boeing Space
and Defence 819 Boeing works with NASA on designing human Lunar habitation

Lockheed
Martin 1000 Lockheed Martin works with NASA to design a Lunar human habitation

SpaceX - SpaceX is developing a human colony on Mars, collaborating with NASA

Blue Origin -
Blue Origin is interested in having people living and working in space,
although is not actively collaborating with any other space entity

2.4.2. Nuclear Technologies
Nuclear technology has the capability to provide solutions to many existing problems in spacecraft design.
However, it also carries a stigma because of the various incidents that have happened over the last 50
years.

According to Downey et al. [15], the modern public is risk averse, especially concerning nuclear tech-
nology, and requires compelling reasons for its use to not rise up in protest. Given that the carte-blanche
for the development of nuclear technology has been withdrawn, any new nuclear technology should be
handled with ”political” care in order to garner popular support.

Launius [16] does find a trend of decreased public protest against space nuclear power, which he
attributes to the success of safety programs, efforts to increase public understanding of the technology and
the rarity of use. He does state that advancing the future of nuclear space power will not happen without
difficulties, especially if they involve more ”aggressive” efforts. Realisation of these systems will only be
possible with significant societal input.

It is interesting, however, to note that most potential investors mentioned in subsection 2.4.1 have
some form of nuclear technology development program themselves. NASA is even working their own new
reactors, and most space agencies use RTG power systems for small deep space satellites.

Reflecting on these studies, it becomes apparent that selection of nuclear power should be done with
care and only in cases of absolute necessity, unless a thorough campaign to increase safety and public
awareness is performed. Even though potential partners might not be scared away by nuclear technology,
without popular support they might be turned away due to potential loss of face.
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2.5. SWOT Analysis
This section contains an overview of the strengths, weaknesses, opportunities and threats (SWOT) of the
current and future markets. The main positive points that have been identified are the recent development
of the commercial space sector and the growing interest in Lunar explorations by space agencies. On the
other hand, the main disadvantages lie in the high costs of the mission, combined with the little opportunities
to generate profits and the extensively challenging technologies. The complete SWOT analysis is shown in
figure 2.1.

Figure 2.1: Market SWOT analysis

2.6. Concluding Remarks
Given the financial success of previous missions such as the Apollo or ISS program, and the tremendous
opportunities a Lunar Habitation mission brings, both in the technological and societal sense, the proposed
mission has the potential to open up whole new markets. Space agencies such as NASA and ESA, and
commercial parties such as SpaceX and Boeing make-up but a few of the potentially interesting partners
for the project. All in all, a Lunar habitation mission can be even more successful than the ISS from a
market perspective.
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3
Functional Analysis

In order to obtain a complete overview of all the functions that shall be performed by the system, the team
performed a detailed functional analysis. This consists of two parts: the functional flow structure described
in section 3.1 and the functional breakdown structure in section 3.2.

3.1. Functional Flow Structure
As a first step for creating the functional flow diagram (FFD), the high-level functions of the entire mission
are distinguished. The team identified six major stages, which will form the first level of the structure:

FF 1: Design complete product;

FF 2: Produce product;

FF 3: Transfer product to the Moon;

FF 4: Install product;

FF 5: Operate product;

FF 6: Ensure EOL sustainability of product.

The purpose of the FFD is to identify the sub-tasks from each main stage of the project. The first and
second levels of the FFD are presented in figure A.1. For easiness of identification purposes, every block
of the diagram is labelled with the prefix ”FF”. Furthermore, for clarification’s sake it is worth noting that
the term ”product” refers to the whole mission, from the conceptual design phase of the habitat to its
end-of-life (EOL). If a task needs reviewing, a feedback loop is created. In the diagram, this is indicated
with a capital 𝐺̄, whereas a simple 𝐺 indicates a ”go” action.

For this report, it has been established that the overall FFD shall be developed only up to the second
level. The more detailed sub-levels will be provided in the respective chapter sections. The diagrams for
each subsystem will be given in chapter 8, whereas the flows regarding the operations and logistics in
chapter 11.

3.2. Functional Breakdown Structure
In parallel to the FFD, the functional breakdown diagram (FBD) has been developed. Its purpose is to
identify all system functions, as passive functions might not appear on a flow diagram. Four milestones
found in the FFD are selected based on the product having to ”do” something:

FB 3: Transfer product to the Moon;

FB 4: Install product;

FB 5: Operate product;

FB 6: Ensure EOL sustainability of product.

These will represent the first level of the product’s functions. FB 3, 4, and 6 have been developed to
second and third levels in figure A.2, whereas FB 5 is broken down into figure A.3 and A.4 because of it
being intensely functional. Because the functions performed by the product may be system- or human-
centred, this distinction has been identified. These diagrams have been used to extensively tackle the
design process of the whole mission. Again, for easiness of identification purposes, every function of the
diagram is labelled with the prefix ”FB”.

FB 3 to 6 happen in chronological order, hence they shall be analysed and investigated accordingly.
However, just like in any design process, a process of iteration is applied. For example, the design of the
communication subsystem affects the power budget, and this in turn affects all subsystems of the habitat,
including the communications subsystem in its turn. Hence, several functions are interlinked and shall be
constantly reviewed as the design process moves forward.
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4
Concept Selection

Having thoroughly defined all functions that together form the mission, it is time to generate possible design
concepts and perform a trade-off to identify their strengths and weaknesses. This chapter treats this. The
structure follows from the general approach of the concepts selection process as described in section 4.1.

4.1. General Approach
To select a final concept, the following process is determined. First, at an early stage of the project,
five Strawman concepts were generated. After a first, purely conceptual qualitative trade-off based on a
preliminary estimation in terms of orders of magnitude, two of these were disregarded because they were
considered unfeasible. The three remaining concepts were then analysed further. At this point, a second
trade-off could be performed, where a final concept was chosen. This converging flow is graphically outlined
in figure 4.1.

Figure 4.1: Work flow converging to the optimal concept

4.2. Strawman Concepts
To begin with, the general characteristics of the five Strawman concepts were defined. Further information
on the designs can be found in the Baseline Report [2].

Concept 1 - Reusable Lander Base: using the landing vehicle as the habitat itself, by interconnecting various
landers together;

Concept 2 - Inflatable Dome: a habitat consisting of an inflatable dome, stemming out of a rigid cylinder;

Concept 3 - Rigid Cylinder: transporting rigid pre-fabricated cylinders from Earth, placing them horizontally and
interconnecting them;

Concept 4 - Build-in Design: constructing an underground dome by means of inflating a structure, either using a
crater/cave or digging a hole;

Concept 5 - Honeycomb Design: constructing a series of domes out of hexagonal tiles.

4.3. Trade-off I
The first trade-off conceptually assessed these concepts based on seven criteria: safety, mass, reliability,
transportability, expandability, volumetric efficiency and ease of installation. Differently from how trade-
offs are usually performed, no weights were given to any of these criteria, as the main purpose is to
simply disregard unfeasible options. Furthermore, there is no sufficient knowledge on which factors are the
most critical ones for this mission. Hence, the design ideas were qualitatively scored as ’outstanding’ (O),
’acceptable’ (A), ’marginal’ (M) or ’unfeasible’ (U) for each criterion. The scoring was assigned following a
set of guidelines that was identified in the Midterm Report [3]. For example, with regards to safety, two
of the guidelines were ”Time to reach the emergency room is less than 15 seconds” and ”Multiple exits
are present”. Analysing each concept based on the provided guidelines resulted in the scoring shown in
table 4.1.
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Table 4.1: Trade-off I matrix

Criterion
Safety Mass Reliab. Transp. Expand. Vol. eff. Inst.

Weight - - - - - - -

C
on

ce
pt

1 A A A A A O O
2 M A M A O M O
3 A A A A O O A
4 O M U M M M U
5 M M U M M A M

Note: Reliab.: reliability, Transp.: transportability, Expand.: expandability, Vol. eff.: volumetric efficiency, Inst.: installation

For the purpose of this trade-off, any criterion that was considered as ’unfeasible’ would imply the discarding
of that design. This lead to the elimination of concepts 4 and 5. With regards to the Build-in Design, the
installation was simply unfeasible as digging deeper than 1𝑚 on the Moon would require heavy machinery to
dig in the enormous amounts of Lunar regolith and its underlying rock to facilitate the construction of such
a base. For the Honeycomb Design, very complex installation equipment would be required, complicating
even more the feasibility of an already complex base and drastically reducing its reliability. However, the
good points of the disregarded concepts shall still be considered for possible merging into one optimal final
design. For example, concept 4 could lead to the idea of having an underground safety room in case of
emergency situations. These implementation shall be considered in chapter 6, where the final layout of
the Lunar habitat will be discussed and finalised.

4.4. Preliminary Designs
Following the second trade-off, a more detailed investigation on the remaining concepts was undertaken. In
this design phase, the team decided to focus on the following aspects: external layout of the Lunar habitat,
mass budget, number and cost of launches, technology readiness level (TRL) and installation plan for each
concept. Firstly, the external layouts were determined. These are schematically displayed in figure 4.2,
4.3, and 4.4 for concepts 1, 2, and 3 respectively.

With regards to the mass estimations, a first-order structural model was developed. This aimed at
determining the general wall thickness of a cylindrical structure under pressure, thermal stress and launch
loads. The critical load case for this mission was determined to be the axial loading during launch, since
the crippling buckling stresses were the constraining factor for thickness of the cylinder walls. The masses
coming from the structural model were validated by means of a parametric estimation based on the volume-
mass relation. As the subsystems such as life support and communication were assumed to be the same
for all concepts, the structural mass was considered to be the greatest driver in mass budget that a concept
could have over another.

Sizing of the preliminary designs was done according to the requirements regarding minimum living
volume and area, which meant that also a preliminary internal layout had to be designed. Hence, the
packing, transportation to the Moon and installation plans could be set up, from which in turn the number
and cost of launches required was calculated. Lastly, the various TRLs were estimated, as this would give
an indication on the level of reliability per concept. A summary of these characteristics for each of the three
remaining designs is given in table 4.2.

Table 4.2: Summary of the characteristics of concepts 1, 2, and 3 in the preliminary design phase

Characteristic Unit Concept
1 2 3

Total system mass 𝑘𝑔 39000 34000 39000
Technology readiness level - 5 3 5
Total number of launches - 10 5 10
Number of Falcon 9 launches - 4 - 4
Number of Falcon Heavy launches - 6 5 6
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Figure 4.2: Preliminary external layout of concept 1 - Reusable Lander Base

Figure 4.3: Preliminary external layout of concept 2 - Inflatable
Dome

Figure 4.4: Preliminary external layout of concept 3 - Rigid
Cylinder

4.5. Trade-off II
With the design basis established and the concepts worked out further to identify relevant differences, the
second trade-off could be made. This is a modified version of the first one, where the criteria have been
improved to better cover the important aspects of the designs and to analyse them on a more in-depth
level. These were chosen to be safety, total system mass, sustainability, TRL, and launch cost.

The weights of the criteria were distributed based on the outcomes of both a risk analysis and a reliability,
availability, maintainability, and safety (RAMS) study for the mission. Safety remains the driving design
factor with highest priority together with mass. They are also the only ones directly related to one of the
possibly constraining user requirements. Hence, their weights are chosen to be 30/100. Sustainability is
a very broad term, but in this case it consists of environmental and social sustainability, transportability,
expandability, volumetric efficiency, and ease of installation, with a total weight of 20/100. Subsequently,
TRL is directly related to reliability of a system and is considered to be ranked third in terms of priority, with
a weight of 15/100. Lastly, the total launch cost for each concept is considered an important parameter.
This is because it was determined that different launchers shall be used for different concepts, altering the
total cost of the mission. However, this is directly related to both mass and TRL, for which preliminary
estimations have been already performed, so it was given a weight of 5/100.

Differently from trade-off I which followed a purely qualitative approach, here the concepts were quanti-
tatively scored on a scale from 1 to 5, based on several guidelines established specifically for each criterion.
Then, a weighted average out of 100 was calculated, from which a final concept could be chosen. The
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scoring of trade-off II can be found in table 4.3.

Table 4.3: Trade-off II matrix

Criterion
Safety Mass Sustainabil. TRL L.c. Total

Weight 30 30 20 15 5 100

C
on

c. 1 3 4 3.7 5 3 74.8
2 3.4 5 4 3 5 80.4
3 4.1 4 4.4 5 3 84.2

Note: Sustainabil.: sustainability, TRL: Technology Readiness Level, L.c.: launch cost, Conc.: concept

Trade-off II resulted in the conclusion that concepts 2 and 3 were the best ones. The Inflatable Dome
design, with a total score of 80.4, was determined to be the lightest concept, whereas the Rigid Cylinder
design the safest one and with a total score of 84.2. Hence, concept 3 was ultimately chosen. Same as
for trade-off I, the elimination of one concept does not imply the complete exclusion of all its design ideas.
In fact, the good points of the disregarded concepts shall still be considered for possible merging into one
optimal final design. For example, the idea of an inflatable structure could be adopted in concept 3, where
a dome could be exploited from one of the rigid cylinders. Again, any possible implementation shall be
considered in chapter 6, where the final external layout of the Lunar habitat will be discussed and finalised.

4.6. Sensitivity Analysis
With the purpose of validating the trade-off, a sensitivity analysis was conducted. This confirmed the
insensitivity of the trade-off to various variation: firstly, the scores of the concepts were adjusted by ±
20�, which still resulted in concept 3 being the one with the highest score for 26 out of 30 times; secondly,
the weights of the criteria were altered by ±10�, resulting in concept 3 being the one with the highest
score in all the different scenarios considered.

4.7. Concluding Remarks
The five initial Strawman concepts have been evaluated by means of a first qualitative trade-off, where
safety, mass, reliability, transportability, expandability, volumetric efficiency and installation were the criteria
to be considered. The outcome of this trade-off lead to the exclusion of two designs, after which the
remaining three have been developed to a preliminary level of detail. A quantitative trade-off could now be
performed by evaluating safety, mass, sustainability, TRL and launch cost of the concepts. The outcome of
trade-off II resulted in the third concept (Rigid Cylinder) being the one with the better performance based
on the chosen criteria. Concept three scored best on Safety, Sustainability and TRL. A sensitivity analysis
has been performed for checking the validity of the results. Since the outcomes are validated, concept 3 will
be brought forward to the next design phase. The approach from now on is as follows: firstly, the habitat
location will be investigated in detail in terms of its topography, composition and general environment. This
will set a good basis for designing a final external layout and perform a structural analysis, after which the
subsystem design phase can start.
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5
Habitat Location

Having determined the landing location of the mission to be that of Apollo 11, as discussed in the Midterm
Report [3], this chapter deals with the specific characteristics of this site. Firstly, the local topography
and geology of the Mare Tranquillitatis area of the Moon will be presented in section 5.1, followed by the
properties and possible applications of the Lunar regolith in the area as discussed in section 5.2. Next, the
ionizing, non-ionizing and thermal Lunar radiation environments are discussed in section 5.3, followed by
section 5.4 on the Lunar meteoroid and micrometeoroid characteristics.

5.1. Lunar Topography
Captured by the Lunar Reconnaissance Orbiter, figure 5.1a shows the near side of the Moon, including the
Mare Tranquillitatis area and the landing site of Apollo 11. The area around this site has been thoroughly
mapped in figure 5.1b, where a relatively flat area east of the original location is identified. Studies by
Beaty and Albee [17] show that the local area can be divided into three main types of Mare soils based
on differences in albedo and crater density. Furthermore, partially based on observations by Grolier [18],
these studies state that the different compositions of the ground are potentially caused by separate volcanic
flows. Finally, the gentle sinuous scarps shown in figure 5.1b present possible flow fronts.

(a) Near side of the Moon and Mare
Tranquillitatis [19] (b) Local topography of the Apollo 11 landing site [17]

Figure 5.1: Global and local topography of the Apollo 11 site

The local flow regions presented in figure 5.1 allow the identification of three different options for the final
habitat installation site. However, samples collected by the Apollo 11 mission were only taken from the
Mare unit 1 area, meaning that there is no conclusive evidence that units 2 or 3 have preferable properties.
These units can be identified by means of the legend of figure 5.1b. Combined with the fact that the actual
Lunar soil of unit 1 has been thoroughly analysed, the location for the habitat installation is set to the flat
area situated around 10 𝑘𝑚 northeast of the Apollo 11 landing site.

5.2. Regolith Properties
As stated in section 5.1, the Mare soil of the Apollo 11 landing site is most likely originated from volcanic
flows, making basalts the primary mineral component. Several studies, among which that of Korotev and
Gillis [20], have been performed based on the findings of the Apollo missions, confirming the mineral
percentages to be 66� crystalline Mare basalt, 5� orange volcanic glass, 20� material of the feldspathic
highland, 8� KREEP-bearing impact-melt breccia and 1� meteoritic material. Within these, the size range
of particles ! 1 𝑚𝑚 is dominated by lithic clasts, whereas the size range of those � 1 𝑚𝑚 is generally
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dominated by mineral or glass particles [21]. Analysis of bulk properties of Lunar regolith has provided the
values that can be found in table 5.1.

Table 5.1: Material properties of bulk regolith [22]

Depth range Average density Average porosity Void ratio Relative density
𝑧፫ 𝜌፫ 𝑛፫ 𝑒፫ 𝐷፫
[𝑐𝑚] [𝑔/𝑐𝑚ኽ] [−] [−] [�]
0 - 30 1.50 0.52 1.08 74
30 - 60 1.74 0.44 0.79 92

Average bulk density of regolith (𝜌፫) changes with respect to depth due to the packing of its particles. Both
porosity (𝑛፫) and average void ratio (𝑒፫) are direct or derivative functions of this density value, as shown in
equation 5.1 and 5.2, respectively. The formula for the relative density (𝐷፫) is presented in equation 5.3.
Furthermore, 𝜌፰ represents the density of water, whereas 𝐺ፋ the specific gravity of the Lunar soil with a
value of 3.1. Also, 𝑒፦ፚ፱ represents the maximum void ratio, and 𝑒፦።፧ the minimum void ratio. All equations
are obtained from the NASA guidelines by Justh et al. [23].

𝑛፫ = 1 − [
𝜌፫
𝜌፰𝐺ፋ

] (5.1) 𝑒፫ = |
𝑛፫

𝑛፫ − 1
| (5.2) 𝐷፫ = [

𝑒፦ፚ፱ − 𝑒፫
𝑒፦ፚ፱ − 𝑒፦።፧

] (5.3)

5.2.1. Formability of Lunar Regolith
Using equation 5.1 to 5.3 of section 5.2, it is possible to obtain an estimated indication for the formability
of the Lunar regolith. In particular, it is critical to quantify the change in surface height due to placement
of a multiple ton mass. A relation for the density of Lunar regolith (𝜌፫) is found in Carrier et al. [22]
and presented in equation 5.4, where 𝑧፫ indicates the depth of the regolith in 𝑐𝑚 and 𝜌፫ approaches a
theoretical maximum of 1.92 𝑔/𝑐𝑚ኽ.

𝜌፫ = 1.92 ⋅
𝑧፫ + 12.2
𝑧፫ + 18

(5.4)

Given that a 30 𝑐𝑚 layer of regolith already experiences a 0.20 𝑔/𝑐𝑚ኽ increase in density, the following
assumptions are made:

1. The density of the regolith approaches the theoretical maximum when loaded by a multiple ton mass;

2. The surface pressure caused by the habitat is constant across the contact area;

3. Only the first meter of regolith is considerably compressed.

Following these assumptions, one finds the expression for the depth of the loaded surface of regolith (𝑑፳)
as per equation 5.5.

𝑑፳ = 1 − 𝑧፫ ⋅
𝜌፦።፧
𝜌፦ፚ፱

(5.5)

Plugging in the theoretical maximum from equation 5.4 and minimum density from table 5.1, one finds a
depth of 21.8 𝑐𝑚 for the loaded scenario. Of course, taking the minimum density for the entire first meter
of regolith is a rather conservative assumption. For example, taking the average of the two presented
densities leads to a depth of 15.6 𝑐𝑚. To accurately determine the actual depth, a more refined model is
highly needed. However, a depth change of 10 𝑐𝑚 is likely expected.

Finally, a property of interest, resulting from the previous analysis, is the maximum angle at which
regolith can be compacted, which Ruess et al. [24] states to be 40∘.

5.2.2. Possibility of Sintering Regolith
As discussed in subsection 5.2.1, placing a heavy object on pure regolith may lead to significant sinkage.
It is possible to pre-compress the building site by means of a Lunar compactor, but a valuable alternative
has been identified in the form of a microwave-treatment, with the goal of sintering the regolith.

Studies into the possible application of this process have been performed by Taylor and Meek [25],
concluding that Lunar regolith is the best material for in-situ resource utilization (ISRU) purposes on the
Moon. Regolith has unique properties that make it an ideal candidate for microwaving, such as rapid heating
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rates of 1000∘𝐶/𝑚𝑖𝑛 to high temperatures (2000∘𝐶), enhanced reaction rates with faster kinetics and lower
sintering temperatures.

Given that actual Lunar regolith is not readily available, simulant materials are currently the only option
for testing purposes. According to Taylor et al. [26], the following principles should be adhered to when
performing tests on these materials:

1. A simulant material is chosen for a specific end goal, based on its properties and required tests to be
performed;

2. New simulant materials shall be developed only when existing ones are proven insufficient or unac-
ceptable.

With different tests being readily available by carefully selecting the right simulants, the feasibility of using
regolith for ISRU purposes is fairly high. Possible uses of regolith as installation material include:

঎ Creating a solid protection layer by means of a regolith-covered module;

঎ Paving roads on the Lunar surface;

঎ Building entire modules or shells from regolith.

Within the scope of this report, the first two options will be explored in chapter 8 and 11, respectively.

5.3. Radiation Environment
Radiation poses one of the largest threats to the health of the astronauts living in the habitat, so having
adequate protection against the multiple types of radiation present on the Moon is a critical part of the
design. The different types of radiation encountered during a Lunar mission are presented in table 5.2.

Table 5.2: Radiation types in a space environment [27]

Type Form Source SOI Frequency Intensity

Io
ni
zi
ng

Solar particles Solar events
Outside
habitat Infrequent High

Trapped
particles

Planetary
surface

Localized
outside
habitat

Constant Moderate

GCR
Outside
Solar system Ubiquitous Constant Low

N
on
-

io
ni
zi
ng

Technology
sources

Human
equipment

Inside
habitat Constant Low

Solar UV Solar corona
Outside
habitat Constant

Relatively
high

5.3.1. Ionizing Radiation
During a long-term mission, both primary and secondary exposure to ionizing radiation can have profoundly
detrimental effects on crew health. As outlined in table 5.2, there are multiple sources for ionizing radiation,
whose characteristics are presented in table 5.3. The Solar particles category has been split up into two
types, Solar wind and Solar flare particles.

Table 5.3: Characteristics of ionizing radiation on the Moon [28]

Type
Flux

[𝑖𝑚𝑝𝑎𝑐𝑡𝑠/𝑐𝑚ኼ/𝑠]
Energy

[𝑒𝑉/𝑛𝑢𝑐𝑙𝑒𝑜𝑛] Composition

GCR 3 10ዂ − 10ኼኺ Protons, alpha particles, electrons
Solar wind 10ዂ < 4 ⋅ 10ኽ Protons, alpha particles, electrons
Solar flare Up to 1000 10ዀ - 10ዃ Protons, alpha particles, heavy ions

One of the dangers of the high-energy galactic cosmic radiation (GCR) is the production of secondary
radiation, also known as Bremsstrahlung. Aghara et al. [29] present an analysis of regolith materials and
the produced secondary radiation, and find that ! 1 𝐺𝑒𝑉 photons are not completely attenuated by a 50
𝑐𝑚 layer of Lunar regolith. They also find that photon and neutron production, and thus the contribution
of Bremsstrahlung, increases drastically for these high energy photons. A multi-layered approach to the
design of radiation shielding is desirable based on their preliminary results.
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5.3.2. Non-ionizing Radiation
In terms on non-ionizing radiation, the variance of the ultraviolet (UV) radiation caused by solar cycles
is critical for the analysis of the photoelectron sheath. Andrew and Mih¡ly [30] found that the increased
photo-emission for solar maxima and flare conditions causes higher charge build-up in grains present in
the sheath. Design work on electronics should take into account the maximum charge conditions.

5.3.3. Thermal Radiation
Since the Moon is tidely locked with Earth, a Lunar day differs from one on the Earth: one full day and night
cycle takes approximately 27 days. Since there is no atmosphere, the Moon’s surface gets heated up by
thermal radiation during day time and cools down by emitting heat during night time. This cycle translates
in a specific thermal flux on the surface which can heat up to 400 𝐾 during day time and cools down to
100 𝐾 during night time. This thermal flux is presented in figure 5.2.

Figure 5.2: Temperature flux on the surface of the Moon [31]

5.4. Meteoroids Investigation
Meteoroid impacts have the capability to cause a catastrophic mission failure. Hence, knowing in advance
what kind of impact events can be expected is vital to the success of the mission. To facilitate this, four
models of meteoroid flux were consulted, presented in table 5.4 for comparison purposes.

Table 5.4: Meteoroid flux model comparison [32]

Meteoroid model
Year of release

[−]
Applicable mass domain

[𝑔]
Regime from Sun

[𝐴𝑈]
Gr¼n et al. [33] 1985 10ዅኻዂ − 100 ৐1
Divine [34] 1993 10ዅኻዂ − 1 0.1 ঀ 20
Staubach et al. [35] 1996 10ዅኻዂ − 1 0.1 ঀ 20
Dikarev et al. [36] 2003 10ዅኻዂ − 1 0.1 ঀ 10

For 1 𝐴𝑈, all models are tuned to the older and updated one by Gr¼n et al. [33]. However, they could differ
considerably in their directional distribution, velocities and assumed sources. Another limitation of these
models is that they only cover smaller meteoroids. For that reason, a different study on large meteoroids
by Oberst et al. [37] was used to cover the ”higher mass” end-of-impact flux spectrum.

5.4.1. Micrometeoroid Flux at the Lunar Surface
Since only the Gr¼n et al. [33] model directly states an analytic relation, it was decided to use this for
Lunar flux values. Taking into account measurements by in-situ experiments, zodiacal light observations,
and oblique angle hyper-velocity impact studies, the so-called Lunar flux (𝐹) for different masses (𝑚) can
be obtained as seen in equation 5.6 from Gr¼n et al. [33] .

𝐹(𝑚, 𝑟ኺ) = (𝑐ኻ𝑚᎐Ꮃ + 𝑐ኼ𝑚᎐Ꮄ + 𝑐ኽ)᎐Ꮅ + (𝑐ኾ𝑚᎐Ꮆ + 𝑐኿)᎐Ꮇ (𝑟ኺ = 1𝐴𝑈) (5.6)
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In the above analytic form of the Gr¼n et al. [33] model, 𝑐ኻ = 4 ⋅ 10ኼዃ, 𝑐ኼ = 1.5 ⋅ 10ኾኾ, 𝑐ኽ = 1.1 ⋅ 10ዅኼ,
𝑐ኾ = 2.2 ⋅ 10ኽ, and 𝑐኿ = 15. The exponents are given by 𝛾ኻ = 1.85, 𝛾ኼ = 3.7, 𝛾ኽ = −0.52, 𝛾ኾ = 0.306, and
𝛾኿ = −4.38. Plotting this analytic model, figure 5.3a is obtained and verified by means of the remaining
three models.

(a) Plot of Lunar flux at 1 ፀፔ vs mass spectrum,
based on the Gr¼n et al. [33] model (b) Plot of impact flux for different flux models [32]

Figure 5.3: Comparison of Lunar flux with impact flux at LEO

As stated by Gr¼n et al. [33], Lunar flux tends to be two to three orders of magnitude larger than interplan-
etary flux. Hence, if figure 5.3a and 5.3b are consulted, one finds an impact flux of approximately 10ዅኽ

𝑖𝑚𝑝𝑎𝑐𝑡𝑠/𝑚ኼ/𝑠 and a Lunar flux of approximately 10ዅኻ 𝑖𝑚𝑝𝑎𝑐𝑡𝑠/𝑚ኼ/𝑠 for objects with a mass of 10ዅኻ኿ 𝑔.
These two values differ by the two orders of magnitude mentioned above, verifying the applied version of
the model. The Gr¼n et al. [33] model only uses an average velocity of 20 𝑘𝑚/𝑠, a meteoroid density of 2.5
𝑔/𝑐𝑚ኽ and a distance of 1 𝐴𝑈 for the meteoroid model. Newer models make use of meteoroid densities
ranging between 0.5 𝑔/𝑐𝑚ኽ for particle masses of 0.01 𝑔, 1 𝑔/𝑐𝑚ኽ for meteoroids between 0.01 𝑔 and
10ዅዀ 𝑔 and 2 𝑔/𝑐𝑚ኽ for particle masses of 10ዅዀ 𝑔 and less, according to Anderson and Smith [38]. They
also contain a more detailed description of the meteoroid velocity ranges. This is one of the causes of the
small difference in total flux generated between the different models [32]. A presentation for the velocity
distribution of each one in GEO is presented in figure 5.4a. However, the largest difference between the
newer models and that of Gr¼n et al. [33] is the inclusion of orbital debris, which is non-existent in the
Moon’s orbit. Since only the depiction of flux for masses higher than 10ዅኻኼ 𝑔 is presented in figure 5.4a,
one must consider whether this second peak decreases with higher masses. Therefore, the newer McNa-
mara et al. [39] model was used to find a more accurate velocity distribution at 1 𝐴𝑈 for higher masses
and thus more comparable to the Moon’s meteoroidal environment. This new distribution can be found in
figure 5.4b.

(a) Velocity distributions for GEO and mass ! 10ᎽᎳᎴ

፠ [32] (b) Velocity-frequency range for a mass of 10ᎽᎸ ዅ 10 ፠ [39]

Figure 5.4: Comparison of meteoroid impact velocities for different models and masses

The original Gr¼n et al. [33] model formula before modifications can be seen in equation 5.7, where 𝑣̄፦ is
the average velocity of a meteoroid, 𝑘 is a constant equal to 4 in the case of an isotopic flux and 𝑁(𝑚, 𝑟ኺ)
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is the spatial density distribution. A distance of 1 𝐴𝑈 and an average velocity of 20 𝑘𝑚/𝑠 were used as
previously stated. From the MEM model of McNamara et al. [39], it was found that the average velocity is
23.9 𝑘𝑚/𝑠. This would result in a 19.5� increase in flux compared to the original Lunar model. To verify
if this statement is valid, the plot of Gr¼n’s Lunar flux equation 5.6 was plotted in the same figure as the
original one of equation 5.7. The results are shown in figure 5.5, where it can be seen that the differences
between the distributions are relatively small and their distributions are similar. Therefore, even though
negligible compared to the scale, the increase is valid.

𝐹(𝑚, 𝑟ኺ) = (
𝑣̄
𝑘 ⋅ 𝑁(𝑚, 𝑟ኺ)) (5.7)

Figure 5.5: General meteorite flux model compared to Lunar flux model of Gr¼n et al. [33]

An important factor to consider is that an isotropic directionality assumption was applied for the Gr¼n model.
However, in reality, the real number of meteoroid impacts on the Earth’s facing side of the Moon will be
lower compared to the far one. This is due to Earth’s gravity field causing a change in the trajectories
of meteoroids. This difference hasn’t been modelled with certainty and would require highly advanced
determination software. Therefore, equal distribution of the flux shall be assumed for this assignment.
Secondly, for meteoroids less than 10ዅዀ 𝑔, the mass is uncertain in a range from 0.2 to 5 times the
estimated value, implying that the total flux is uncertain in range from 0.33 to 3 times at a given mass. For
meteoroids above this size, the flux is well defined. However, the associated mass is even more uncertain.
This implies an effective uncertainty in the flux of a factor between 0.1 and 10, at a set mass [38].

5.4.2. ”Large” Meteoroid Flux at the Lunar Surface
The model presented by Oberst et al. [37] classifies large meteoroids as having a mass of > 100 𝑔, following
the range investigated in subsection 5.4.1 and covering a broad spectrum of possible impacts. This model
takes into account gravitational focusing and acceleration of approaching objects and is based on seismic
data of impacts and flash detection. Equation 5.8 provides the flux per year (𝐹) for the entire Lunar surface
for meteoroid objects with a range in source energy (𝐸፬) from 1.44 ⋅ 10ኽ to 2.99 ⋅ 10዁ 𝐽.

𝐹(𝐸፬) = 8.56 − 0.72 ⋅ log (𝐸፬) (5.8)

The maximum flux is produced by the minimum energy. Plugging this in, one finds approximately 3 impacts
per year over the entire surface. This frequency is low enough to consider large meteoroids as mission
ending events. Hence, a detection method for meteoroids classified as ”large” is required, but no additional
design work is needed in terms of meteoroid protection.

5.5. Concluding Remarks
A site 10 𝑘𝑚 north-east of the Apollo 11 landing site was selected as the building location of the habitat:
hence, the geological, radiation, and meteoroid characteristics of this area were explored to an adequate
level of detail for the current stage of the mission. Furthermore, the versatility of using regolith for multiple
purposes was briefly explored and will be further elaborated upon in the next chapters.
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6
Habitat Design

This chapter contains the sizing and layout regarding the external layout of the base itself, as well as all
different elements that form the habitat. The sizing constraints are considered in section 6.1, whereas the
designs of the components in section 6.2. The final overview of the design is provided in section 6.3.

6.1. Sizing Constraints
The main constraint imposed on the design is the size of the fairing of the launching vehicle. At an
earlier stage of this project, it has been assumed that either the Falcon Heavy or Falcon 9 rockets would
have been used to transport all elements to the Moon. An iteration of this procedure is performed in
subsection 11.2.2. Since they both have the same fairing restrictions, as detailed in figure 6.1, this is used
to design the cylindrical modules of the habitat. The maximum diameter allowed for a cylinder is 4.6 𝑚,
whereas the maximum height is 6.7 𝑚. However, the tip of the fairing becomes thinner in the last 4.3 𝑚,
meaning that the modules cannot have a purely cylindrical shape. Indeed, all elements of the habitat to
be designed shall comply to these restraints. The bottom conical space has been added, by designing a
payload adapter with a wider diameter. This allows our habitat tubes to be directly attached and gives an
additional 0.7 𝑚 in height.

Figure 6.1: Sizing constraints of the fairing of the Falcon rockets

6.2. Components Design
The habitat consists of six separate components, divided into three types: the habitation modules, a
central node, and the airlock. Four habitation cylinders are connected to the node, while one of them
is also attached to the airlock on its outward-facing side. This is more precisely the Safety & Command
Module (SCM), which is a fully independent system. The three different types of components are discussed
below.

6.2.1. Habitation Modules
The main habitable volume and area is provided inside the four habitation modules. In fact, these contain
the bulk of the subsystems as it is later described in section 10.4. A render of the external design of one
habitation module is shown in figure 6.2a, showing one docking port on each side for connection with the
node. The end-parts of the cylinders have a narrower part in order to ease the installation between the
docking ports of the node; this also fulfils the thinning of the fairing of the Falcon rockets, as shown in
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figure 6.2b. The final dimensions of the cylindrical modules are 7.5 𝑚 in length and 4.6 𝑚 in diameter,
which leads to a total pressurised volume of 88 𝑚ኽ and 49 𝑚ኽ of that habitable.

(a) Render of the external design of one module (b) Module as it fits in fairing of Falcon rockets

Figure 6.2: Habitation module design

6.2.2. Central Node
The four habitation modules are linked together via a central node, which has been inspired by the con-
nection module of the ISS. The mechanism is better described in subsection 6.2.4. However, a preliminary
render is provided in figure 6.3a. The node is a shorter cylinder compared to the ones previously described:
it is 4.6𝑚 and it stands upright, with four docking ports spaced evenly around its diameter. The pressurised
volume sums up to being 60 𝑚ኽ, against an habitable of 30 𝑚ኽ. A render of the element can be visualised
in figure 6.3b. All modules have the possibility of being isolated from the rest of the habitat by means of
sliding doors that will eject from the top compartment of the node. However, it has to be outlined that the
SCM houses all systems necessary for survival in case of failure of one of the other modules: it in fact is
the only component, besides the airlock, equipped with spacesuits for extra-vehicular activities (EVAs).

(a) Render of the docking port of all habitat components (b) Render of the central node

Figure 6.3: Central node and docking port element

6.2.3. Airlock
As already stated, the airlock is linked to one side of the SCM. The main reasoning behind this is to allow
astronauts to escape the compromised habitat from the safety module in case of system failure. During
normal operation, the airlock will be used by the astronauts to perform EVAs. This is why it is provided
with four so-called ”suitports” [40], two on each side as seen in figure 6.4.
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Over the past years, Ross et al. [41] have been developing Z-2 space suits for NASA, specifically designed
to matching with the suitport concept. These suits are developed using 3D body scanning technology to
ensure a more precise fitting of the custom. Interfaces needed for the life support backpack are being
designed: currently, a prototype of the Z-2 spacesuit is being tested while the design and development
of the Z-3, its older brother, is still in the earliest stages. The main entrance, the coning of a reinforced
pressure door, will be located on the flat head of the cylinder, whereas the suitports will be located on the
sides of the airlock. While the airlock can be depressurised and re-pressurised if necessary, this will not be
needed for most EVAs.

A system for cleansing Lunar regolith will be implemented into the airlock and consists of two main
parts: a charger and a ventilation. Lunar regolith is often statically charged, which makes it attracted to
objects that are not. To negate this effect, the system will induce a small static charge in the airlock, so
that the regolith is not attracted to the items inside anymore. The venting system simultaneously blows
through the airlock, thrusting the regolith particles into filters. Once the integrated computer detects that
the decontamination is complete, the SCM door is opened. To conclude, the airlock’s dimensions are 5.5 𝑚
in length and 3.3 𝑚 in diameter, totalling 11 𝑚ኽ of pressurised volume. The airlock does not contribute to
the habitable volume as it is only used when strictly required, due to safety concerns.

Figure 6.4: Render of the airlock component

6.2.4. Docking Ports
The docking port shown in figure 6.3a and used to connect modules, node, and airlock together is discussed
in this section. After a thorough investigation of space berthing and docking mechanisms, it was determined
that none of the current flight-tested designs are suitable for Lunar use. This is due to the presence of
gravity, which has a negative impact on the actual degrees of freedom. Despite the technical challenges
to be faced, this suggests the need of a new design that can adjust to new tolerances. This has been
developed and can be seen in figure 6.5.

(a) Folded docking mechanism (b) Extended docking mechanism

Figure 6.5: Docking port mechanism for connecting the components of the habitat
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The docking port provides a six degrees of freedom system that allows the connecting components not
to be perfectly aligned. The core of the design consists in two rings: one inside and one outside the
module. The inner one is able to close airtight, completely sealing off the module. The outer ring, on the
other hand, is connected to six actuators: three needed to provide movement and three for redundancy.
The two rings are connected to via a flexible material that provides an airtight seal between them. This
component is essentially the same as that considered for the Inflatable Dome design of concept 2. The
outer ring contains hooks that latch on to an identical ring on the module that it is connecting to. Once an
airtight seal is achieved by using O-rings, the doors mounted on the inner ring may be opened.

6.3. Habitat External Configuration
By combining the designs of the modules, the central node, and the airlock, the external layout of the entire
habitat can be represented in figure 6.6. Furthermore, the geometrical properties of each component have
been grouped into table 6.1 for a first-order estimation of the volume of the habitat. The outcome of this
computation, together with the preliminary layouts of each component, is now brought onto the next step
of the design, precisely the structural analysis of chapter 7.

Table 6.1: Geometrical properties of the modules

Component Length
[𝑚]

Width
[𝑚]

Height
[𝑚]

Volume Quantity
[−]Pressurised

[𝑚ኽ]
Habitable
[𝑚ኽ]

Module 7.5 4.6 4.6 88 49 4
Central node 4.6 4.6 4.6 60 30 1
Airlock 5.5 3.3 3.3 11 0 1
Total - - - 423 226 6

Figure 6.6: External layout of the cylinders, central node, and airlock

6.4. Concluding Remarks
The habitat consists of four horizontally placed cylinders, connected by means of a central node. One of the
modules, precisely the SCM, is attached to an airlock that will be used to perform EVAs during operations
of the habitat. The first-order estimation of the volume suggests that 423 𝑚ኽ and 226 𝑚ኽ will be taken
for the pressurised and habitable areas, respectively. The designed elements will now be assessed under
a structural point of view.
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7
Structural Design

This chapter covers all structural design methods and models. It start with a brief description of the
sensitivity analysis procedure in section 7.1, followed by a study of both a meteoroid and radiation protection
in section 7.2 and 7.3, respectively. Consequently, the thermal design of the habitat is handled in section 7.4
and finally the load bearing structural design is presented in section 7.5.

7.1. Sensitivity Analysis
To determine to what extent the input variables of the model influence the output variables, a sensitivity
analysis is conducted. The chosen method is the one described by Sobol [42], which decomposes the
variance of the outputs due to uncertain inputs into their respective contributions. Before this method can
be applied, two precursory steps have to be performed. All models should be reduced to the so-called
’black box’, meaning that they represent an unknown function that produces a set of outputs according to
the given inputs. The input and output variables for the models need to be defined. Note that the set of
input variables encompasses not only the variables that define the design space, but also variables that
were previously estimated or determined.

The second step is that a nominal state has to be defined, which refers to the set of expected inputs
and corresponding outputs. Given the maturity of the design, the nominal state will be defined already for
most models. The bounds set for the sampling of the Sobol analysis will be q20� from the nominal value.
The analysis will then produce two main values and their confidence intervals for every input variable. The
first one is the so-called first-order sensitivity index, which is a measure for how much the specific input
variable alone influences the output. All of these indices shall add up to one, signifying the influence of
the corresponding input parameter as a percentage. The second value is the total sensitivity index: a
measure for mow much the specific input variable and its interactions with other ones influence the output.
The sensitivity analysis will be conducted on the models used for this design and on complex or extremely
interacting sets of equations, but not on simple, single ones, as the relation and thus the sensitivity of input
and output is evident from the equation itself.

7.2. Meteoroid Protection Analysis
The meteoroid protection system design, together with its layout, is presented in this section, and the used
relevant models are elaborated upon. For this section, the following assumptions have been made:

঎ 𝐴፧ and 𝐴፡ are the top-view footprint areas;

঎ Lunar ejecta damage is negligible to direct meteoroid damage;

঎ The speed of meteoroids impacting the Lunar surface does not exceed 70 𝑘𝑚/𝑠;

঎ The craters due to impact have an hemispherical shape;

঎ The shape of a meteoroid is a perfect sphere;

঎ Required regolith thickness is directly related to test material via a factorisation of their densities;

঎ Impact of meteoroids occur perpendicular to the surface (worst case scenario);

঎ Analytical and empirical formula’s used are valid for speeds higher than 15 𝑘𝑚/𝑠;

঎ Seismic activities due to impact are negligible;

঎ The radiator of the power source is a titanium monolithic shield.
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7.2.1. Meteoroid Protection Analysis - Design Parameters
The Lunar (micro-)meteoroid environment was analysed in section 5.4. Before designing a system that
protects the astronauts inside the habitat, a limit on the flux and probability must be set. This value is also
known as the Probability of No Penetration (PNP). To define a realistic PNP, Christiansen et al. [43] was
consulted, where a PNP of 0.98 to 0.998 per critical element over 10 years is defined for the case of the
ISS. Since both systems house humans, and have a lifetime of 10 years, this value can be used as guideline
for this project. PNP is related to flux according to equation 7.1 and 7.2 [43].

𝑁 =
፧

∑
።዆ኻ
𝑁። =

፧

∑
።዆ኻ
(𝐹𝐴𝑡)። (7.1)

𝑃𝑁𝑃 = 𝑒ዅፍ (7.2)

Here, 𝑁 is the expected number of impacts causing damage exceeding the failure criteria in each region,
consisting of the sum of each impact (𝑁።) over all regions. This is equal to the product of 𝐹 [𝑛𝑢𝑚𝑏𝑒𝑟/𝑚ኼ−
𝑦𝑒𝑎𝑟], the cumulative flux that exceed the failure limits, 𝐴 [𝑚ኼ], the exposed area, and 𝑡 [𝑦𝑒𝑎𝑟], the
duration of time exposed to the flux. The input values used in this section are shown in table 7.1.

Table 7.1: Input parameters and corresponding values

Parameter Value Unit Parameter Value Unit
𝜌፩ 1 𝑔/𝑐𝑚ኽ 𝐾ፚ፥ 0.57 −
𝜌፫ 1.6 𝑔/𝑐𝑚ኽ 𝜆፩ 1 −
𝜌፬ 1.6 𝑔/𝑐𝑚ኽ PNP 0.98 - 0.998 −
𝜌ፚ፥ 2.7 𝑔/𝑐𝑚ኽ 𝐴፡ 941 𝑚ኼ
𝜌ፓ። 4.73 𝑔/𝑐𝑚ኽ 𝐴፧ 40 𝑚ኼ
𝐶፭ 4.26 𝑘𝑚/𝑠 K 3 -
𝑡 10 𝑦𝑒𝑎𝑟𝑠 𝑡፭። 0.3 𝑐𝑚
𝜃 0 ∘ BHN 257 -

7.2.2. Meteoroid Protection Analysis - Impact Model
The design of protection schemes for spacecraft in a meteoroid environment is based on ballistic limit
equations (BLEs). These generally consist of either design equations, used to size the shielding elements
for particular threat particle sizes under certain impact conditions, and performance equations, used to
define the ballistic limit particle size of a particular shield as a function of impact conditions. The most
straightforward method of deriving BLEs is to run a series of hypervelocity impact experiments and then
correlate the collected damage data to the target and impact parameters. In order to be applicable to
the micro-meteorite shielding design, BLEs must span the impact velocity ranges of on-orbit micromete-
oroid impacts (3 - 70 𝑘𝑚/𝑠). Since these velocities are beyond the capabilities of laboratory hypervelocity
launchers, BLEs should be obtained from a combination of laboratory experiments, analytical models and
numerical simulations. Since numerical solutions are often performed in the form of hydrocode simulation
using advanced software outside the scope of this project, it was decided to use an analytical approach.

Habitat Model
With the aim of designing the penetration model, Hayashida and Robinson [44] was consulted. It compares
five existing empirical single plate BLE models, in their accuracy and effectiveness: Fish-Summers, Schmidt-
Holsapple, two equations developed for the Apollo project Rockwell and Johnson Space Center (JSC) and
the JSC Cour-Palais. Their effectiveness and results are based on velocities of up to 8 𝑘𝑚/𝑠 and predictions
were made for velocities up to 15 𝑘𝑚/𝑠 with masses of approximately 3 𝑔. Though these limits are far
exceeded by the meteoroids on the Moon, the equations developed from the experiments are the only ones
available. In addition, the materials used for the projectiles, as well as the targets, in most experiments
were not the same materials considered for the habitat. The most conservative equation of the five seems
to be the Fish-Summers equation 7.4, hence it was used to verify the results of Savvateev et al. [45].
Savvateev et al. [45] proposed equation 7.3, which is a formula derived from high-speed penetration tests
into sand using bullets of different materials, sizes and speeds up to 3 𝑘𝑚/𝑠. Because sand is fairly similar
to regolith in structure, the results can be verified by comparing the two. Steinberg and Bulleit [46] was also
consulted and seemed to have a very fitting formula for calculating penetration debt in regolith, however
this formula seemed to be based on wrong assumptions. The results of this last equation were therefore
deemed unfit.
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𝑡፫ = 0.1 ⋅ 𝜌፩ (√26.2 ⋅ (𝑑፩) −
1
𝜆፩
+ 17.5 ⋅ 𝑙፩ − 5.3) 𝑣̄ኺ.ኾ

𝜌፬
𝜌፫

(7.3)

𝑡፫ = 𝐾ፚ፥𝑚ኺ.ኽ኿ኼ
፩ 𝑣ኺ.ዂ዁኿𝜌ኻ/ዀ፩

𝜌ፚ፥
𝜌፫

(7.4)

Where:

঎ 𝜌፩  density projectile [𝑔/𝑐𝑚ኽ];

঎ 𝜌፫  density regolith [𝑔/𝑐𝑚ኽ];

঎ 𝜌፬  density sand [𝑔/𝑐𝑚ኽ];

঎ 𝜌ፚ፥  density aluminium [𝑔/𝑐𝑚ኽ];

঎ 𝑡፫  thickness regolith [𝑐𝑚];

঎ 𝑡፬  thickness sand [𝑐𝑚];

঎ 𝑑፩  diameter projectile [𝑐𝑚];

঎ 𝜆፩  aspect ratio projectile [−];

঎ 𝑚፩  projectiles mass [𝑔];

঎ 𝑙፩  length projectile [𝑐𝑚];

঎ 𝑣  projectiles velocity [𝑘𝑚/𝑠];

঎ 𝐾ፚ፥  material constant aluminium [−].

As previously stated, it is assumed that the projectile is a perfect sphere. Using this and the density of
meteoroids, equation 7.3 is used to relate mass and velocity to the required regolith thickness. 3D plots are
created using equation 7.3 and 7.4 to show their mass - thickness - velocity relation. They are presented
in figure 7.1a and 7.1b.

(a) Fish-Summers thickness relation (b) High-speed sand test thickness relation [45]

Figure 7.1: Comparison of required regolith thickness models

To verify if the 15 𝑘𝐽 mentioned in requirement SYS-OP-SFT-M-1 from the DSE Group 26 [3] is a valid
requirement, one assumes the highest possible projectile velocity of 70 𝑘𝑚/𝑠 to arrive at a mass 𝑚 of
6.122 ⋅ 10ዅኽ 𝑔 from the kinetic energy equation 7.5.

𝐸፤ =
1
2𝑚𝑣

ኼ (7.5)

Where, 𝐸፤ is the kinetic energy in 𝐽, 𝑚 is the projectile’s mass in 𝑘𝑔, and 𝑣 the projectile’s velocity in 𝑚/𝑠.
Using equation 5.6, including the 19.5� increase as stated in subsection 5.4.1, this mass relates to a flux
of 6.9471 ⋅ 10ዅኺ኿ [𝑛𝑢𝑚𝑏𝑒𝑟/𝑚ኼ − 𝑦𝑒𝑎𝑟]. Taking into account a habitat top view area 𝐴፡ = 941𝑚ኼ, results
in a PNP of 0.5201. This value is a lot lower than the minimum allowed value. Doing similar calculations
for an average velocity of 23.9 𝑘𝑚/𝑠, results in a flux of 4.1668 ⋅ 10ዅኺዀ and a PNP of 0.9616. This is a
logical outcome as a lower velocity relates to a higher meteoroid mass to protect for, for which the flux is
lower. Figure 7.2 visualises the process of going from PNP to energy and back.
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Figure 7.2: Calculation flow relation meteoroid values

In reality the PNP is higher than 0.5201, since a velocity of 70 𝑘𝑚/𝑠 rarely occurs, as is shown in subsec-
tion 5.4.1. Additionally, the energy of projectiles moving at speeds higher than the tested 15 𝑘𝑚/𝑠 will
most likely convert more of their kinetic energy into thermal energy. Therefore these will most likely create
relatively smaller penetration depths and cause more melting and vaporisation [47].

Because a PNP of 0.98 is the goal set for an inhabited base, the requirement shall have to be altered.
A PNP of 0.98 relates to a flux of 2.147 ⋅ 10ዅኺዀ [𝑛𝑢𝑚𝑏𝑒𝑟/𝑚ኼ − 𝑦𝑒𝑎𝑟], a mass of 0.0868 𝑔 and a related
energy of 21.3 𝑘𝐽 assuming a velocity of 70 𝑘𝑚/𝑠. The requirement has been satisfied but will be adjusted
to the new energy level.

The required thickness of regolith can be computed using a mass of 8.68 ⋅10ዅኼ 𝑔 travelling with a velocity of
70 𝑘𝑚/𝑠. Using these parameters, one finds a required regolith thickness of 16.75 𝑐𝑚 and 4.33 𝑐𝑚 by using
equation 7.4 and 7.3, respectively. This was repeated for lower speed values and their corresponding masses
requiring lower thicknesses when using equation 7.4 and higher thicknesses when using equation 7.3 but
not thicker than the initial 16.75𝑐𝑚 as could also be evaluated by inspecting figure 7.1a and 7.1b. These
values may seem low, but are based on very low masses and their related chance of occurrence.

As stated in subsection 5.4.1, for masses higher than 10ዅዀ the predicted fluxes have an uncertainty
in the range between 0.1 and 10. Hence, the same calculation was performed using a lower boundary
for PNP, namely 0.98, resulting in a flux of 2.147 ⋅ 10ዅኺ዁ 𝑛𝑢𝑚𝑏𝑒𝑟/𝑚ኼ − 𝑦𝑒𝑎𝑟 (instead of 2.147 ⋅ 10ዅኺዀ
𝑛𝑢𝑚𝑏𝑒𝑟/𝑚ኼ − 𝑦𝑒𝑎𝑟), which corresponds to a mass of 0.493 𝑔. This leads to a required thickness of 30.9
and 7.1 𝑐𝑚. Doing the same for a PNP of 0.998 and including the factor 10 uncertainty, resulted in a
required thickness of 56.88 𝑐𝑚 for the worst case scenario of an energy impact of 6.86 𝑀𝐽. Because these
values are very feasible, and the required Lunar regolith thickness is larger due to the radiation protection,
no further investigation was done using double walled protection for the habitat itself.

7.2.3. Meteoroid Protection Analysis - Sensitivity Analysis
A sensitivity analysis was performed as described in section 7.1. All the input values described in this section
were used and provided a list of first-order sensitivity indices per input value. PNP was clearly the most
sensitive input parameter with a value of 0.93 out of 1. This seems logical as it is the limiting input value
and related to the output through a negative natural logarithm. To verify the change of results due to a
change of the PNP, a PNP of 0.8982, a 10� reduction of 0.998, was ran through the model. This results in
a mass of 3.618 ⋅10ዅኻኽ (including factor 10 inconsistency) and a required thickness of 10.72 𝑐𝑚. Since PNP
is related through a natural logarithm, increasing it with 10� wouldn’t be reasonable as the value would
attain a value larger than 1 which has no physical meaning. The model was found to be negligibly sensitive
to other input parameters (� 0.034).

7.2.4. Meteoroid Protection Analysis - Verification and Validation
Verification
As mentioned in subsection 7.2.2, only analytic and empirical formulas were used. These formulas are well
defined and verified formulas. Equation 5.6 has been verified by comparing the formula and its outcomes, in
the form of a plot, to plots from Gr¼n et al. [33], Staubach et al. [35], Oberst et al. [37], Dikarev et al. [36],
Staubach et al. [35], and Drolshagen et al. [32]. Equation 7.1, 7.2 and 8.6 are all acquired from Christiansen
et al. [43], which is an official article part of a NASA journal used for designing MMOD protection on the
ISS and therefore assumed to be verified. Equation 7.4 is another empirical model which was acquired
from Hayashida and Robinson [44]. In Hayashida and Robinson [44] a verification and comparison of each
model was provided. Lindsey [48] provided some example calculations which were used to compare to the
results of the Matlab model. Savvateev et al. [45] was then used to verify the order of magnitude of the
results. It provided a whole new model, with thicknesses as results that are a factor 5 to 10 lower. Because
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this is an empirical dependence equation based on tests with speeds up to 4 𝑘𝑚/𝑠 it was expected to be
less accurate.

Validation
As stated in subsection 7.2.2, all models are based on hypervelocity tests with speeds up to 15 𝑘𝑚/𝑠 [43],
therefore they haven’t been validated for speeds from 15 to 70 𝑘𝑚/𝑠. The only way of approaching reality
in a more detailed manner is using hydrocodes. This requires the application of complicated software which
was deemed too time consuming. All the assumptions made to model the impact environment have been
stated in section 7.2. Lindsey [48] documents a required thickness - flux graph, with which the results were
compared. No existing concepts exist to compare the results to.

7.3. Radiation Protection Analysis
As stated in section 5.3, there are various types of radiation present on the Moon, of which some are
more harmful than others. The radiation levels vary significantly, since the Moon is in an orbit that partially
exits the protected environment of Earth’s magnetic field, as shown by Justh et al. [23]. Radiation has the
potential to end astronaut careers or lives, and it is therefore of utmost importance to design a protection
system that adequately limits their exposure to radiation.

7.3.1. Radiation Protection Analysis - Radiation Dose Limits
Requirement SYS-IO-SFT-R-1 states that the interior levels shall not exceed 165 𝑚𝐺𝑦/𝑦𝑟. However, radia-
tion doses measured in Grays can cause different equivalent doses in various biological objects. Townsend
and Fry [49] present an overview of the findings of the National Council on Radiation Protection and Mea-
surements (NCRP), which has adjusted the recommended dose to represent a 3� excess risk of cancer
mortality. An overview of these doses can be found in table 7.2.

Table 7.2: Recommended career dose limits, adjusted from Townsend and Fry [49]

Limit
Bone Marrow
[𝐺𝑦 − 𝐸𝑞]

Eyes
[𝐺𝑦 − 𝐸𝑞]

Skin
[𝐺𝑦 − 𝐸𝑞]

Career 1 4 6
Annual 0.5 2 3
30-day 0.25 1 1.5

Note that these dose limits have been set up for missions to LEO, whereas a mission to the moon is outside of
the scope of such limits. As stated in section 5.3, an astronaut on the moon is exposed to ”highly energetic
particles” in the multiple 𝐺𝑒𝑉 range, which have the potential to cause extensive damage. Therefore, the
team has decided that a required radiation limit of approximately one-third of the annual ”Bone Marrow”
limit should provide adequate protection.

7.3.2. Radiation Protection Analysis - Radiation Model
With a strict requirement,a possibility that was looked into was the radiation blocking effectiveness of Lunar
regolith together with water (which is known to perform well as radiation protective layer). As discussed
in subsection 7.2.2, the thickness of the regolith layer necessary for meteoroid protection equals 569 𝑚𝑚.
Beneath that layer of regolith will be the cylindrical module with two aluminium layers of approximately 2
𝑚𝑚 thick.

Lastly, the empty fuel tanks in the walls of the modules can be filled up with water that will form a
layer that is between 30 𝑚𝑚 and 150 𝑚𝑚 thick. To analyse the multi-layered structure described above,
the radiation dose inside the habitat will be simulated using MULASSIS (MUlti-LAyered Shielding SImulation
Software), which is a part of the SPENVIS software suite. SPENVIS is ESA’s Space Environment Information
System, used to model the space environment, including cosmic rays, natural radiation belts, Solar energetic
particles, plasmas, gases and micro-particles [50]. A simulation was made for a one year Moon orbit, using
the layer types as described above. Since the final lay-up was the result of an iterative process between
meteoroid protection, structural integrity and thermal control, only the final outcome will be discussed in
this section. The justification for the used layers can be found in section 7.2 and 7.5.

The radiation dose behind these layers is simulated in SPENVIS and checked for compliance with the
requirement for the annually allowed dose. In the case of non-compliance, iterations are performed for
the water and regolith layer thickness. The assumed composition of regolith was found in the ”Lunar
Sourcebook” by Carrier et al. [22], which was used to set up a chemical formula that could simulate
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the radiation doses absorbed by regolith. According to Chavy-Macdonald [51] the total radiation dose is
dominated by isotopes of H and He ions. However a better approximation is found by simulating a group of
H and He ions together with C, O, Fe, Si, Mg, Ca and Cr ions. The effect of other ions can be neglected, as
they have a contribution of less than 1�. All assumptions made while using SPENVIS can be found below:

঎ The layers are spherical of shape;

঎ Every layer material is isotropic;

঎ No isotopes other than the most critical nine need to be analysed;

঎ The habitat is simulated as a satellite in the same orbit as the Moon;

঎ For contingency, the simulated dose error was always added to the result (worst case scenario).

Two major radiation regimes dominate the radiation environment on the Moon. Radiation during a Solar
maximum is dominated by the low-penetrating but severe radiation caused by Solar flares, whereas the
Solar minimum regime is dominated by GCR. GCR penetrates much deeper than the Solar flare radiation
[52], and therefore poses the critical case for the radiation environment. To obtain a model of the radiation
environment during a Solar minimum, the CREME96 model was used.

Radiation Protection Analysis - Results
The first iteration was done with the minimum amount of regolith needed for meteoroid protection and a
layer thickness of only 3 𝑐𝑚 for water. The radiation dose inside the habitat after a year was determined
to be over 1 𝐺𝑦. This is more than six times beyond the allowed radiation levels, and therefore an iterative
process was started. The layers of regolith and water were gradually increased, and radiation levels were
simulated. Since an increase in one layer can either increase or decrease radiation levels due to secondary
particles, various combinations were taken into account trying to use the least amount of resources.

After multiple iterations, a protection of 1.2𝑚 of regolith and 4 𝑐𝑚 of water together with the aluminium
layers was found to be a good solution. The total radiation dose inside the habitat for a year, with this
protection lay-up, was found to be 78.3 𝑚𝐺𝑦/𝑦𝑟. A smaller regolith layer of 1.1 𝑚 was also possible,
however, since the radiation levels increase significantly (over 130 𝑚𝐺𝑦/𝑦𝑟) in this situation, it was decided
to go for the safer option of 1.2 𝑚 of regolith. Since the water layer is used for radiation protection, it
needs to be checked whether the water goes through phase changes due to varying thermal conditions on
the surface of the Moon. In section 7.4 this will be discussed in detail. Since the regolith layer is thicker on
the sides of the habitat, water is not needed all around. At 1.3 𝑚 regolith thickness, an air layer of 5 𝑐𝑚
is already sufficient (� 50 𝑚𝐺𝑦/𝑦𝑟) to be below the required maximum radiation dose.

7.3.3. Radiation Protection Analysis - Verification & Validation
MULASSIS and SPENVIS are both completely verified and validated by ESA. Performing full model verification
and validation is therefore a waste of resources. However, the team’s use of the software is something
that needs to be verified, and is accomplished by comparing our simulation results to similar studies on
multi-layered shielding design for Lunar habitats.

Simonsen and Nealy [53] have studied the radiation dose in lunar soil due to both SPE and GCR, using a
baryon transport code (BRYNTRN) combined with an a heavy-ion transport code, simulating the transport
of high energy ions up to atomic number 28. They find an SPE equivalent dose of approximately 5 𝑟𝑒𝑚 (50
𝑚𝐺𝑦−𝐸𝑞) for a regolith thickness of 150 𝑔/𝑐𝑚ኼ, which translates to approximately 75 𝑐𝑚 using a regolith
density of 2 𝑔/𝑐𝑚ኽ. In terms of GCR, they find an equivalent dose of 18 𝑟𝑒𝑚/𝑦𝑟 (180 𝑚𝐺𝑦 − 𝐸𝑞/𝑦𝑟)
at a regolith thickness of approximately 50 𝑐𝑚. Clearly, the SPENVIS simulation performed by the team
assumes higher equivalent doses, but the total dosages are within the same order of magnitude.

Pham and El-Genk [54] present a study on dose estimates inside a Lunar shelter using regolith shielding.
They find an effective dose of approximately 40 𝑚𝑆𝑣 (40 𝐺𝑦−𝐸𝑞) beneath a regolith shield of 200 𝑔/𝑐𝑚ኼ
(about 1 𝑚, using a regolith density of 2). Most of this dose is caused by secondary neutron and proton
radiation, similar to the team’s radiation analysis using SPENVIS. Once more, our own simulation shows
higher dose results in the same order of magnitude.

Given the similarities in doses between both studies mentioned above and our own simulation, and the fact
that the SPENVIS simulation shows a higher resultant dose, the teams deems the 1.2 𝑚 of regolith with 4
𝑐𝑚 of water an adequate protection system.
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7.4. Thermal Analysis
The thermal cycle of the Moon’s surface has been presented in subsection 5.3.3. Due to the large difference
in maximum and minimum temperature, good thermal insulation and control has to be implemented to
provide for a comfortable internal temperature. In order to estimate the heat flux through the different
layers of material, it was decided to make a MATLAB model of the thermal diffusion through the layers. The
model had to give insight on the temperature flux beneath 120 𝑐𝑚 of regolith which covers the cylinders,
which was determined by the radiation requirements. Due to the low conductivity of Lunar regolith, it was
predicted that the temperature would be a constant, low value [31]. If the model would give this result,
it could be investigated if the empty fuel tanks could be re-used for passive or active thermal control. By
means of iterating, together with the results of the iterative process of the radiation model, it was looked at
the possibility of either filling up the space with water or air. If water was needed for radiation protection,
the model had to check if the water would not freeze or boil. If air were to be used, it should be checked
how the freezing constant temperature would influence the internal temperature of the habitat.

7.4.1. Thermal Analysis - Thermal Model
To simulate the diffusion of the heat and the possibly moving water, a combination of the linear diffusion
and linear advection partial differential equation was established. In order to implement this equation,
which is presented in equation 7.6a, into a model, the equation had to be discretised. Since the time scale
is large (period of 27 days), an implicit method was preferred over an explicit one since an implicit method
is unconditionally stable. Therefore, the Euler implicit discretisation scheme was used.

𝜕𝑢
𝜕𝑡 + 𝑐 ⋅

𝜕𝑢
𝜕𝑦 = 𝛼 ⋅

𝜕ኼ𝑢
𝜕𝑥ኼ + 𝛼 ⋅

𝜕ኼ𝑢
𝜕𝑦ኼ (7.6a)

𝛼 = 𝑘፭
𝑐፩𝜌

(7.6b)

In this equation ’𝑢’ represents the temperature, ’𝑡’ the time variable, ’𝑥’ the radial direction from outside
pointing inside the habitat, and ’𝑦’ the circumferential direction around the habitat. As can be seen in the
equations, the water flows around the habitat and the temperature fluctuation is in radial direction. The
material property ’𝛼’ is represented by equation 7.6b. In this equation 𝑘፭ is the conductivity of the material,
𝑐፩ is the specific heat and 𝜌 is the material density. It should be noted that ᖣ𝛼 is therefore different for
each material. In reality 𝛼 changes slightly with respect to depth and temperature, however for simplicity
it is assumed to be constant throughout the layer. Finally, ’𝑐’ is the velocity of the flow of the water around
the habitat. Certain assumptions to simplify the model were made:

঎ For each layer, 𝛼 is considered to be constant;

঎ The temperature fluctuation on the Moon’s surface is assumed to be sinusoidal as stated in equa-
tion 7.7;

঎ The water velocity is constant everywhere;

঎ The wall of the habitat is flat;

঎ The internal temperature of the habitat will be constant at 20∘𝐶.

𝑇፬፮፫፟ፚ፜፞ =
𝑇፦ፚ፱ − 𝑇፦።፧

2 ⋅ sin ( 2𝜋 ⋅ 𝑡𝑝𝑒𝑟𝑖𝑜𝑑 −
𝜋
2) + (𝑇፦ፚ፱ −

𝑇፦ፚ፱ − 𝑇፦።፧
2 )

𝑇፬፮፫፟ፚ፜፞ =
400 − 95

2 ⋅ sin (2𝜋 ⋅ 𝑡2𝜋 − 𝜋2) + (400 −
400 − 95

2 )
(7.7)

A discretised model needs a mesh on which it works. Since different materials are used, a variable mesh
was created with 𝑝 nodes in x-direction and 𝑟 nodes in y-direction. The mesh is finer for thinner layers, and
becomes finer near material transitions. This way the model is able to capture rapid changes with higher
accuracy without compromising computation time. A close-up of the mesh distribution can be found in
figure 7.3, where a layer of water instead of air was assumed.
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Figure 7.3: Close up of variable mesh of thermal model

In order to produce the implicit scheme, equation 7.8 was developed.

𝑢፧ዄኻ።,፣ [1 − Δ𝑡 ⋅ 𝛼( −(Δ𝑥ኻ + Δ𝑥ኼ)
0.5(Δ𝑥ኼኻΔ𝑥ኼ + Δ𝑥ኻΔ𝑥ኼኼ)

− 2
Δ𝑦ኼ)]+

𝑢፧ዄኻ።ዄኻ,፣[ − Δ𝑡 ⋅ 𝛼
Δ𝑥ኼ

0.5(Δ𝑥ኼኻΔ𝑥ኼ + Δ𝑥ኻΔ𝑥ኼኼ)
]+

𝑢፧ዄኻ።ዅኻ,፣[ − Δ𝑡 ⋅ 𝛼
Δ𝑥ኻ

0.5(Δ𝑥ኼኻΔ𝑥ኼ + Δ𝑥ኻΔ𝑥ኼኼ)
]+

𝑢፧ዄኻ።,፣ዄኻ[ − Δ𝑡 ⋅ 𝛼
1
Δ𝑦ኼ + Δ𝑡 ⋅ 𝑐

1
2Δ𝑦]+

𝑢፧ዄኻ።,፣ዅኻ[ − Δ𝑡 ⋅ 𝛼
1
Δ𝑦ኼ − Δ𝑡 ⋅ 𝑐

1
2Δ𝑦] = 𝑢

፧
።,፣

(7.8)

In the above equation, Δ𝑥ኻ and Δ𝑥ኼ are the distances from nodes 𝑖 to 𝑖 +1, and 𝑖 −1 to 𝑖, respectively. The
difference in distance originates from the variable mesh in x-direction. With equation 7.8 a matrix could be
set up as can be seen in equation 7.9. In order to visualise the matrix all the arguments with respect to
(𝑖, 𝑗), (𝑖 + 1, 𝑗), (𝑖 − 1, 𝑗), (𝑖, 𝑗 + 1) and (𝑖, 𝑗 − 1) are grouped as 𝑎, 𝑏, 𝑐, 𝑑 and 𝑒 respectively.

⎡
⎢
⎢
⎢
⎣

1 0 0 0 0 0 0 … 0
⋮ ⋱ ⋱ ⋱ ⋱ ⋱ ⋱ ⋱ ⋮
… 𝑒 … 𝑐 𝑎 𝑏 … 𝑑 …
⋮ ⋱ ⋱ ⋱ ⋱ ⋱ ⋱ ⋱ ⋮
0 0 0 0 0 0 0 … 1

⎤
⎥
⎥
⎥
⎦

⋅

⎡
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

𝑢፧ዄኻኻ,ኻ
⋮

𝑢፧ዄኻ።,፣ዅኻ
⋮

𝑢፧ዄኻ።ዅኻ,፣
𝑢፧ዄኻ።,፣
𝑢፧ዄኻ።ዄኻ,፣
⋮

𝑢፧ዄኻ።,፣ዄኻ
⋮

𝑢፧ዄኻ።ዄ፩,፣ዄ፫

⎤
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

=

⎡
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

𝑢፧ኻ,ኻ
⋮

𝑢፧።,፣ዅኻ
⋮

𝑢፧።ዅኻ,፣
𝑢፧።,፣
𝑢፧።ዄኻ,፣
⋮

𝑢፧።,፣ዄኻ
⋮

𝑢፧።ዄ፩,፣ዄ፫

⎤
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

(7.9)

The length of the solution matrix is 𝑝 ⋅ 𝑟 since there are 𝑝 nodes in x-direction and r nodes in y-direction.
In order to solve the system for 𝑢፧ዄኻ, the matrix is inverted and pre-multiplied with the 𝑢፧ matrix which is
done each time interval. since a differential equation is used, boundary and initial conditions are needed,
these are listed below:

঎ Initial: all the points on the grid start with a temperature of 247.5 𝐾;

঎ Boundary 1: at the surface the temperature changes sinusoidal according to equation 7.7;

঎ Boundary 2: the left boundary has a constant temperature of 247.5 𝐾, except where the water/air
comes in where a constant temperature of 293.5 𝐾 is stated;

঎ Boundary 3: the right boundary has a constant temperature of 247.5 𝐾 except for where the water/air
streams out where a Neumann condition is applied. The temperature at the boundary is equal to the
temperature of the nodes next to it;

28



঎ Boundary 4: the boundary at the second aluminium layer is constant at 293.5 𝐾 since this is the
desired inside temperature of the habitat.

7.4.2. Thermal Analysis - Verification
Code Verification
The code developed to produce these results needed to be verified. In order to verify the code, the method
of manufactured solutions (MMS) was used. A solution for 𝑢 was set up via equation 7.10, it is important
to note that the function should be chosen in such way that the terms do not disappear after taking the
derivatives in the PDE. This exact solution was put into the PDE and solved using the developed code. Since
the exact solution 𝑢 is known it could be compared to the numerical solution and an average error could
be computed.

𝑢 = sin 𝑥 ⋅ cos 𝑦 ⋅ sin 𝑡 (7.10)

By using the MMS, an order-of-accuracy test could be performed. In this test the convergence rate of
the model is checked. Since the model is first order accurate in time and second order accurate in mesh
spacing, the model should converge with order 2 as derived in equation 7.11 and 7.12. The equation for
ᎧᎴ፮
Ꭷ፲Ꮄ is equivalent to the one presented in equation 7.12. To check this convergence behaviour, 𝑑𝑥 was
changed three times, with each iteration halving the spacing. Due to the orders of accuracy, the time-step
had to be quartered each time 𝑑𝑥 got halved. The same procedure was taken for 𝑑𝑦. The logs of the
results were taken and plotted which are presented in figure 7.4a and 7.4b. As can be seen in the logplots
the slopes are 1.987 and 1.971 for a change in 𝑑𝑥 and 𝑑𝑦 respectively, meaning the model converges with
an order of approximately 2.

𝑢፧ዄኻ።,፣ = 𝑢፧ዄኻ።,፣ + Δ𝑡𝜕𝑢𝜕𝑡 + 𝑂(Δ𝑡
ኼ)

⇒ 𝜕𝑢
𝜕𝑡 =

𝑢፧ዄኻ።,፣ − 𝑢፧።,፣
Δ𝑡 + 𝑂(Δ𝑡)

(7.11)

𝑢፧ዄኻ።ዄኻ,፣ = 𝑢፧ዄኻ።,፣ + Δ𝑥𝜕𝑢𝜕𝑥 +
Δ𝑥ኼ
2
𝜕ኼ𝑢
𝜕𝑥ኼ +

Δ𝑥ኽ
3!
𝜕ኽ𝑢
𝜕𝑥ኽ + 𝑂(Δ𝑥

ኾ)

𝑢፧ዄኻ።ዅኻ,፣ = 𝑢፧ዄኻ።,፣ − Δ𝑥𝜕𝑢𝜕𝑥 +
Δ𝑥ኼ
2
𝜕ኼ𝑢
𝜕𝑥ኼ −

Δ𝑥ኽ
3!
𝜕ኽ𝑢
𝜕𝑥ኽ + 𝑂(Δ𝑥

ኾ)

⇒ 𝜕ኼ𝑢
𝜕𝑥ኼ =

𝑢፧ዄኻ።ዄኻ,፣ − 2𝑢፧ዄኻ።,፣ + 𝑢፧ዄኻ።ዅኻ,፣
Δ𝑥ኼ + 𝑂(Δ𝑥ኼ)

⇒ 𝜕𝑢
𝜕𝑦 =

𝑢፧ዄኻ።ዄኻ − 𝑢፧ዄኻ።ዅኻ
2Δ𝑦 + 𝑂(Δ𝑦ኼ)

(7.12)

(a) Logplot of a change in mesh size in x-direction with
a change in time-step

(b) Logplot of a change in mesh size in y-direction with
a change in time-step

Figure 7.4: Logpolts of changes in mesh size with changes in time
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7.4.3. Results and Conclusion
With the thermal model the impact of the temperature fluctuations will be investigated as well as the
temperature of the water layer inside the habitat shell. When the temperatures inside the shell are either
too high or too low, a velocity will be added to the water flow to make sure the water temperature does
not fluctuate out of the required range. In this case, the inflow of water will have a temperature of 20∘C.
The water which flows out with an increased or decreased temperature will go to the radiator or heater
depending on which one is necessary. The integration will be explained in section 10.2 which covers the
design integration. After simulating time passes, the initial conditions will gradually have less influence
on the solution. After enough time the solution will approach the steady state solution. Such result is
presented in figure 7.5.

Figure 7.5: 2D model of the heat propagation

It was found that, for a depth from 20 𝑐𝑚 onward, the temperature flux is constant. In this region the
temperature was found to fluctuate around 247.50 𝐾 ± 0.5 𝐾. This result complies with the expectation
that the temperature should remain constant at a certain depth due to the low conductivity of the regolith.
If the water would be preheated at room temperature and injected in the walls the model predicts that
the water would not freeze over. Instead it would cool down to a minimum temperature of 282.80 𝐾,
having an average water temperature of 287.68 𝐾. Which means the water does not have to be pumped
around to keep it in a liquid phase. However, since the water is cooled this could be used for the thermal
subsystem when it needs cooled water. Therefore the water will slowly be pumped around the habitat wall
with a velocity of 1 𝑐𝑚/𝑠 and then pumped into the radiator of the thermal subsystem for further cooling.
One would expect that, contrary to the static problem, the water would be warmer when being pumped
around. The model confirms this expectation, however the average temperature only goes up by 0.1 𝐾 to
an average temperature of 287.80 𝐾.

7.4.4. Thermal Analysis - Validation
For validation it is necessary to find out whether the used equations actually represent the reality. Since the
diffusion and advection equations are used worldwide to solve thermal and advection problems, there is
little to no doubt that these equations represent reality accurate enough to use. In order to be more certain,
a simple experiment could be conducted in the future. This experiment would heat one side of a multi-
layered structure, and multiple temperature sensors will measure the local temperature. This temperature
will be compared to the values from the program.

7.5. Cylinder Design
There are several load cases during the lifetime of the habitat. However two cases are of importance for
the conceptual design stage, the launch and the operation. The transfer, landing and deployment of the
cylinders should also be analysed, however at this level of design not enough information is known to
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obtain relevant results. Furthermore, more elements of the habitat, such as the lander and transfer vehicle
should also be analysed, however the analysis also suffers from the same problem. For this reason, the
structural analysis shall focus on the main elements of the cylinders and only for the case of the launch
and operation, wheres sufficient infromation is available.

7.5.1. Launch
During the launch stage the cylinders are subjected to an axial acceleration of 6 g, resulting in compressive
forces on the structure. The free body diagram of the whole structure, the outer and inner cylinders can
be seen in figure 7.6. The analysis of this load case is done with the following assumptions:

঎ The structure is clamped at the payload adapter and all loads are introduced there;

঎ The main load is carried by the inner cylinder as most systems are connected to it;

঎ The outer cylinder only carries its own weight;

঎ The fuel in the tank is compressed by the acceleration and creates a pressure on the cylinder walls;

঎ The material of the cylinder is uniform;

঎ The structure can be considered thin walled;

঎ The inner cylinder can be considered to be straight, its fillet is considered negligible;

঎ All calculations are done for Aluminium Alloy 6070.

Figure 7.6: Free body diagrams of the main structural components during launch

Due to the simplicity of the loads the sum of moment and forces is omitted in this case, it must be note
that the structure is considered static under an acceleration on the reference frame. Two important loads
are used to size the cylinders, the axial load due to launch and the pressure the fuel causes on the walls
due to the previous load.

Fuel Pressure
As mentioned previously, the cavity between the cylinders is filled with fuel for the landing, during the
launch as 6 g acceleration is applied causing the mass of the fuel to create a pressure on side of the tank.
It can be calculated using equation 7.13 to be 503.5 𝑘𝑃𝑎.
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𝑃ፅ፮፞፥ = ℎ ⋅ 𝑛 ⋅ 𝑔 ⋅ 𝜌 (7.13)

Where:

঎ h is the height of the fuel tank, equal to 5.9 𝑚;

঎ n is the number of 𝑔, equal to 6;

঎ g is earths gravitational constant, equal to 9.81 𝑚/𝑠ኼ;

঎ 𝜌 is the density of the fuel, equal to 1450 𝑘𝑔/𝑚ኽ.

In order to estimate the necessary wall thickness to resist this pressure, the method presented in equa-
tion 7.5.1 is used.

Pressure Difference
Due to this pressure difference there will be induced loads in radial, circumferential and axial direction.
In order to calculate these loads the Lam© equations were applied. Starting with an equation for the
equilibrium of forces and using derivations from Katna [55], the three sets of equation 7.14 could be
computed.

𝜎፫ = 𝐶ኻ +
𝐶ኼ
𝑟ኼ 𝜎፜ = 𝐶ኻ −

𝐶ኼ
𝑟ኼ 𝜎ፚ =

𝑝።𝑟ኼ። − 𝑝፨𝑟ኼ፨
𝑟ኼ፨ − 𝑟ኼ።

(7.14)

In which 𝐶ኻ and 𝐶ኼ are the constants of integration given in equation 7.15.

𝐶ኻ =
𝑝።𝑟ኼ። − 𝑝፨𝑟ኼ፨
𝑟ኼ፨ − 𝑟ኼ።

𝐶ኼ =
𝑟ኼ። 𝑟ኼ፨ (𝑝። − 𝑝፨)
𝑟ኼ፨ − 𝑟ኼ።

(7.15)

𝜎፯፦ = √
1
2[(𝜎፫ − 𝜎፜)

ኼ + (𝜎፜ − 𝜎ፚ)
ኼ + (𝜎ፚ − 𝜎፫)

ኼ] + 3[𝜏ኼ፫፜ + 𝜏ኼ፜ፚ + 𝜏ኼፚ፫] (7.16)

These equations are obtained by using the following assumptions:

঎ For the equilibrium of forces, higher order terms are negligible;

঎ Body forces may be ignored;

঎ Uniformly distributed stress, whereas effect of end caps ignored;

঎ During launch the outer pressure is assumed 0 𝑏𝑎𝑟, to remain conservative;

঎ The cylinder is considered pressurised to 1 𝑏𝑎𝑟.

𝜎 represents the stress, whereas 𝑟፨ and 𝑟። the outer and inner radius respectively, 𝑃፨ and 𝑃። are the outer and
inner pressure and subscripts 𝑟, 𝑐 and 𝑎 denote ’radial’, ’circumferential’, and ’axial’, respectively. Finally,
these stresses are combined in equation 7.16 to compute the Von Mises stress.

Using the pressure difference of 5 bars together with the above equations, the required wall thickness in
order for the material to not yield can be determined. These values are 4.19 𝑚𝑚 for the outer cylinder and
2.7 𝑚𝑚 for the inner cylinder (due to the lower radius and the 1 𝑏𝑎𝑟 pressure inside). Since the structure
includes stiffeners that connect the the inner and outer tank providing extra rigidity and relieving some of
the load, the value can be considered very conservative, without the need to apply a safety factor. It should
be noted that this value would only be required at the very bottom of the tank, however for simplicity sake,
as a first-order estimate, it is applied to the whole structure.

Axial Load - Compression
During launch, the payload undergoes an axial load, and it needs to be checked whether the material’s yield
stress is not exceeded. The maximum axial load can be calculated by multiplying the weight of 22 𝑡𝑜𝑛𝑠 by
the gravitation acceleration, and then dividing this by the cross-sectional area. Since the cross-sectional
area is dependant on thickness, the minimum required thickness is found so that the cylinder does not
yield. The minimum required thickness equals 0.23 𝑚𝑚, and is therefore not critical for the design.
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Axial Load - Buckling
It is assumed that the inner cylinder caries the weight of the whole structure minus the weight of the
outer cylinder which is self standing. There are two types of buckling analyses that can be made, column
buckling and thin plate buckling, i.e. crippling. Due to the relatively low aspect ratio of the structure,
which approximately measures 4.39 𝑚 in diameter and 7.7 𝑚 in height, the critical load will be in crippling
considerations. However, both cases will be checked. Structures fail by column buckling when the whole
structure reaches its critical load is reached and buckles outwards. The critical load can be calculated using
equation 7.17 [56].

𝐹 = 𝑛𝜋ኼ𝐸𝐼
𝐿ኼ (7.17)

In which 𝑛 is the factor accounting for end conditions, chosen as 0.25 [56], 𝐸 is the young’s modulus, 𝐼
the moment of inertia and 𝐿 the length of the column. As can be seen in figure 7.7, the required thickness
is in the order of 10ዅዀ 𝑚, and therefore can be disregarded by means of the thin-wall approximation.

Figure 7.7: Column buckling load

The more likely form of buckling to be present is crippling. Crippling is the buckling of the ’sheet’ the cylinder
rather than the whole column itself. Since the habitat is a thin-walled structure, this has to be taken into
account. The pertinent load is modelled as the weight of the whole structure placed on the top of the inner
cylinder at launch. Since the whole structure can at maximum weigh 22.8 𝑡𝑜𝑛𝑠 and the outer cylinder
weighs 1.26 𝑡𝑜𝑛𝑠, taking into account a wall thickness of 4.19 𝑚𝑚 as per calculated in equation 7.5.1, the
load carried by the inner cylinder is 21.54 𝑡𝑜𝑛𝑠. As mentioned before, the Falcon 9 produces an acceleration
of 6 𝑔 This leads to a load of 1.26 𝑀𝑁. In order to determine the critical buckling load, it was assumed that
the cylinder is a thin cylindrical plate. Using equation 7.18 [57], where 𝑡 is the thickness, 𝑙 is the length,
𝜇 is Poisson’s ratio, 𝑘 is the end fixity coefficient, and 𝐸 is Young’s modulus, it was determined that the
necessary thickness to sustain the load is 3.04 𝑚𝑚. The end fixity coefficient used is for the case of one
end clamped and all other sides free, as it is one of the most conservative cases that matches the cylinder
being only clamped at the payload adaptor. The resulting diameter to thickness ratio of 1444 validates the
thin walled assumption. In the case of the outer cylinder the crippling load is 1.32 𝑀𝑁, while the actual
load is 0.074 𝑀𝑁, which indicates that the 4.19 𝑚𝑚 are more than sufficient.

𝐹፜፫ =
𝑘𝜋ኼ𝐸( ፭፥ )

ኼ

12(1 − 𝜇ኼ)𝑏ኼ (7.18)

7.5.2. Dimensions for Launch
The dimensions necessary to sustain the loads during launch for the cylinders are shown in table 7.3.
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Table 7.3: Cylinder wall thicknesses and sizing loads

Cylinder Wall thickness Sizing load
Inner 3.04 Crippling
Outer 4.19 Fuel pressure

7.5.3. Operational
The final load case which needs to be taken into account is the weight of Lunar regolith covering the habitat,
together with and without a pressurized habitat. The critical case would be a non-pressurized situation with
the loads induced by the regolith on top. If this case would not lead to failure, a pressurized habitat with
regolith on top will not fail either, since they are only counteracting each other. In order to simplify the
problem a conservative assumption was made, which states that the regolith is equally high everywhere.
It is also assumed by equation 7.19 that the pressure loads due to the regolith is linearly varying with the
depth.

𝑃፫፞፠ = 𝜌𝑔ℎ (7.19)

Above, 𝜌 is the regolith density, g is the gravitational acceleration on the Moon, and h the depth of the
regolith. To calculate the internal loads through the cylindrical shell of the habitat, a model was made which
cut the outer cylinder in small parts of 𝑑𝜃 as can be see in figure 7.8.

Figure 7.8: Element of habitat cylindrical wall

In the figure, the weightis calculated in weight per unit length, similar to the pressure load which is multiplied
with the element length. The internal calculated forces are then divided by the thickness to obtain the
stress through the material. In these calculations, an overestimate of 1 𝑚 regolith on top is used to be
conservative. The largest thickness for the outer shell due to buckling is used, equalling 4.2 𝑚𝑚. Also,
a thin-walled assumption is made since 𝐷/𝑡 ! 1000, neglecting the shear through the thickness of the
material. The results can be found in figure 7.9.
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Figure 7.9: Forces per meter length through cylindrical wall

As can be seen in the figure above, the resultant force through the cylinder is compression. Dividing the
results found by the thickness will yield the internal stresses. The maximum internal stress is found to
be -5.46 𝑀𝑃𝑎 in compression. This result is not close to the yield stress of aluminium (276 𝑀𝑃𝑎) and
therefore this load case will not influence the design of the habitat. To make sure these results are right,
a verification is performed. For the validation of this model, a similar load case of pipelines underground
was used [58], and can be found in the next section.

7.5.4. Structural Analysis - Verification and Validation
Verification
Since the load case during the operational phase is the only one for which a model was produced, this
is the only case which needs to be verified and validated. For the remaining cases standard handbook
equations were used. For this model, a verification system test was performed. For this test the loading
was simplified to a uniform loading like a pressurised tank. With a uniform pressure, the resultant force
magnitude should be similar for each different element, while the forces in x- and y-direction vary. Since
this was the case when the model was used, it could be verified that the model is actually doing what is
desired.

Validation
The method for pipelines underground lies on calculating the ovalisation of the pipe based on the load on
the top, defined in equation 7.20. The inputs are moment of Inertia (I), Young’s modulus (E), deflection
lag factor (𝐷፥ ≈ 1.5) , bending constant (k), pipe radius (R), pipe diameter (D) and pressure on pipe (P).
In order to determine the soil modulus (𝐸ᖣ), the plasticity and relative density need to be determined.
Using regolith stimulants developed by NASA, it was determined that Lunar regolith exhibit limited to no
plasticity, with a relative density (𝐷፫) of 65 and a Proctor of 91� [59] [60]. From this information, it can
be determined that regolith has a value of soil modulus of 400 𝑙𝑏/𝑖𝑛ኼ [61].

Δ𝑦
𝐷 = 𝐷፥𝑘𝑃

ፄፈ
ፑᎵ + 0.061𝐸

ᖣ
(7.20)

It was determined that the pipe ovalisation at the conditions is 0.00127. This value was used in equation 7.21
to determine that the internal stress is approximately -3.2 𝑀𝑃𝑎. The value differs from the model by 40�,
however it is in the same order of magnitude and significantly lower than the yield stress of aluminium.
The difference is mainly due to the estimation of the 𝐸ᖣ value from the given tables, as the pipeline formula
is highly sensitive to variations its magnitude.

𝜎 = 4𝐸 (Δ𝑦𝐷 ) (
𝑡
𝐷) (7.21)
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7.5.5. Other Materials
The requirements related to materials and structural integrity can be found in appendix B. The same

analysis is repeated using other materials, the results are shown table 7.4. It can be clearly seen that
Aluminium 7055-T7751 results in the lowest structural weight. This material is also one of the newest
alloys of aluminium developed, hence the price is also high. Since the cost of 1 extra ton of launch weight
is in the millions, the price of the material is negligible.

Table 7.4: Structural results in case where other materials were used [62ঀ67]

Metal alloy
Wall thickness Wall weight Total weight

[𝑡𝑜𝑛]Inner
[𝑚𝑚]

Outer
[𝑚𝑚]

Inner
[𝑡𝑜𝑛𝑠]

Outer
[𝑡𝑜𝑛]

Aluminium 7075-T6 3.05 2.30 0.91 0.72 1.63
Aluminium 7055-T7751 2.74 1.60 0.83 0.51 1.34
Aluminium 2195-T8 2.11 2.03 0.99 0.68 1.67
Aluminium 7178-T6 3.05 2.15 0.92 0.68 1.59
Titanium Ti-6AI-4V 2.42 1.32 1.1 0.65 1.78

7.6. Final Dimensions
After iterating the design for structural, radiation and thermal purposes, the final dimensions converged
to a final number, which are shown in table 7.5. It must be mentioned that this mass estimation is overly
conservative as it assumes that the cylinders are not reinforced by stiffeners, and hence carry all the loads.
If stiffeners were added, this mass would most likely drop.

Table 7.5: Final dimensions of the structural layers

Layer Thickness Length Radius Weight
[𝑚𝑚] [𝑚] [𝑚] [𝑘𝑔]

Regolith 1200 7.7 - -
Inner cylinder 2.74 7.7 2.25 830
Water 40 5.9 ≈ 2.25 -
Outer cylinder 1.60 7.7 2.3 510

7.7. Concluding Remarks
The structural design of the habitat constitutes of 4 parts, namely, the meteoroid protection, the radiation
protection, thermal stability and structural integrity. The main objective of this section was to size the
thicknesses of the aluminium, water and regolith layers around the cylinder for these cases. The regolith
layer thickness is determined by radiation protection constraints, requiring a thickness of 1.2 m. It is over-
designed for micrometeoroid protection which only requires 56.88 𝑐𝑚 to provide a PNP of 99.8 �. Hence,
the actual probability of penetration drops significantly below 0.0001�. Furthermore, the thermal analysis
concludes that using the aforementioned regolith layer, only 4 𝑐𝑚 of water is required to provide sufficient
thermal stability. Finally, once all non-structural layers were determined, the aluminium layers that carry
all the loads could be sized. It was determined that a thickness of 2.74 𝑚𝑚 and 1.6 𝑚𝑚, for the inner
and outer cylinder walls, respectively, are needed. A final iteration was conducted with the radiation model
and thermal models using these new aluminium thicknesses, verifying that the design is viable. For all
above cases, the layer was overestimated to provide an upper bound on the mass and volume of material
required. The goal of this overestimation is to have detailed design activities decrease the total mass,
instead of add to it.
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8
Subsystem Design

In this chapter the final design, each of the subsystems and their related properties are provided. The
subsystems evaluated are: meteoroid protection in section 8.1, radiation detection in section 8.2, environ-
ment control and life support in section 8.3, communications in section 8.4, command, data handling and
computer system in section 8.5 and the power system in section 8.6.

8.1. Meteoroid Protection
Following from the analysis of section 7.2, active meteoroid protection subsystem is now defined.

8.1.1. Meteoroid Protection - Inputs and Requirements
The models and results defined in section 7.2 have been used to update the requirements. The requirements
can be found in appendix B.

8.1.2. Meteoroid Protection - Functional Flow Diagram
Figure 8.1 shows the functional flow diagram of the active part of the meteoroid protection subsystem.

Figure 8.1: Functional flow of the meteoroid protection subsystem

8.1.3. Meteoroid Protection - Design Layout
The model from section 7.2 pointed out that no protection other than 56.88 𝑐𝑚 of Lunar regolith was
required to protect the habitat with a 0.998 PNP for a period of 10 years. In addition, section 7.3 pointed
out that a thickness of 120 𝑐𝑚 regolith is required to sufficiently shield the astronauts from radiation.
Regarding meteoroid impacts the protective layer is overdesigned. Additionally, the outer habitat aluminium
layer also provides some protection which has not even been accounted for because of the requirement
SYS-OP-SFT-M-7 that no damage shall occur to it.

Nevertheless, it was decided to place sensors in the outer shell of the habitat. In case penetration or
contact does occur, its location can be checked for damage and repaired if deemed necessary. Christiansen
et al. [43] mentions piezoelectric film impact detection panels. The panels are compatible with MLI blankets
and the typical operational temperature range is −50∘𝐶 to 150∘𝐶, which is satisfied by section 7.4. A two-
wire buss system connects the panels. These two wires provide power and data to all panels. The panels,
physically closest to the SCM, are connected to the main computer system. This requires two electrical
feedthroughs through the pressure barrier. The film used by NASA is usually manufactured in rolls of 60.96

37



𝑐𝑚 wide, with an overall weight of 1.6 𝑘𝑔/𝑚ኼ including all the additional required layers. Only the top half
of each cylinder shall have sensors, assuming the lower half won’t be affected due to the dug-in aspect
and the thicker layer of regolith. Half of the total surface area of one cylinder is 42.6 𝑚ኼ. Using 12 strips
over the full length of the cylinder and an adapted configuration, for the curved ends, using one strip per
side results in a total of 14 strips per module and a total weight of 68.12 𝑘𝑔 per module. One panel uses
10 𝑚𝑊, hence a total of 140 𝑚𝑊 per module. For the airlock 45.6 𝑘𝑔 and a power use of approximately
90 𝑚𝑊 is needed. The node is estimated to require an additional 26.5 𝑘𝑔 with a total power usage of
30 𝑚𝑊. The quality of the regolith layer will be monitored via EVA visual inspection rounds. If deemed
necessary, the rover shall repair the damaged or affected area. Important to note is that the sensors shall
have to be re-calibrated once the modules have been pressurised and the Lunar regolith has been placed
over the habitat to include the permanently induced strains due to the pressure differences.

All techniques for locating meteoroids are based on locating the ionisation effect that occurs when it
either enters the Earth’s atmosphere and when it becomes a meteor, or when it impacts a celestial body
such as the Moon. The most advanced technique used in active localisation is using forward scattering
radio waves. However, this is not possible on the Moon since these systems are located on the Earth.
But way more important is the fact that a lot of meteoroids striking the Moon, never emit light or leave
an ionisation trail before they strike the Lunar surface. This only occurs if they pass through the Earth’s
atmosphere before heading to the Moon [68]. Because the habitat is situated on the Earth facing side of
the Moon, some of the meteoroids impacting near the habitats site are assumed to have passed through the
Earth’s atmosphere. Therefore, the best way of observing them is acquiring data from Earth’s observation
stations in case a projectile is expected to impact the Lunar surface close to the habitat by calculating
and predicting their trajectory. This would be similar to the detection of particles approaching the ISS
but less accurate due to the distance to the Moon. Currently, the US Space Surveillance Network has the
most advanced technology for locating meteors and therefore a collaboration is desired. Since they already
provide information to ESA, this is considered to be a realistic solution. In case puncture or penetration
does occur, the module will be closed off and the safety procedures will be effectuated as described in
subsection 12.1.3.

8.1.4. Meteoroid Protection - Technical Budgets
Mass
The required mass for the sensors is 68.12 𝑘𝑔 per module, 45.6 𝑘𝑔 for the airlock and 25.6 𝑘𝑔 for the node.
This translates to a total added weight of 344 𝑘𝑔. Other mass contributions come from the installation and
regolith rover. The budget of the rovers shall be covered in subsection 9.2.4. The mass of the required
regolith was not included as it does not have to be transported to the Moon.

Volume
The thickness of the sensor panels is in the order of 0.08 𝑚𝑚. With a total estimated area of 215 𝑚ኼ, this
results in a volume of 0.0172 𝑚ኽ, which is regarded as negligible with regards to the total volume.

Power
As stated before, the total estimated power is 260 𝑚𝑊 in monitoring mode. In communication mode, the
required power could increase to several watts [43].

Cost
A price indication of the piezoelectric film was found in Santamarina et al. [69]. It states a price of 10
$/𝑓𝑡ኼ for non-space use. This does not include the wiring, assembly and installation cost. Material cost for
non-space use would equal $23142. It is estimated that the total cost would be in the order of $100000.
This is only a fraction of the total cost and shall be included in the final project cost estimation in the form
of a factor increase together with other small components. Using the services of the US Space Surveillance
Network might also require funding. If collaboration could be effectuated, by for example providing seismic
Lunar data, the costs might be heavily reduced or even sponsored.

8.1.5. Meteoroid Protection - RAMS
To analyse RAMS properties of subsystems, a Failure Mode Effect Analysis (FMEA) is used for every sub-
system. In such an analysis, the functions presented in the functional flow diagram are analysed for cause
and effect, and assigned a score for severity, occurrence and detection. The product of these scores leads
to a so-called Risk Priority Number (RPN), a useful tool to prioritise mitigation strategies.

Severity is scored on a 1-4 scale: 1 being a negligible failure, i.e. minor annoyance, 2 being a marginal
failure, i.e. something has to be repaired, 3 being a critical failure, i.e. early mission end or major astronaut
injury, and 4 being a catastrophic failure, i.e. immediate mission end or astronaut death. Occurrence is
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scored on a 1-2 scale, with 1 representing electronic systems and 2 representing mechanical or biological
systems, as these systems have lower reliability in general terms. Determination is scored on a 1-3 scale,
with a 1 representing immediate detection, a 2 representing delayed detection and a 3 representing no
detection possible. The FMEA of the meteoroid protection & detection system is presented in figure 8.2.

Figure 8.2: FMEA of the meteoroid protection & detection system

8.1.6. Meteoroid Protection - Risk & Mitigation
As is seen in figure 8.2, two situations exist for which the RPN’s are relatively high and contingency strategies
should be elaborated upon:

1. Rover breaks down: multiple rovers are present, one rover breaking down is an annoyance but not
critical for mission continuation. Testing the rovers for similar amounts of time in a similar simulated
environment on Earth could prevent such failures. Because their TRL is low, the suggested mitigation
strategy is to perform an extensive testing campaign;

2. Cable rupture: there are only a few locations where the sensors penetrate the module’s wall to be
connected to the CDH, these locations could be critical points. By building in redundancy this could
be prevented. The suggested mitigation strategies are: using solely space proven high TRL wiring
and connecting to the CDH at multiple points.

8.1.7. Meteoroid Protection - Product Verification
Each requirement stated in the Midterm Report [3] has been verified and adjusted to the list displayed in
subsection 8.1.1. SYS-OP-SFT-M-1 was verified in subsection 7.2.2 and was adjusted to the new value. SYS-
OP-SFT-M-2 will be part of the ICT system and was concluded in subsection 8.1.3, shall be activated from
Earth when the US Space Surveillance Network calculates a detected meteoroid has a high probability of
impacting close to the habitat. Since the radiation protection subsystem requires a regolith layer thickness
of 120𝑐𝑚, SYS-OP-SFT-M-3 has been adjusted. Reversing the Fish-Summer equation 7.4 and using an
average velocity of 23.9 𝑘𝑚/𝑠 a correlated penetration energy of 57 𝑀𝐽 was obtained. In case puncture
does occur, the safety procedures will be effectuated immediately as described in subsection 12.1.3. SYS-
OP-SFT-M-4 has been adjusted to the new energy penetration value. As described in subsection 7.2.2, the
chance of such a meteoroid hitting is negligibly small. Might the US Space Surveillance Network detect a
meteoroid that has a chance of impacting close to the habitat, the astronauts would be alerted hours before
impact. SYS-OP-SFT-M-5 has been deleted, it was not a user requirement and an in-situ impact detector is
only effective for modelling meteoroid impacts patterns, not predicting impacts directly. SYS-OP-SFT-M-6
will be described in subsection 12.1.3.
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8.1.8. Meteoroid Protection - Product Validation
The sensors mentioned are well established, reliable sensors. They are currently used on the ISS [43]. To
validate the results of the sensors in this set-up, they should be submitted to tests on Earth, which is easily
possible due to their on-Earth assembly.

8.2. Radiation Detection
In this section, the radiation detection subsystem is defined. This follows from the analysis performed in
section 7.3.

8.2.1. Radiation Detection - Inputs and Requirements
To start the design of the radiation detection system of the habitat, the requirements and constraints
regarding radiation shall have to be satisfied. All given requirements on radiation are given in appendix B

8.2.2. Radiation Detection - Functional Flow Diagram
Figure 8.4 shows the functional flow diagram of the radiation detection subsystem. It shows the active
functions of the system.

Figure 8.3: Functional flow of the radiation detection subsystem

In addition to the functional flow diagram, the process flow diagram was added to visualise the functioning
of the system.

Figure 8.4: Functional flow of the radiation protection subsystem

8.2.3. Radiation Detection - Layout
Consulting Sharek et al. [70], Gaza et al. [71] and Semones and McLeod [72] and assuming the operational
date of the habitat is not before 2025, the following combination of instruments are implemented:

঎ CPAD: Crew Personal Active Dosimeter;
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঎ RAM: Radiation Area Monitor;

঎ HERA: Hybrid Electronic Radiation Assessor;

঎ MPT: Miniaturised Particle Telescope;

঎ ISS-RAD: ISS-Radiation Assessment Detector;

঎ FNS: Fast Neutron Spectrometer.

This configuration is going to be used on the EM-2 mission and was mentioned to be covering for a habitat
mission in Semones and McLeod [72].

Table 8.1: Characteristics of radiation sensors

Instrument Quantity Mass Power Location Purpose[𝑘𝑔] [𝑊]
CPAD 8 240 9.6 ⋅ 10ዅኺኾ IV � EV - Active personal dosimeter

RAM 22 242 − IV
- Passive dosimeter for
area monitoring

HERA 1 1400 11.7 IV � EV
- Active radiation detector
with full vehicle integration

MPT 1 155 < 3 IV � EV
- Miniaturised Particle
Telescope spectrometer

ISS-RAD 1 10000 12 IV � EV
- Charged and neutral particle
spectroscopy and dosimetry

FNS 1 4700 < 7.5 IV � EV - Neutron spectrometer

It has to be mentioned that some of these systems are currently being demonstrated, tested or are in their
last stages of testing and development. They are assumed to be fully developed at the end of 2021 [71].
The last four systems of the table are most likely to be converged into one system in the coming years
[72].

8.2.4. Radiation Detection - Technical Budgets
Mass and Power
As stated in table 8.1, where the total power and mass budgets of each sensor is presented, a total power
estimate was found to be 35 𝑊. The total mass of all the sensors equals around 17 𝑘𝑔.

Cost
There is hardly any information available regarding development costs of the radiation detection config-
uration mentioned in the previous subsection. As a reference, a retrospective audit document, Sharek
et al. [70], has been consulted. This document states the total cost to be $26.4 million for the radiation
detection systems used on the ISS ARI program to date. Costs of the program increased as it experienced
heavy delays. However, since the implementation of this program has to be more efficient but is also more
complex, the stated costs are regarded to be a good estimate for the radiation detection system in the
habitat.

8.2.5. Radiation Detection - RAMS
The FMEA for the radiation detection system is presented in figure 8.5. All the explanations for the scoring
scheme can be found in subsection 8.1.5.
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Figure 8.5: FMEA of the radiation detection system

8.2.6. Radiation Detection - Risk & Contingency
As can be observed in figure 8.5, the sensor suite for radiation detection is a rather robust system when
linked to a central network. One critical failure that has to be mitigated is the potential lack of sensors,
which is now controlled by inspecting launch inventory. Adding in additional redundant sensors can lower
the detection score, relieving some of the risks present in this system.

8.2.7. Radiation Detection - Product Verification
SYS-OP-SFT-R-1 has been satisfied. With the regolith layer set at 1.2 𝑚 as can be found in section 7.3, the
habitat is adequately protected against the radiation environment (78.3 𝑚𝐺𝑦/𝑦𝑟 � 165 𝑚𝐺𝑦/𝑦𝑟). SYS-OP-
SFT-R-2 has also been satisfied. The mentioned HERA system is the follow up of the BIRD system. This
system measured within a 1.45 mGy during a 253 day mission. This equals roughly 2.1 𝑚𝐺𝑦/𝑦𝑒𝑎𝑟 [73].

8.2.8. Radiation Detection - Product Validation
All the instruments stated in this section have been tested and used in the ISS or similar missions. However,
some of the instruments are currently being tested, demonstrated or developed. Therefore, the products
can only be properly validated after their development phase, most likely to end after 2021 [71]. Additional
testing is required and is most likely to be done during EM-2.

8.3. Environment Control and Life Support System
The Environmental Control and Life Support System (ECLSS) creates a safe and comfortable environment for
the astronauts to live in. It comprises of multiple systems namely: food management, water management,
waste management, pressure regulation, atmospheric management, inner thermal control, environmental
monitoring, exercise equipment, medical equipment and noise control. This section details the designs of
these systems and presents the considerations made.

8.3.1. ECLSS - Inputs and Requirements
The following requirements were set up regarding life support systems. Some requirements are used as
they were stated in the Midterm Report [3] and some changes were made, requirements were updated
and requirements were added. The ECLSS requirements can be found in appendix B.

8.3.2. ECLSS - Functional Flow Structure
It was chosen not to elaborate upon the installation of the systems and the end of life procedures, since
it is the same for all subsystems within the ECLSS, as well as the majority of the other systems which are
pre-installed. The FFDs of the food supply, the waste management, atmospheric management, medical,
and fire repression systems are visualised in figure 8.6, 8.7, 8.8, 8.9, and 8.10, respectively.
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Figure 8.6: Functional flow diagram of the food system

Figure 8.7: Functional flow diagram for the waste management system

Figure 8.8: Functional flow diagram of the atmospheric management system

Figure 8.9: Functional flow diagram of the medical system
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Figure 8.10: Functional flow diagram of the fire repression system

8.3.3. ECLSS - Interfaces
From the product N2 chart, presented in the Midterm Report [3], the interfaces of the ECLSS can be
identified. For the sake of brevity, only the interfaces that are driving the design are discussed below.

঎ Design power system: the power available restricts the design space for the life support system,
yet the life support system also imposes requirements on the power system. Especially the ways
of providing food are extremely dependent on the power available. While growing food inside the
habitat saves mass on the long term, it is a power intensive process;

঎ Design safety system: in case of emergency, emergency supplies need to be present. Also, backup
systems need to be in place to ensure the water, food, waste, atmospheric management, medical and
inner thermal systems continue to function adequately;

঎ Design computer and sensor system: as the ECLSS mainly depends on operating and keeping
the habitat within a narrowly defined margin of values (such as atmospheric pressure), the central
computer will constantly monitor all ECLSS parameters and will also take appropriate action in the
event that a parameter deviates from its expected or required margin;

঎ Design astronomic characteristics: the volume and weight of life support systems will influence
the amount of launch vehicles needed. Furthermore, if part of the food supply would be provided by
growing plants, requirements on the launch conditions might be imposed;

঎ Determine layout: since the ECLSS systems take up volume and must be accessible for the crew,
they will influence the internal layout of the habitat. Special attention must be paid to the ability to
perform maintenance for systems which are prone to failure;

঎ Crew: the reason for having life support is the inclusion of humans into the mission. The ECLSS
should therefore be easy to use and maintain, and provide the crew with a comfortable living space.
Furthermore, in case growing plants is included in the food supply, this will have a positive influence
on the happiness of astronauts;

঎ Internal interfaces: since the ECLSS comprises of many elements, internal interfaces need to be
considered. The integration of the systems within the ECLSS will be discussed in chapter 10.

8.3.4. ECLSS - Design Layout
This section discusses the design layout of the subsystems of the ECLSS.

Food
Firstly, a trade-off has been made on the supply method of the food. The two main options are: sending
pre-packaged food or growing vegetables in addition to the food supply. The influence of a microgravity
environment on plants can result in the regulation of genes related to the response to stress, plant devel-
opment and cell propagation [74]. By modification of the metabolism, cell wall rigidity will be increased
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[75], resulting in similar plant growth as observed on Earth. Two systems designed by NASA, to stimulate
plant growth in space, are considered for the Lunar habitat: VEGGIE and the Advanced Plant Habitat (APH).
VEGGIE is 0.02𝑚ኽ, weighs 720𝑘𝑔 and uses 115 Watts. To grow sufficient food for half of the dietary need of
one astronaut, 20𝑚ኼ of growing surface is needed, which would result in 125 VEGGIE modules consuming
14375𝑊 of power and weighing 900𝑘𝑔 [27, 76]. This is considered as an unfeasible solution.

The APH module is a more advanced, recently developed plant growing chamber developed to do
research. APH is currently being tested in the ISS, meaning that not all specifications are currently known.
The temperature, humidity levels and air composition can be adjusted, allowing for the growth of different
plants. Furthermore, the power supply to each subsystem can be turned on and off separately [77]. As
stated in SYS-OP-LS-F-3, astronauts need an average of 3000 𝑘𝑐𝑎𝑙 per day. Assuming 50� of the food
is fresh or frozen, and 50� is dehydrated, the weight of the food will approximately total 4200 𝑘𝑔 [27].
Furthermore, the kitchen equipment is estimated to weigh 375 𝑘𝑔. Bringing all food from Earth is thus
beneficial for a one year mission. However, it was decided to send two APH modules to perform research on
the possibility of growing vegetables on the Moon. The first reason is that the plants provide psychological
benefits for the astronauts [27]. Secondly, the texture and taste of plants is a well received addition to the
diet. Lastly, as the habitat is expected to remain operational for 10 years, growing plants would effectively
lower the launch mass in future missions. In case the APH usage is expanded, it should be investigated if
the power required can be lowered by utilising the heat inherently generated by the habitat systems.

Water
Two options are considered for the water recovery system, namely: an improved version of the water
recovery system as is currently present in the US segment of the ISS, the Water Recovery System (WRS)
[78] and an improved version of the Alternative Water Processor (AWP) as is currently developed by NASA.
The high-level architecture of the WRS can be seen in figure 8.11. The main advantage of this system is
the high TRL. Although currently the recovery rate from urine is lower than the expected 85�, the system
continues to maintain an acceptable water balance. This lack of performance can be explained due to
an underestimation of calcium sulphate being present in urine, caused by increased bone de-calcification
in low-gravity environments. NASA engineers are far along in improving the system’s performance, it is
expected that the habitat could be equipped with the improved system. The main disadvantage of the WRS
system is the total recovery rate. Although the system recovers around 85� of the water it processes, it
is only able to process 15-20� of the anticipated water usage of an exploration mission [79]. The reason
is that the system can not process all hygiene and laundry waste water. Furthermore, a toxic solution is
used to stabilise the urine to prevent biological growth and urea hydrolysis [80].

Figure 8.11: High level architecture of the water recovery system, based on [78]

The alternative water processor (AWP) uses four bio-reactors which utilise bacterial metabolic processes
to remove carbon and nitrogen from water by means of nitrification and de-nitrification [80]. Afterwards,
the residual water goes through a process of forwarded and reversed osmosis to assure removal of large
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molecules. For this process the Hydration Technology Innovation FO membrane was used. A high-level
architecture can be seen in figure 8.12. The system is able to not only process the traditionally recyclable
water, but also waste water at a 90� recovery rate, using the most optimal configuration. During testing,
the carbon and ammonia filter rates were 55.5� and 83�, which were below the required goals of 75�
and 90�. A solution would be to incorporate additional carbon in the water to increase the carbon to
nitrogen ratio, resulting in better performance.

A more difficult to solve problem of the AWP is that it currently can not process enough water. An
advantage of the system is that it does not use chemical substances, and it consumes 64� less resources.
Combining everything, it can be seen that the system is not yet fully capable for this mission. However the
issues are expected to be resolved in the coming four years.

Figure 8.12: High level architecture of the alternative water processor, based on Meyer et al. [80]

Conclusively, it was chosen to use the alternative water processor, the main reason being that it has a
higher recovery rate while using less resources. If the WRS was chosen as the working system, around
9800 𝑘𝑔 of water would had to be transported, in comparison to the 1200 𝑘𝑔 of water required for the
AWP. However, at least four years of further development is deemed necessary to overcome the issues
currently present in the system.

Waste Management
Based on Allen et al. [27], it is estimated that a crew of four astronauts, eating only pre-packaged food, will
produce 3.2 𝑘𝑔 organic and non-organic waste every day. Packing materials for food and non-consumables
can be engineered and manufactured in such a way, that they are easily recyclable and can be fed to 3D
printers. This will greatly increase the expandability and efficiency of the habitat, since new elements for
future modules can be made instead of launching them. However, since it cannot be assumed that the
3D printer material has a purpose directly after creation, it does not necessarily reduce the mass of waste
produced. Therefore it is not directly feasible for the one-year mission, but it might be interesting for a
bigger, longer sustainable settlement on the Moon or another celestial body. Thus, recycling will not be
taken into account for the sizing of the system because of the lack of research on this topic.

With the number of 3.2 𝑘𝑔 per person per day, an estimated 4.7 tonnes of waste will be produced over
the one-year mission. When compacted, the waste will have a density of approximately 500 𝑘𝑔/𝑚ኽ, and
thus 9.4 𝑚ኽ of waste will be produced over a one-year period. As will be elaborated upon in section 9.3,
the return vehicle is capable of transporting 14.5 tonnes. Thus, the return vehicle will also be used as
waste transport back to Earth after one year of operations. Waste storage spaces can be installed in the
habitat, but given the return vehicle is present at all times, these storage spaces do not have to account
for all waste. Rather, they would only need to be 1 𝑚ኽ in volume. Roughly every 4-5 weeks, astronauts
perform an EVA to empty the in-habitat storage spaces in the return vehicle.
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Pressure
It was found that the human body’s functionality will decrease when being in a low pressure environment
for prolonged periods of time. Therefore, the internal pressure has to equal 101.4𝑘𝑃𝑎. Furthermore, many
systems are build to function at this specific pressure reducing the need for development of new systems.
However, having a relatively high pressure means the pre-breathing time for an EVA will be substantial, due
to low pressures in EVA suits of around 25 𝑘𝑃𝑎. However, NASA is currently in the final phase of developing
space suits operating at a pressure level of 56.8 𝑘𝑃𝑎 [81], which would reduce the required pre-breathing
time. The pressurisation system consists of a ventilation system, valves and a controlling mechanism.
In order to pressurise the habitat, the ventilation system blows more air into the habitat than it takes
out. The valves ensure a maintained pressure difference between parts in the system. Furthermore, the
system works closely together with the atmospheric management and environmental monitoring system
to measure the pressure in all modules of the habitat and ensure proper ventilation. Finally, the system
contributes to the maintenance of a 21� oxygen level [82]. It measures the oxygen levels in the modules
and modifies the incoming air when changes are needed.

The complete ventilation system will consist of two subsystems. Both subsystems can be specifically
installed for one module, meaning different temperature and ventilation combinations are possible. The
first subsystem will ensure pressurisation of the habitat and a correct air composition. The second subsys-
tem will ensure the air is distributed properly throughout the habitat by means of ventilators, creating a
homogeneous temperature distribution [82]. Following [27], the ventilation system needs to refresh 0.17
𝑚ኽ air every minute. Next to this, the maximum velocity of the air at the ventilator is 0.2 𝑚/𝑠. This means
the maximum diameter of the ventilation system will be 14 𝑐𝑚.

Atmospheric Management
To ensure an Earth-like atmosphere, the internal air composition was chosen to have 21� oxygen and 79�
nitrogen. The humidity level is set at 50� since this has found to be most comfortable for the astronauts
[27]. As air will leak out the habitat and assuming approximately 2 𝑘𝑔 of air will be lost each day, extra
nitrogen and oxygen need to be taken to the Moon to make up for this loss [83, 84].

The first design option would be to use the same system as is currently being used on the ISS [84].
This option was disregarded since the current oxygen system has a too low recovery rate and the reliability
of parts of the 𝐶𝑂ኼ system are too low as well [85]. Most suitable systems NASA is developing to increase
the performance have a low TRL [86, 87]. Since only limited budget and time are available it was chosen
to use the ACLS [88], which is currently undergoing the last tests under contract of ESA. The ACLS has
three main functions: control the 𝐶𝑂ኼ levels to acceptable numbers (CCA), process the 𝐶𝑂ኼ to create water
(CRA) and by use of an electrolyte create oxygen (OGA). A high level architecture of these processes can
be seen in figure 8.13.

Figure 8.13: High level architecture of the oxygen generation and ፂፎᎴ removal system
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Both the 𝐶𝑂ኼ removal system and the oxygen generation system are working sufficiently well for an Lunar
habitation mission. The 𝐶𝑂ኼ reprocessing however does not reach the set target of 75�. This target
cannot be reached by using sabatier reactors alone due to the reaction ratios. For this reason an additional
interface to allow an add-on device has been integrated. Tests on the add-on device are planned to take
place on the ISS from 2019 onwards. In a later stage of the design, an add-on system is to be chosen. For
now, all calculations as performed for the budget will be based on the system without an add-on device to
account for the worst case scenario. A total amount of 876 𝑘𝑔 of water needs to be taken for the system
to supply oxygen for a year. The ACLS is designed for three people and therefore needs to up-scaled.
Furthermore, an integration with the water and temperature and humidity control system needs to be
developed. In the event of a fire, the emergency plan as used in the the ISS will be followed [89], as can
be seen in figure 8.10.

Inner Thermal Control
As the temperature underneath 120 𝑐𝑚 regolith is found to be 248 𝐾, a temperature control system is
needed. This thermal control system will consist of two active thermal control systems (ATCs), as shown
in figure 8.14, and a passive thermal control system in the form of regolith as insulation. ATCS 1 will
provide liquid cooling by pumping ammonia through heat pipes. Ammonia passes all thermal and safety
requirements as set by NASA [90]. It has to be ensured however, that no leaks will cause the ammonia
to enter the habitable space of the modules. This means the heat pipes have to be properly integrated
into the structure. By insulating all systems within the habitat, the created heat of the system is trapped.
This ensures the ammonia to easily take up the heat when it passes by the system, effectively cooling the
system down. Even though it is assumed the systems only have to be cooled down, a heater is available
to provide for the option to heat up the systems.

ATCS 2 is present to ensure the right temperature is achieved within the habitat itself. This is done by
another set of heat pumps and heat pipes, filled with water. As explained in section 7.4 the water shall
not drop beneath 273.15 𝐾. The water can be actively heated or cooled and then distributed throughout
the habitat. To cool the system, the water pipes will be guided through the outside shell, 1.20 𝑚 under
the ground. There, the average temperature equals 248 𝐾 thus cooling the water rapidly. This was fully
elaborated upon in section 7.4.

Figure 8.14: Top level architecture of the thermal control system
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Environmental Monitoring
To make sure all described subsystems are functioning properly, the environment in the habitat has to
be monitored closely. This means in every module sensors will be present to measure the temperature,
humidity, oxygen, nitrogen and toxicity levels as well as pressure levels, ventilation rates and fire detection
available. Furthermore, to analyse the measured values, a voltaic organic analyser which uses an ionmobility
spectrometer is needed as well as a major constituent analyser and compound specific combustion product
analyser [91]. However, these devices are not able to measure biological growth. To do so a sample can
be taken, using an adhesive sheet as used in KIBO [92]. These samples need to be send back to Earth
every three to six moths. Since this is not ideal, further development needs to be done in order to create a
lightweight system to perform on board processing. If, in future expansion, a laboratory would be included
less development is necessary for such systems.

A GUI will be installed so the astronauts have the ability to change the temperature and ventilation
in every module and sleeping cabin as they seem fit. The fire detection sensors will be placed in the
ventilation shafts, as hot air does not go up, but is sucked into the ventilation system. After one year of
habitation, the habitat will be cleaned thoroughly to ensure no contamination is left in the habitat when a
new mission starts. This is done by using the same scanning system that is used in hospitals [93]. When
no contamination can be found anymore, the habitat is accepted as clean.

Exercise Equipment
A compartment including exercise equipment is designed to limit muscle atrophy due to micro gravity.
The first piece of sporting equipment that will be present is the Treadmill with Vibration Isolation and
Stabilisation System [94]. The second is the ISS Advanced Resistive Exercise Device, which focuses on
training all main muscle groups [95]. Lastly, the Cycle Ergometer with Vibration Isolation and Stabilisation
will be installed for endurance training [96]. This combination of sporting equipment is chosen upon to
ensure varied and proper training to maintain a good overall physical health, while at the same time not
interfering with scientific equipment. Even though the systems are designed to limit the vibrations and noise
levels, they will be placed away from the scientific equipment and the sleeping quarters. Extra ventilation
will be present to counteract excessive sweat formation [27].

Medical Equipment
In the ISS, only a limited amount of medical equipment is available including a first aid kit, equipment
to sew wounds, a book with all possible diagnoses, and some powerful equipment, such as a defibrillator
[97]. During more serious events, which cannot be handled by the crew, the harmed crewmember will
either be send to Earth via the Soyuz docked to the ISS, or pass away. During the ride home the astronaut
will experience many G’s, and this too can cause the crewmember to die [98]. Next to the medical care
during injuries, the crew is constantly monitored [99]. This ensures diseases can be found in early stages,
ensuring countermeasures can be performed before it becomes a problem.

For a longer mission at a greater distance, this will impose problems. Right now, the chance on a
serious, life threatening injury is estimated to be 1 to 2� for an astronaut per year [97]. Crewmembers
will not be able to get back to Earth in time, and more dangerous situations are expected to occur. This
means more medical equipment will be needed for the Lunar mission.

To stabilise a crewmember after an injury, the complete medical equipment of an Advanced Life Support
Ambulance is needed [100]. However, one problem exists. Blood in zero or micro-gravity behaves differently
than it does on Earth, making it impossible to perform surgery during the mission as is done on Earth. Also,
many particles are floating around the station that will not be around in a clean operating room, mostly
being dead skin cells [98]. This can cause infections.

Many research is done in different ways of performing an operation, including robotic operation and
laparoscopy [101, 102]. However, the aforementioned problems remain. A partial solution would be to
design a clean room, only used for this kind of operations, separated from the rest of the habitat with an
airlock. While artificial gravity is far from being feasible, it would be the perfect solution for the problem.
However, it will not be considered further in this project. Other possible solutions have not been found
yet, and more research will be needed for the habitat to become a reality. Therefore a research and
development budget has been set aside to solve the mentioned issues.

Noise Control
For missions with a duration of one year, the ambient noise level must be below noise level NC-50, with the
availability of a quiet room. In the quiet room and the sleeping cabin, the noise level shall be below NC-40
[27]. In order to do so, the same structure as used in the ISS will be used, which is shown in figure 8.15
[103]. It consists of three parts. Part 1 is the left acoustic barrier, made from five layers of material, having
a total thickness of 9 𝑚𝑚 and a mass of 3.17 𝑘𝑔/𝑚ኼ. Part 2 is the wall itself. The thickness of this wall
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depends on the structure and strength it needs, dimensions are provided in section 7.5. Part 3 is the right
acoustic barrier, consisting of three layers of material, with a total thickness of 13 𝑚𝑚 and a mass of 1.22
𝑘𝑔/𝑚ኼ. The outer layers and cores for both acoustic barriers are the same. As outer layer, HT90-40 Nomex
is chosen, as this has low permeability, it is easy to clean and it ensures no water will get into the isolation
material. The cores are made of F400-11 Durette Felt. SOLIMIDE TA-301 was considered, but disregarded
after it was found to be twice as heavy. In part 1, two extra layers of BISCO are applied. BISCO material
blocks the lower frequencies, while Nomex and F400-11 Durette Felt block the higher frequencies.

The first part of the isolation will be placed on the inside of the outer walls, where systems are creating
noise. Part 3 will be placed on the outside of the wall, absorbing noise created in the habitat itself. While
passive noise control is already applied in the ISS, active noise control of complete modules is still being
researched. Right now, there are companies (such as Silentium Ltd.) that have systems that can cancel
around 90� of the noise in the low/middle frequency regions. Whether this also works in microgravity will
have to be researched, but this is a promising concept in which quiet places in the habitat can be created.
Lastly, hearing protection needs to be provided in case the noise levels are higher during certain activities.

Figure 8.15: Multi-layer passive noise control [103]

8.3.5. ECLSS - Technical Budgets
In this subsection, the respective calculated values for the ECLSS and consumables are given:

঎ Mass: 19938 𝑘𝑔;

঎ Volume: 78 𝑚ኽ;

঎ Power: 6028 𝑊, with an additional 5200 𝑊 usage during specific situations;

঎ Cost: €5.1 billion, or 213 𝑘€/𝑘𝑔.

The budgets are explained in the following sections. All values given are excluding contingency factors,
except for the cost.

Mass
Based on the number of astronauts, an estimation on the weights of the ECLSS and all consumables was
made using the Boden [104] guidelines. The weight of the ECLSS includes the inner thermal control system,
the atmospheric composition and pressurisation system, ventilation system and the recycling systems. The
weight of the ECLSS (𝑀ፄፂፋፒፒ), based on four astronauts and a regenerative system, equals 2531 𝑘𝑔.

The weights of the consumables are based on the recovery rate that can be achieved with the used
systems. That is: 90� of the water and 42� of the oxygen is recycled. All tanks for water, oxygen and
nitrogen are included in their respective weights. All food shall be brought from Earth. Also, a leakage of
2 𝑘𝑔 of air per day is assumed. It follows that 𝑀፰ፚ፭፞፫ equals 3025 𝑘𝑔, 𝑀፨፱፲ equals 1340 𝑘𝑔 and that 𝑀፧።፭
equals 1339 𝑘𝑔. These estimations are based on the calculations on the tanks as explained later in 8.6.
𝑀፟፨፨፝, with the packaging included, equals 4198 𝑘𝑔 [105].

Mass of the other consumables like medical and cleaning supplies can be estimated on basis of a long-
or short-term mission and whether laundry can be done in the habitat. This results in a 𝑀፦።፬፜ of 3032
𝑘𝑔. The fixed accommodations (freezers, showers and exercise material) are estimated to have a weight
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of 1843 𝑘𝑔. The medical equipment needed for the mission (𝑀፦፞፝።፜ፚ፥) is estimated to be equal to 750 𝑘𝑔
[27]. The extra mass needed for the noise control is equal to 455 𝑘𝑔 per module and is accounted for in
the weight of the secondary structure of the module. Lastly, the thermal control subsystem is estimated to
weigh 1880 kg, making the total mass of ECLSS related components 19938 kg.

Volume
Based on the available pictures of the complete ECLSS, 𝑉ፄፂፋፒፒ is estimated to be 10.8 𝑚ኽ [106]. Assuming
a food and packaging volume of 0.01 𝑚ኽ/𝑝/𝑑, 𝑉 ፨፨፝ is estimated to be 14.6 𝑚ኽ. Taking the density of
oxygen to be at 200 bar and nitrogen at 230 bar, 𝑉፨፱፲ equals 3.62 𝑚ኽ and 𝑉፧።፭ equals 6.61 𝑚ኽ. 𝑉፰ፚ፭፞፫
and 𝑉፦።፬፜ are 2.69 𝑚ኽ and 23.62 𝑚ኽ respectively. The fixed accommodations are estimated to be 8.52 𝑚ኽ
[104]. 𝑉፦፞፝።፜ፚ፥ equals 3.3 𝑚ኽ [27]. The volume needed for noise control is equal to 2.3 𝑚ኽ per module,
but this is again taken account of within the structure itself. Adding 4 𝑚ኽ for the control subsystem, a total
volume of 78 𝑚ኽ.

Power
Based on the mission characteristics, the power of the ECLSS, 𝑃ፄፂፋፒፒ, is estimated to equal 3957 𝑊.
Furthermore, the fixed accommodations are estimated to continuously need 350 𝑊 [104]. 𝑃፦፞፝።፜ፚ፥ equals
300 𝑊 of continuous power [27]. The thermal control system needs a continuous power provision of 1420
𝑊. However, An additional 5200 𝑊 power usage is estimated to be needed when extra systems are used,
such as a laundry machine and some supplies from the medical suite. In total the system requires an
operating power of 6028 𝑊, and a peak power of 11228 𝑊.

Cost
The cost of the development of a Lunar life support system within the next 5 years is estimated to equal
4.3 billion euros [107]. Then, the costs of the consumables are estimated. 𝐶፰ፚ፭፞፫ equals ভ3000 , 𝐶፨፱፲
equals ভ600000, 𝐶፧።፭ equals ভ120000 and 𝐶፟፨፨፝ equals ভ230000 [105]. As the cost of the development
of the system and the supplies is expected to be much bigger than the miscellaneous supplied and fixed
supplies, it was decided to neglect these two costs. Adding in a 20� contingency leads to a total estimate
of ভ5.1 billion.

8.3.6. ECLSS - RAMS
Given that the ECLSS has a lot of different subsystems, only the most critical systems haven been analysed
using a FMEA. In figure 8.16, 8.17, and 8.18 the FMEA for the medical suite, water processing system
and environment regulation systems are presented. The explanation for typical scores can be found in
subsection 8.1.5.

Figure 8.16: FMEA of the medical suite
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Figure 8.17: FMEA of the alternative water processor

Figure 8.18: FMEA of environmental management system

8.3.7. ECLSS - Risk & Mitigation
As can be observed in the various FMEA’s presented above, there are numerous failure modes that have a
high Risk Priority Number. The next few sections deal with mitigating these risks.

Medical Suite
Clearly, the highest RPN can be found for a wrong diagnosis or medical issue caused by human error, which
is currently controlled by having a doctor double-check any diagnosis made by the astronaut. Some ways
to mitigate this risk are to let multiple doctors check diagnoses and to make sure that at least one of the
astronauts has received extensive medical training.

Water Processing System
Given that all the risks presented in the FMEA for the alternative water processor have similar RPN’s, there
is no specific risk that needs to be mitigated. However, the entire system is rather sensitive, meaning it
requires regular inspection and maintenance.

Environmental Management System
High RPN’s can be found for two risks in figure 8.18. Firstly, there is a risk of 𝐶𝑂ኼ poisoning caused by
failure of the scrubbers. This risk can be mitigated by having redundant scrubbers and by performing regular
maintenance on the system. The next risk that has a high RPN is the loss of life due to an undetectable
lethal element being present in the atmosphere. The only way to truly mitigate such a risk is by making
sure the measuring system has extremely high accuracy.
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8.3.8. ECLSS - Product Verification
For all but two requirements on SYS-OP-S-IA are validated by the fact that there are sensors accurate
enough to measure all values. Because all systems required to react to possible unwanted value, are
present, these requirements are met. SYS-OP-LS-IA-4 is met by the fact that an oxygen supply of 880
𝑘𝑔 is present. SYS-OP-LS-IA-5 is met by applying sufficient ventilation in every module, which is achieved
by the ventilation system that blows around the air. With 2700 𝑘𝑔 of water, enough is supplied to satisfy
SYS-OP-LS-W-1, 4 and 8. SYS-OP-LS-W-6, 7, 9-12 are met, based on the fact that sensors are installed
in the habitat that make sure the right values are achieved. All systems needed to achieve the values
are incorporated in the design. SYS-OP-LS-W-3 and 5 are met in the safety module, where the complete
ECLSS is installed again, but downscaled for emergency events. This redundant system is explained in
subsection 10.4.4.

As a redundant food supply is always available at the return vehicle, SYS-OP-LS-F-1 is met. SYS-OP-LS-
F-2 until 6 are met by choosing the food based on these requirements. As no preliminary foodlist is available
yet, these requirements are assumed to be validated when the next level of design is achieved. SYS-OP-LS-
WST-1, 2 and 4 are met by collecting all waste in the waste disposal vehicle and sending this vehicle back
to Earth, where it burns up in the atmosphere. Using hospital equipment and towels, SYS-OP-LS-WST-3 is
met too.

As modules can be disconnected by means of a double, airtight door, single modules can be depres-
surised, meeting SYS-OP-LS-P-2. SYS-OP-LS-P-2 and 3 are met by means of an airlock with 10.6𝑚ኽ volume
and a sensor measuring the pressurise inside the airlock. All sensors measuring pressure have a accuracy
of 1 Pa, meeting SYS-OP-LS-P-4. With sensors having an accuracy of 1 𝐾, both SYS-OP-LS-T-1 and 3
are met. SYS-OP-LS-T-2 is met with the downscaled, redundant ECLSS. Both SYS-OP-LS-CF-1 and 2 are
met by design. The design itself is based on a noise-level of 40. With all systems included in the design,
SYS-OP-LS-HC-1 and 3-10 are met. SYS-OP-LS-HC-2 is met by having equipment in the medical suite with
all systems needed to measure all data.

8.3.9. ECLSS - Product Validation
System validation will be preformed in multiple ways. First, as most systems are developed by partners,
they will validate their product. Then, several systems are planned on being tested on the ISS, which would
also serve as a validation. Finally, during the year, mock up mission in Antarctica, the ECLS will be validated.

8.4. Communications System
This section entails the design of the communications subsystem.

8.4.1. Communications System - Inputs and Requirements
The first step to designing this subsystem is identifying the requirements and constraints regarding the
system. The relevant requirements from the Baseline Report are stated in appendix B [2]. Some of them
have been revised, this is discussed later in the text.

Requirements SYS-OP-COM-9 and -10 are updated from 5 𝑀𝑏𝑝𝑠 and 3 𝑀𝑏𝑝𝑠 to 100 𝑀𝑏𝑝𝑠 each. More
elaborate research towards the data rate has revealed the preliminary estimation to be too small. Moreover,
SYS-OP-COM-7 is interpreted in such way that all astronauts have access to the communication subsystem,
but not at all times. However, the communication subsystem has to be operational at all times, to satisfy
SYS-OP-COM-8.

8.4.2. Communications System - Functional Flow Structure
Figure 8.19 shows a functional flow diagram of the communication subsystem. It is very global, and can be
interpreted for both the uplink, the downlink and interpersonal communication between EVA astronauts.
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Figure 8.19: Functional flow of the communications subsystem

Figure 8.20 shows the communication flow diagram, which was updated from the diagram presented in
the Midterm Report [3].
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Figure 8.20: Updated communication flow diagram
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8.4.3. Communications System - Interfaces
The design process N2 chart presented in the Midterm Report [3] identifies five main design interfaces that
give inputs to the design of the communications subsystem. These will be listed and it will be explained
how they affect the communications subsystem.

঎ Design power and thermal subsystem: the performance of the communications system is very
dependent on the available power for radiation and also on the temperature of the system, since
a higher system temperature induces a higher noise temperature, which makes the system require
more power for sending a detectable signal;

঎ Design safety system: for safety, the communications system should most importantly be redun-
dant. Since the main system will be tailored for high data rates and will thus be large and heavy, it
is beneficial to also have a lower data rate system that is more conservative with power and is more
mobile;

঎ Design computer and sensor system: most data that is gathered by the sensors and processed
by the computer will have to be sent to Earth. Therefore it is important to know how much of
this ’housekeeping’ data the sensors and computers collect during a specified time. Usually, the
housekeeping data is a secondary data type, not taking up much of the bandwidth, but since this
mission is a pioneering effort, it may found to be different;

঎ Determine astrodynamic characteristics: the astrodynamics influence the communications of
the mission by distance. It determines the sizing and power consumption of the system greatly, and
with size also the mass increases;

঎ Determine landing site: the landing site determines the architecture of the communications be-
cause if a landing site is chosen that offers no direct line of sight to Earth, relayed communications
are necessary. This imposes more complexity, cost and less performance on the system, and thus is
highly undesirable for the communications system. Fortunately, the Apollo 11 landing site faces the
Earth permanently, due to the tidal lock of the Moon.

8.4.4. Communications System - Design Layout
The communication subsystem will consist of the following components:

঎ A 1.5 𝑚 diameter main parabolic antenna (High-Gain Antenna 1, referred to as HGA-1);

঎ A 0.5 𝑚 diameter secondary parabolic antenna (High-Gain Antenna 2, referred to as HGA-2);

঎ A 0.4 𝑚 long helical antenna (Low-Gain Antenna, referred to as LGA).

Given the size and mass of HGA-1, it will be stowed during transport to the Moon, and will have to be
manually installed during an EVA. It will be stowed on top of the airlock module or placed on the ground
outside the habitat. This package will then be delivered to the building site in the same fashion as the other
parts. The dish will be mounted on a support pointing structure.

HGA-2 will be mounted on the outside of the cylinder, to be deployed automatically. It will be used to
establish the first communication with Earth until the crew arrives to install HGA-1. During the mission,
it will also serve as an extra channel for housekeeping data. A LGA will also be readily deployable upon
placement of the main cylinder, but is only to be used after the crew arrives because it is optimised for EVA
voice communications over a distance of 5 𝑘𝑚 maximum in all directions.

8.4.5. Communications System - Installation
Manufacturing of the antenna is not a challenge, given the knowledge about space communication systems
is readily available. Installation once on the Moon, however, proves to be more of a challenge. HGA-
1 will be stowed in a separate package delivered with the airlock module, and will have to be installed
manually before being fully operational. This will be done by a team of astronauts on EVA, after all internal
systems are verified by the crew. HGA-1 can be dismounted from its stowage location and mounted on
the pointing structure that can either be mounted on the main cylinder or placed on the Lunar surface, the
latter configuration is shown in figure 8.21
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Figure 8.21: HGA-1 placement with respect to the airlock

HGA-2 can be deployed automatically once the main cylinder is in place and will start connecting to the
ground stations to provide them with housekeeping data. The helical antenna for EVA communication can
also be deployed automatically upon placement of the main cylinder.

8.4.6. Communications System - Technical Budgets
In this subsection, the technical quantification of the system will be presented.

Link
The link budget described in the Midterm Report [3] has been updated. Additionally, a link budget for the
secondary communication system has been set up, both link budgets are presented in table 8.2. From
the resulting signal-to-noise ratio (SNR), the channel capacity can be determined by the Shannon-Hartley
theorem, summarised by equation 8.1.

𝐶 = 𝐵 ⋅ logኼ (1 + 𝑆𝑁𝑅) (8.1)

In which 𝐶 denotes the channel capacity in 𝑏𝑝𝑠 and 𝐵 denotes the bandwidth that can be found in table 8.4.

Table 8.2: Link budgets for the main and redundant communications channels

Parameter Unit Main channel Secondary channel
Downlink Uplink Downlink Uplink

TX power 𝑑𝐵𝑊 20.00 48.90 16.99 48.90
TX loss 𝑑𝐵𝑖 -0.97 -0.46 -0.97 -0.46
TX gain 𝑑𝐵𝑖 44.85 65.58 29.85 60.12
Pointing loss 𝑑𝐵 -0.14 -0.14 0.00 0.00
Free space loss 𝑑𝐵 -228.16 -228.16 -222.70 -222.70
RX gain 𝑑𝐵𝑖 65.58 44.85 60.12 29.85
RX loss 𝑑𝐵𝑖 -0.46 -0.97 -0.46 -0.97
Signal strength 𝑑𝐵𝑊 -99.29 -70.39 -117.17 -85.26
Noise strength 𝑑𝐵𝑊 -131.73 -125.16 -131.73 -125.16
SNR 𝑑𝐵𝑊 32.45 54.77 14.57 39.90
Link margin 𝑑𝐵𝑊 22.15 44.47 5.37 30.90

From this link budget, the main channel has an estimated capacity of 388 𝑀𝑏𝑝𝑠 and the secondary channel
has a capacity of 176 𝑀𝑏𝑝𝑠.

Mass
A mass estimation based on the antenna dimensions is made for all three antennae [108]. The results are
given in table 8.3. A contingency factor of 2 was applied to this estimated total mass to account for the
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mass of the pointing structure. Given the uniqueness of this mission, it was impossible to give estimates
from historical data.

Table 8.3: Estimated mass of the components of the communications subsystems

Item Mass
[𝑘𝑔]

HGA-1 14.07
HGA-2 2.16
LGA 0.02
Subtotal 16.25
Contingency factor 2
Total 32.50

Volume
Similar antennae to HGA-1 (that are not specifically optimised for space use which would not increase size
significantly), have a stowed size of about 2 × 1.5 × 0.5 𝑚, equalling 1.5 𝑚ኽ of volume. For HGA-2, it is
assumed that one third of the volume is required (0.5 𝑚ኽ). With the volume of LGA being negligibly small,
the total volume of the antennae will be 2 𝑚ኽ.

Cost
Given that space communication is a field that has widespread commercial applications (phones, television
signals), it is expected that the communications system will be rather cheap. Antennae similar to the ones
that are used on the habitat (although, not space-grade), are available in the range of ভ 100 - ভ 2500, so
assuming that space-grade technology will be ten times as expensive, for two antennae, the total cost of
the communication system will be ভ 50 thousand.

Specifications
All remaining specifications regarding the communication subsystem are collected in table 8.4.

Table 8.4: High level specifications of the main channels and antennae of the communications subsystem

Parameter Unit HGA-1 HGA-2 LGA
Radius 𝑚 0.75 0.25 0.005
Length 𝑚 - - 0.40
Peak power 𝑊 100 50 10
Band − K፮ X UHF
Frequency 𝐻𝑧 15 𝐺 8 𝐺 400 𝑀
Bandwidth 𝐻𝑧 36 𝑀 36 𝑀 5 𝑘
Modulation − DPSK 8FSK BFSK
Data rate 𝑏𝑝𝑠 388 𝑀 176 𝑀 97 𝑘
Round-trip time 𝑠 2.71 2.71 ৐0

8.4.7. Communications System - Sensitivity Analysis
The sensitivity analysis as described in section 7.1 was conducted on the link budget tool with which the
communication system was designed. Only the HGA-1 downlink was investigated, as the principle governing
this channel is the same for all channels. The input variables were chosen to be either design variables,
or variables that have been estimated and thus have a significant uncertainty, they are listed below. The
output variable was chosen to be the data rate supported by the channel.

঎ Communication distance;

঎ Pointing accuracy of the transmitting an-
tenna on the Moon;

঎ Transmitter efficiency;

঎ Receiver efficiency;

঎ Transmitter loss factor;

঎ Receiver loss factor;

঎ Noise temperature;

঎ Transmitter diameter;

঎ Receiver diameter;

঎ Transmission frequency;

঎ Radiated power.
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The sensitivity analysis shows that the first-order sensitivity indices for the transmitter diameter, the fre-
quency and the communication distance are especially high: 0.23, 0.17 and 0.18 respectively. This was
to be expected since the diameter of the transmitter contributes strongly to the ability to direct the signal.
Increasing communication distance and frequency greatly increases free space loss. Besides, the frequency
also influences many parts of the link budget, which can be seen in the total sensitivity index, which is the
highest of all alongside the transmitter diameter.

8.4.8. Communications System - RAMS
The FMEA for the communication system can be found in figure 8.22. Again, the scoring scheme can be
found in subsection 8.1.5.

Figure 8.22: FMEA of the communications system

8.4.9. Communications System - Risk & Mitigation
As can be observed in the FMEA for the communications system, a motor failure can cause a no com-
munication situation, which is a critical risk. Mitigation can be achieved by two main actions: firstly, the
communication system should be manually adjustable, and the motors should be checked up in a regular
maintenance schedule.

Next, a software error in the modulation can cause a one-way communication situation. This is not
ideal, and can be mitigated by including a back-up communication system (as is the case), thus decreasing
severity. Damage to all the dishes can cause a critical failure situation with no communication at all.
However, such a risk is easily mitigated by having a back-up system, as has been designed. The same goes
for a software error causing a similar situation.

8.4.10. Communications System - Verification & Validation
Verification
Because the model that calculates the link budget is the same for every channel, only one channel was
verified. Using the inputs as used in the calculation for this channel in another link budget calculator [109],
a difference in received power of 0.15� was found, verifying the calculations from this model.

Validation
To validate the link budget model, a comparison was made with existing published link budgets for Moon-
based missions [110ঀ112]. Because link budgets often work with different assumptions regarding the
technical specifications of the system itself, it is rather hard to compare them. For the link budgets cited, the
given input specifications were fed to the model, and the resulting SNR was compared. All the investigated
link budgets managed to achieve a higher SNR, even with the same input specifications. This difference
can be attributed to the different assumptions made for these budgets. It does, however, show that the
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data rate estimations made in this section are rather conservative, and will not be deficient to the mission’s
requirements.

8.4.11. Communications System - Product Verification
The first set of requirements, SYS-OP-COM-1 until -3 are met because there are several ground stations
providing 360∘ coverage around Earth at all times. In addition to that, the tidal lock of the Moon and the
location of the habitat ensure that a direct line of sight is always available for communication.

The habitat sports the LGA for compliance with SYS-OP-COM-4. Given that the suits have adequate
communication equipment, communication over 5 𝑘𝑚 is possible. HGA-2 provides a redundant data chan-
nel, validating SYS-OP-5. Requirement SYS-OP-COM-6 can be complied with because HGA-2 is mounted
and ready as soon as the module is in place, so a smaller bandwidth communication channel can be opened
with the habitat very early on in the mission.

Given that the channel capacity of the main channel exceeds the requirements, a bandwidth can be
reserved to accommodate personal communications at all times, as per SYS-OP-COM-7 and -8. Finally, the
data rate requirements SYS-OP-COM-9 and -10 are simply validated by calculating the data rates that are
to be expected, which are compliant with the requirements.

8.4.12. Communications System - Product Validation
Within the tight time-schedule, validating the communication system would be very hard to do analytically.
The link budget should be refined first to account for unpredictable attenuation, such as weather attenua-
tion. Once the theoretical model has been worked out in sufficient detail, it can be validated by means of
testing.

8.5. Command, Data Handling and Computer System
In this section, the CDHCS has been designed and its direct relation to all the other subsystems in terms
of connection, power and feedback has been established.

8.5.1. Command, Data Handling and Computer System - Inputs and Require-
ments

This system interfaces with all other systems, and the requirements for these are mentioned in the relevant
subsystem section. A failure in this system can be catastrophic, so extremely high reliability is required.The
main constraints for this subsystem are the available power and the radiation level in the environment.
Secondary constraints are the interfaces with other systems, however these can be adapted to suit the
needs. The requirements for this system are mentioned in appendix B.

8.5.2. Command, Data Handling and Computer System - Functional Flow Struc-
ture

The functional flow of this system is very complex as it can be seen trough multiple perspectives. In order to
fit the whole diagram, it was decided to split it up. The functional flow of the CDHS is shown in figure 8.23.
RefBCDH 2.0 in this figure encompasses what pertains to the management of specific subsystems, which
are shown in the functional flow diagrams of the relevant subsystems.
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Figure 8.23: Functional flow of the command, data handling and computer system

8.5.3. Command, Data Handling and Computer System - Interfaces
As CDHS controls all other subsystems, it is interfaced to all other subsystems that consume power. The
investigation of the interfaces was done using the N2 Chart of the system shown in Figure 9.1 of the
Midterm Report [3]. Only the architecture diagram is shown, which contains all the interfaces and can be
seen in figure 8.24.

8.5.4. Command, Data Handling and Computer System - Design Layout
The main challenge in designing spacefaring computer systems is the trade-off between computing power,
energy consumption and radiation protection (reliability). The more radiation protection is provided to a
system, making it Radiation Hardened (Rad-Hard), the higher the power consumption due to the more
sturdy design of transistors and redundancy considerations and the lower computing power capacity, as
less transistors can be fit in the same space [113]. As the habitat is designed to protect astronauts from
radiation, the radiation levels within are significantly below the values which would merit radiation hardened
components. However, due to the aforementioned critical nature of this system, it is designed for a worst
case scenario in which radiation does seep into the system unobstructed (e.g. breach of one of the modules)
and the system needs to continue to function.

To complicate matters further, the computer system has to handle a vast amount of extra functions since
there are astronauts present in the system. Taking into account life support considerations, entertainment,
emergency and contingency management, great amounts of sensors and computing power are required.
The design is not comparable to traditional satellite computer/CDH systems. The closest comparison is the
ISS, which uses more than 50 computers controlling 350,000 sensors using more than 1.5 million lines of
flight software code [114]. Since very little information is available about the ISS’ system specifications,
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the only alternative is to expand the architecture of traditional satellites and design improvements to cope
with the more stringent requirements.

Architecture
After the requirements, interfaces and flow chart were drawn up, the functions were grouped together
according to their similarities. With all this information at hand the high level architecture was drawn up
and finally safety and redundancy was built into it. The architecture can be seen in figure 8.24. In order to
grasp the architecture, first the components will be explained and then the explanation for the configuration
will be given. Data handling block diagram is not presented in this project as it is so complex that two
Doctorates from the TU Delft (mentioned in the preface), one in aerospace systems engineering and one
in integrated circuit design, strongly stated that the design of such as system would require significantly
more time than the scope of the DSE allows.

Figure 8.24: High level architecture of the computer system

In the above diagram there are three types of division, the type of system is indicated with the block
colours, the radiation management mechanism indicated by the block borders and finally the redundancy
approach marked by the bounding boxes (or absence thereof).

Three types of processing devices are used, namely, general microprocessors, Programmable Logic
Devices (PLD) and Integrated Circuits. The microprocessors have the advantage that they can run any
type of software that is designed for the operating system running on top of them. However, they consume
more power than the other two device types. PLDs, of which Field Programmable Logic Arrays are a
subset, are devices in between Microprocessors and Integrated Circuits, which can be conceptualised as
re-programmable integrated circuits. They have the advantage of easy expansion and since they can be
designed to perform one single task, they are quicker than microprocessors. Finally, Integrated Circuits are
designed to perform one task, which they can perform very efficiently, however changing their functioning
would require building a new circuit.

Two types of radiation management philosophies are implemented, using radiation hardened circuits
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and Environmentally Adaptive Fault Tolerant Computing (EAFTC). As mentioned before, radiation hardening
requires a higher power consumption and the use of older microprocessors which are radiation hardened
and thoroughly tested. NASA uses microprocessors designed in 2002 for their upcoming Orion capsules
and the ISS uses processors from 1985 [113]. Given that Moore’s law states that computation power
doubles every six months, there is a huge gain to be made by using 2018 processors. This can be done
using EAFTC, which is a computer architecture developed by a group lead by Honeywell. It allows the use
of commercial off-the-shelf (COTS) equipment in radiation environments, by computing the same task on
multiple cores and adapting the number of cores per process, depending on critical and current radiation
levels [115]. The disadvantage is that the TRL is only 4.

Finally, the redundancy options are threefold: pair redundancy, full redundancy and EAFTC redundancy.
In the case of pair redundancy, two systems are designed to take over the other system in case of failure.
Full redundancy simply consists of a back up system, which is identical or designed using a different
approach.

The core architecture consist of a Central Server housed in the SCM module, using the EAFTC system
which allows the use of COTS microprocessors, making it the most powerful computation block on board.
It holds a central overview of the functioning of the whole habitat system, it is the first point of contact
between the systems and the astronauts. It detects faults that might require repairs/maintenance and
interlinks inputs/outputs from other systems. On the next ring around the Central Server, the general
subsystem control servers can be found which are PLD based and radiation hardened. They are located
close to to where the relevant subsystems are housed and are fully redundant. They hold the overview of all
subsystems they control. Finally, on the most outer ring radiation hardened integrated circuits that control
the actual subsystems are present. They work with pair redundancy, marked by the blue discontinuous
lines. If one of integrated circuits fails, the pair takes over the tasks. They are grouped according to similar
functions and similar computational needs.

The whole system architecture allows for very high reliability and effective failure containment, while
providing high computation power. It is a distributed architecture, and all components can work indepen-
dently, albeit with a degraded performance. This design follows a three point of failure resistant philosophy.
In order for any subsystem to fail, there has to be a chain of failures. First the integrated circuit has to
fail, then its pair needs to fail, then the PLD circuit controlling them has to fail and finally the central server
has to fail. If all of these failures happen, the SCM life support system also has to fail, in order for a
catastrophic failure to happen. This chance is further reduced by the fact that there are several different
design approaches per redundancy level. The system also provides relatively simple unit and integration
testing possibilities, by starting the testing campaign from the outer edges inwards.

The disadvantages of this system are the relatively high development costs, the high software devel-
opment costs and the low TRL of the EAFTC system. The development costs are high due to the fact
that three types of computer systems are to be developed, however once one of the systems per type is
developed, replicating it should not be very costly. The software costs are mainly related to the central
server, which has to have software replicating the functions of all the other systems. As this is a critical
system, these costs can be justified by the extra safety. More about this can be found in subsection 8.5.6.

8.5.5. Command, Data Handling and Computer System - Production
The production and installation of this system is relatively simple, as it is installed in the cylinders during
ground construction. The systems have to be specifically developed for this application, with some COTS
components used in the system. All interfaces between cylinders can be built into the coupling mechanisms,
allowing for a plug and play construction.

8.5.6. Command, Data Handling and Computer System - Technical Budgets
For the budgets of this system, only the central server and the control servers are considered, as the
integrated circuits are already budgeted in the relevant subsystems. In order to estimate the budgets, an
estimation of the number of components is made. For the central server the same architecture is used that
is proposed by the EAFTC designers is used [115], using four computing nodes and three controllers. In the
case of the FPGA servers, sample architectures were analysed and it was determined that approximately 4
FPGA are necessary per server [116].

Mass, Volume and Power
The mass of the system is negligible, as most components are measured in grams, with the largest compo-
nents weighing less than 2 kg. Most of the weight of the system are in the enclosures surrounding them.
The estimation procedure was conducted based on analogous components from commercially available
systems, and is shown in table 8.5. The volume of the components is negligible, so the sizing constraint
is again the enclosures. Two server racks are budgeted for the central server, and individual enclosures
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are used for the FPGA [115, 117ঀ120]. The components for the central server are the ones used in the
original architecture paper [115]. Values are provided for the worst case scenario without any optimisation,
however they do not account for contingencies, as they are accounted for in the technical budget section.

Table 8.5: Technical budget breakdown for the communications and data handling subsystem

System Component Quantity Mass [𝐾𝑔] Volume [𝑚ኽ] Max Power [𝑊]
Central server - System controller 3 1 In enclosure 20

- Adaptive processing 4 1.5 In enclosure 15
- Computer 4 1.5 In enclosure 15
- Packet switch 2 6 In enclosure 175
- Radiation sensors 30 � 0.01 In enclosure 0.1
- Enclosure 2 125 1.14 0

Control servers - FPGA 20 0.1 In enclosure 5
- Enclosure 20 10 � 0.0007 0

Total 475 2.42 553

Cost
The cost of the radiation hardened microprocessors can vary from ভ10 thousand to ভ200 thousand [113].
Since the main microprocessors are COTS components which cost in the range of ভ1000, none of the ভ200
thousand components are going to be used, generating a significant cost saving. The 20 FPGAs that can
resist 1000 rads cost about ভ10 thousand each, hence their total cost is about ভ200 thousand. In the case
of the central server, no cost estimate exist for this architecture. In order to remain conservative, it will be
assumed that the cost of the whole system is as much as it would cost to use 4 radiation hardened cores,
totalling ভ 800 thousand. As mentioned previously, rad-hard components are not going to be used, meaning
the total cost will probably drop. The cost of all remaining components can be considered negligible.
Applying a safety factor of 2, the total hardware cost would reach ভ2 million. Taking into account the scale
of this project, this cost is completely negligible.

The second element to consider are the software costs, as there is no reliable way to estimate the size
of the code base needed, the best alternative solution is to estimate the cost based on the ISS. This will
most likely lead to an overestimation of the costs, as the ISS is much larger and contains elements from
multiple Space Agencies that lead to significant duplication and interfacing. As previously mentioned the
ISS runs 1.5 million lines of code [114]. In 1992 it was estimated that each line of flight code cost 654
USD [121]. Assuming that the price did not go up, other than to inflation, this would imply ভ562 in 2018.
At this price level, the cost of the in flight software would be ভ847.5 million.

8.5.7. Command, Data Handling and Computer System - RAMS
The FMEA for the CDH system can be found in figure 8.25, with the scoring scheme as explained in
subsection 8.1.5.
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Figure 8.25: FMEA of command, data handling and computer system

8.5.8. Command, Data Handling and Computer System - Risk & Mitigation
Four risks appear to be critical based on the CDH FMEA. Firstly, an underestimation of the radiation en-
vironment can cause fast system degradation, leading to a premature mission end. Mitigation of this risk
can be achieved by overdesigning the system against radiation, decreasing severity.

Integrated circuit failure can cause complete loss of a system, which can in turn lead to loss of life
or destruction of the habitat. The only way to mitigate this risk is by having multiple layers of system
redundancy, which is currently the case. Next, failures in detecting when something is an emergency
situation can cause loss of life. Mitigation can be achieved by having a back-up system dedicated to
detecting emergency situations and entering emergency mode.

8.5.9. Command, Data Handling and Computer System - Product Verification
The verification procedure to check requirement compliance can be see in table 8.6.

Table 8.6: CDH system verification procedure

Requirement Verification procedure Method
SYS-OP-CDH-1 - Check that the output of every system is present in the main server Analysis
SYS-OP-CDH-2 - Run the full system and check the power consumption Test

SYS-OP-CDH-3
- Analyse the reliability of every component, and compute the total sys-
tem reliability Analysis

SYS-OP-CDH-4
- Turn off the main system and check that the redundant system provides
all functionality Test

SYS-OP-CDH-5
- Damage or disconnect one section of the system at a time and check
that the damage is reported Test

SYS-OP-CDH-6 - Expose the system to a dose of 100 𝑟𝑎𝑑 Test

8.5.10. Command, Data Handling and Computer System - Product Validation
The validation of the CDH system is done during the validation campaign described in section 13.4. After
verifying that the system is performing as expected on the ground, the validation of the system is conducted
during the one month trial run on the Moon. The difficulty of the validation of this system is the fact that
it is the same system that transmits all the data back to Earth, hence the verification of its functioning on
Earth must be done extensively.

8.6. Electrical Power System
As opposed to the other subsystems, the electrical power system (EPS) still has several options to be
considered. In this section, these options will be explained and evaluated after which one is chosen and
further elaborated upon. The requirements for the EPS can be found in appendix B.
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8.6.1. Electrical Power System - Design Options
Globally two options are available for the EPS: solar or nuclear power. For nuclear, only a fission reactor is
deemed feasible as outlined in Midterm Report [3]. For solar panels a energy storage system is necessary.
Two main options exist: batteries or fuel cells. In this section all these options will be briefly discussed.

Batteries
In the battery category four different options have been investigated. The key parameter being considered
is the specific energy, or the amount of energy that can be stored per unit mass. Option one is a classic
flight proven Li-ion battery with a specific energy of 280𝑊ℎ/𝑘𝑔. Next is a more futuristic solid state battery.
These so called Li-Metal batteries are currently being produced [122] and have a promising specific energy
of 500 𝑊ℎ/𝑘𝑔. The last technology is a lithium-sulfur battery. The aim of [123] is to get these batteries
with a specific energy of 500𝑊ℎ/𝑘𝑔 ready for space applications. However the potential of Li-S technology
can reach a massive specific energy of 600 𝑊ℎ/𝑘𝑔 [124] and thus will also be considered. The subsystem
masses were simply determined using these specific energies and the amount of energy that is needed to
store. This was then added to the mass of the solar panels.

Fuel Cells
The several options for the fuel cells naturally came up when encountering complications with the previous
option. The general approach, however, is the same for all three. First a reversible fuel cell is used, which
converts energy and inert chemicals into reactive chemicals. These will then be stored and when power is
needed they will run through a fuel cell to generate power and the same initial inert chemical. The first two
options contain the largest amount of energy per unit mass: a hydrogen-oxygen fuel cell and electrolysis
cell system. One issue that arises is that both hydrogen and oxygen are gases and therefore require a
large volume and heavy tank to store them. For option one, shown in figure 8.26a, the tank mass has
been optimised, as described later in this section. The complications, due to a low gas density, could be
solved by using cryogenic storage tanks. This system is shown in figure 8.26b. The dotted arrows portray
power flows, whereas the solid ones represent chemical flows. A cryo-cooler would be used to cool the
propellant coming out of the electrolysis cell and is heated again when it exits. The Joule-Thompson cooler
is proposed, due to its relative simplicity. The gas is compressed using a turbine and then expanded through
a Joule-Thompson valve. A certain fraction of the gas will be liquefied and remains in the storage tank. The
gaseous counterpart will be vented back into the cyclus through a heat exchanger with the compressed
gas. A complication with this method is that the compressor induces an added required power of 100 𝑘𝑊
to be able to run the cooler unit.

(a) Block diagram of the gasesously stored hydrogen
fuel cell system

(b) Block diagram of the cryogenically stored
hydrogen fuel cell system

Figure 8.26: Two proposed hydrogen fuel cell systems

A third option would be to use the power to ammonia principle which is used for grid balancing and power
storage purposes [125]. In this system both the water and ammonia are easy to store in liquid form allowing
for small sized tanks. However, complications arise due to the fact that ammonia does not pack quite the
amount of energy per unit mass as hydrogen, 18.6 𝑀𝐽/𝑘𝑔 versus 142 𝑀𝐽/𝑘𝑔 respectively. Additionally, the
system would still make use of gaseous chemicals. This is partially solved by running a hydrogen fuel cell
during power storage mode to power a compressor. However, in addition to the oxygen, the system would
need to store nitrogen as well. All these components make a very complex system, shown in figure 8.27,
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that is potentially very prone to error and can therefore only be implemented with redundancy at every
component.

Figure 8.27: Block diagram of the ammonia fuel cell system with liquid storage

Estimating the masses for these systems is lot more complicated than for batteries. It contains masses for
the solar panels, chemicals, tanks, fuel cells, compressors and turbines.

The solar panel mass is dependent on the round trip efficiency of the system as it determines the amount
of power that needs to be generated. This is 60� for hydrogen and 39� for ammonia according to Wang
et al. [126] and Davis et al. [127]. The chemical mass is calculated similarly to that of batteries, using the
specific energies of the fuels. The oxidiser mass is determined by taking the stoichiometric molar ratios
between the fuel and oxidiser.

The tank masses depend mainly on four parameters: material density and yield strength and the gas’
density and pressure. To optimise the first two titanium is chosen. It is a more expensive material, but
offers outstanding strength to weight properties. Since hydrogen and oxygen do not behave as ideal gasses
when put under high pressure a more intricate model is used to determine the pressure that allows for the
lightest possible tank. This is due to the balance of lower thickness for lower pressures but higher radius
for lower densities and pressures. This model is retrieved from Mench [128] and uses the Van der Waal’s
equation of state, shown in equation 8.2.

𝑃 = 𝜌𝑅𝑇
1 − 𝑏𝜌 − 𝑎𝜌

ኼ, 𝑤𝑖𝑡ℎ 𝑎 = 27
64
𝑅ኼ𝑇ኼ፜
𝑃፜

𝑎𝑛𝑑 𝑏 = 0.125𝑅𝑇፜𝑃፜
(8.2)

This equation can be solved for 𝜌 in cubic root form and was done by 1728 Software Systems [129] method.
Using the most shape efficient tank type, a sphere, the required tank thickness is calculated using the first
formula in equation 8.3 and the tank mass using the second.

𝑡፭ፚ፧፤ =
𝑃𝑅፭ፚ፧፤
2𝜎ፓ።

, 𝑚፭ፚ፧፤ =
4
3𝜋 ⋅ [(𝑅፭ፚ፧፤ + 𝑡፭ፚ፧፤)

ኽ − 𝑅ኽ፭ፚ፧፤] ⋅ 𝜌ፓ። (8.3)

Now the pressure could be adjusted and by trial and error the tank mass could be minimised, taking into
account that the diameter should not exceed 4.6 𝑚, a requirement that was the limiting factor only for the
very sparse hydrogen gas. The tank mass for the water and ammonia storage is very low as they are dense
and can be stored at low pressures.

For estimating the mass of the fuel cells, turbines and compressors, Tornabene et al. [130] was used.
It provides curves estimating these fuel cell components on a same scale system. The reversible fuel cells
have been estimated to be 118 𝑘𝑔, turbines are a mere 6 𝑘𝑔 and the compressors 10 𝑘𝑔 each. Given the
result of the trade-off in subsection 8.6.2, no sensitivity analysis was warranted on the model estimating
the tank masses for the different fuel cell designs.

Nuclear
The last option would be the use of a small nuclear reactor. This allows for a closer cooperation with NASA,
since it is currently developing and testing a small nuclear fission reactor KRUSTY (Kilowatt Reactor Utilising
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Stirling Technology) under a project called Kilopower. Currently one unit produces 1 𝑘𝑊, but this can be
upscaled to around 10 𝑘𝑊 according to [131]. Hence, a total of two units would be required. Globally
the system consists of three big parts displayed in figure 8.28: a nuclear fission core providing heat to the
system; 4 Stirling generators to transform the thermal power into electrical power and a large radiator to
provide a cold heat sink on the other side of the generator. This heatsink has two functions: radiating all
the excess heat away from the system which originates from the power converters that do not run at 100�
efficiency and to provide low cold temperature to increase the efficiency of the generators following the
fundamental thermodynamic formula in equation 8.4.

𝜂፭፡,፬፭።፫፥።፧፠ =
𝑇ፇ − 𝑇ፋ
𝑇ፇ

= 1 − 𝑇ፋ
𝑇ፇ

(8.4)

Of course, one of the first questions arising when hearing the word nuclear is the systems safety. Therefore,
the next section will mainly focus on explaining how the nuclear system works and why it is appropriate to
consider it to be sufficiently safe for the mission.

Figure 8.28: External and internal view of the kilopower reactor [132]

Safety of Nuclear Fission
The reactor is fundamentally different from the large thermal nuclear reactors on Earth. It is a so-called fast
neutron reactor. This means it does not require a moderator to slow down the faster neutrons into so-called
thermal neutrons, required for a thermal nuclear reactor. This omits the required enormous basin of water,
which is of course a huge benefit considering transportation to the Moon. The heat is transferred from the
nuclear core using sodium heat pipes and therefore it does not require high pressure steam to operate.
This means it is much less prone to explosive behaviour, which is one of the reasons constant monitoring
of Earth-bound reactors is necessary. Contrarily, KRUSTY has a cycle, that corrects for any disturbances it
might undergo during operation. After the reactor is made operational it requires no to minimal service and
astronaut interference for it to function within its given constraints. This reliability is more elaborated upon
in equation 12.1.1. The nature of this passive stability is explained in figure 8.29a. This cycle occurs and
dampens just like a classical underdamped stable system. This response is plotted in figure 8.29b. Please
note that this period is rather long due to the test’s low power output of 100 𝑊. This effect is comparable
to a pendulum that also takes longer to swing back and forth in lower gravity [132].
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(a) KRUSTY’s stable system cycle [132]
(b) Reactor power and temperature response in

uncontrolled conditions [132]

Figure 8.29: KRUSTY’s inherently safe system cycle

Additionally, the nuclear material, Uኼኽ኿, is far less radioactive than the plutonium used in RTG’s the last
decades, when the core is not under a sustained nuclear chain reaction. During launch, and any other
occasions where the reactor might need to be shut down, this is ensured by a boron carbide control rod
inserted in the core. This keeps it from maintaining a stable nuclear chain reaction or unstable increased
reactivity (more neutrons released than required to maintain the current amount of reactions). In case the
launch vehicle explodes on the pad, with the inactive reactor on top of it, a person standing 1 kilometer
away from the pad will receive a dosage around 1 millirem. This is the same dose a whole-mouth dental
X-ray gives and is vastly lower than what a passenger gets during an airplane flight according to McCLure,
the project lead for Kilopower at Los Alamos National Laboratory, in Business Insider [133].

Also during operation, the radiation emission will be limited, since a full third of the systems mass
originates from radiation shielding, limiting the radiation exposure to less than 3 millirem per hour (𝑚𝑅/ℎ𝑟)
within 500 𝑚 [134]. This comes down to 0.26 𝑆𝑣 per year, for continuously standing next to it. However,
the reactor will also be buried beneath the regolith and a small wall in the direction of the habitat can
also be added. On top of that, the astronauts will be mostly inside the habitat, already designed to shield
them from the harmful radiative space environment. During EVA’s they will not be around the habitat and
reactors continuously, when they’re exploring more remote regions around the habitat.

8.6.2. Electrical Power System - Trade-off
Now that all the options have been discussed, a trade-off regarding the power supply of the habitat can be
performed. The results are shown in table 8.7.
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Table 8.7: Visual representation of the trade-off for the electrical power subsystem

Power source
Aspect Solar power

Nuclear
fission

Storage
Li- Reversible fuel cell

N/AIon Metal S Hኼ NHኽ
Current Future Compressed Cryo-cooled Compressed

Mass
[𝑡𝑜𝑛] 15.8 9.0 11.2 7.6 5.6 3.5 8.9 3.5

Potentially hazardous to use

Safety Safe with
protection

Inherently
safe

Large
tanks
and

turbines

High temp.
fluxes,
fast

rotation

Less
stable
chemical
process

Safe by
design

TRL 9 4 5 3 6 3 4 5

Sustai-
nability

Considerable
amount of Li

Closed loop system
with non-toxic materials

Disposal
of

nuclear
material

Oper-
ations

Can’t be
fully

emptied
for long
duration

No moving parts or
maintenance needed,

can sit empty
without degradation

High
operating
temp.

Requires
additional
100 𝑘𝑊
for cooling

Faster
membrane
binder
degrad.

Stable
and
steady
state

Insta-
llation One part Assembly required Digging

Additionally to the information in the table, solar panels will require a lot of maintenance. Regolith could
cover the panels, cling to joints and micrometeoroids could puncture the panels. Also due to the presence
of gravity the mechanism of the panel should be redesigned to take into the forces due to its own mass,
which is unnecessary for satellites in orbit. The radiator of the nuclear system in comparison is much
smaller, and won’t cause failure when some damage is sustained as explained in figure 8.6.4. Also the fuel
cell systems are prone to error due to the criticality of all of its components and the large size of the total
system.

In conclusion, by means of voting, the whole group decided to go for a nuclear power source. The
main arguments were its simplicity versus a rather complex and risky fuel cell system, its safety and the
higher TRL. The high performance Li-S batteries are currently just formulated as a potential limit, which
according to experts is reachable for this technology somewhere in the future. However, no concrete
attempts have been made yet, since the industry is still working on developing the current 400 𝑊ℎ/𝑘𝑔
batteries. The team has attempted to a great extend to avoid using a nuclear power source due to the
social complications it brings. Even though its technology is well established, public outcry and fear for
catastrophic accidents hinder the use of such systems. The main hinder is the combination of the words
space and nuclear. Separately they are generally accepted. Nuclear reactors still widely exist around the
world and at KRUSTY’s scale and distance from home, they are massively being implemented in nuclear
powered submarines and aircraft carriers. Now the teams job is to ensure the public of a safe system with
these two words combined and showing them the technological advances it brings to human advances in
spaceflight.

8.6.3. Electrical Power System - Functional Flow Structure
Figure 8.30 shows the FFD of the nuclear fission plant.
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Figure 8.30: Functional flow of the power supply subsystem

8.6.4. Electrical Power System - Layout
The reactors will emit radiation, and it is therefore required they have a certain distance from the habitat
to protect the astronauts during EVA. When the astronauts are inside the habitat, they won’t be affected
critically. According to Rucker et al. [134], one nuclear plants emits 0.263 𝑆𝑣/𝑦𝑒𝑎𝑟 at 500 𝑚 distance each.
Radiation in strength is related to distance according to the inverse square law 8.5.

𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 ∝ 1
𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒ኼ (8.5)

For a distance of 100 𝑚 this results in a total of 6.57 𝑆𝑣 per reactor, and 13.14 𝑆𝑣/𝑦𝑒𝑎𝑟 in total. This is the
same as 4.2 ⋅10ዅ዁ 𝑆𝑣/𝑠, which is within the human exposure limits. In addition, the core is going to be dug
in and a small regolith wall will be built between the reactor and the habitat. The astronaut’s space suits
will also provide some additional protection. The reactors must have a certain distance with regard to each
other in case one has to be shut off for maintenance or repair. The same distance of 100𝑚 was selected
in order to minimise the distance for cabling, while being safe. The two reactors and the habitat form an
equilateral triangle if seen from above. With simple optimisation of trigonometry the minimal desired length
of the cabling was calculated as is shown in figure 8.31.

Figure 8.31: Schematic view configuration of cabling between reactors and habitat

A total of 186.6 𝑚 of cabling is required. Cable loss can be minimised by using a current as low as possible
and a cross sectional area of the cable that is as large as possible. Since the output Voltages and Amperes
are not known for KRUSTY and AC is chosen as output for minimising transportation loss, either the use of
transformers and smaller cross-sectional area cabling or the use of no transformer and cabling with a larger
cross-sectional area has to be chosen. The material of the cables is most likely a copper or a copper-silver
alloy. Keep in mind that a power station near the habitat is required in both situations to provide a voltage
of 220−230𝑉 to the habitat. For certain systems DC is required and therefore another AC-DC transformer
is required in both situations as well. Total power loss of the system is assumed to be 5�.
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Meteoroid Protection
The power source is very valuable for the missions continuation and was therefore evaluated separately
for possible meteoroid impacts. To analyse whether this is required, the titanium radiators are assumed to
resemble titanium monolithic shields. Using Christiansen et al. [43], the formula to calculate the minimum
diameter (𝑑፩) of a spherical particle that produces penetration failure damage to the impacted titanium
sheet with thickness (𝑡ፓ።) is equation 8.6.

𝑑፩ = 𝑡፭።𝐾ዅኻ ⋅ 5.24ዅኻ ⋅ 𝐵𝐻𝑁ኺ.ኼ኿ (
𝜌፩
𝜌ፓ።
)
ዅኺ.኿

(𝑣 ⋅ 𝑐𝑜𝑠𝜃𝐶፭
)
ዅኼ/ኽ

(8.6)

Where:

঎ 𝜌፩  density projectile [𝑔/𝑐𝑚ኽ];

঎ 𝜌ፓ።  density titanium alloy [𝑔/𝑐𝑚ኽ];

঎ 𝐾  Damage parameter for titanium al-
loy;

঎ 𝐶፭  Speed of sound in target [𝑘𝑚/𝑠];

঎ 𝑣  projectile velocity [𝑘𝑚/𝑠];

঎ 𝐵𝐻𝑁  Brinell Hardness [−];

঎ 𝜃  impact angle from target normal [∘].

The input values have been stated in table 7.1. Hence, using equation 8.6 and using 𝑣  70 𝑘𝑚/𝑠, a
critical projectile diameter of 0.037 𝑐𝑚 is obtained which corresponds to a meteoroid particle with mass
2.725 ⋅ 10ዅ኿𝑔. From equation 5.6, a flux of 0.0570 [𝐼𝑚𝑝𝑎𝑐𝑡𝑠/𝑚ኼ − 𝑦𝑒𝑎𝑟] was obtained which results in
a total of 23 penetrations for both nuclear fission radiators in 10 years, using a total area of 20 𝑚ኼ per
fission plant, hence 40 𝑚ኼ in total for the use of two. Projectile speeds of 70 𝑘𝑚/𝑠 are rare, hence the
value in reality shall be lower. For the average of 𝑣  23.9 𝑘𝑚/𝑠, the total number of penetrations is 7 for
the two radiators. Because the size of the impacting particles are small, and are considered to not critically
influence the function of the radiators, it was decided no extra protection is required for the nuclear plants.
The actual nuclear core is dug in and its area is smaller and therefore considered protected sufficiently. The
Stirling engines are exposed, but again, their exposed areas are very small and they are redundantly built
in. EVA visual inspection shall be performed to monitor their health status. The radiators could be repaired
in case of severe damage. If this is to be done, the reactor has to be shut of before on of the astronauts
moves there. The second fission plant shall have a distance of 100 𝑚 to the other, in order to be able to
remain operational whilst the other is being inspected or repaired.

This model does not include cumulative damage caused by reoccurring impacts of smaller particles. For
future design, it is advised to include cumulative damage model.

8.6.5. Electrical Power System - Production
Manufacturing and construction of the EPS will be outsourced to NASA. A close cooperation will result
in a beneficial mission for all parties. NASA will have a testbed for their system to reach TRL 9, before
implementing it on a more distant mission to Mars, whereas the habitat is provided with a constant, reliable
and safe means of power generation. Installation will be done during the initial phases of the mission and
will include a minor digging operation. Burying the reactor will increase its safety even more and serve as
a foundations for the ”umbrella” design.

8.6.6. Electrical Power System - Technical Budgets
Mass
The mass of the power system encompasses the two plants and the transformers and cabling. The esti-
mated mass of the two reactors is 3508 𝑘𝑔 [134]. An additional contingency of 15 � is added because the
system hasn’t been fully developed yet, resulting in a total of 4034.2 𝑘𝑔. Assuming an additional 1200 𝑘𝑔
for all power distribution machinery, total mass comes down to a total of 4708 𝑘𝑔.

Volume
The total volume again encompasses the two plants and the transformers and cabling. The total volume
of the folded plants equals 20 𝑚ኽ. Because the cabling and transformers are assumed to have a volume
of 0.06 𝑚ኽ: 186.6 𝑚 of cable with diameter of 2 𝑐𝑚 and converters with a total volume of 1 𝑚ኽ. Total
estimated volume: 21.06 𝑚ኽ

Cost
The estimated cost of the current running prototype is around $20 million [133], transforming with today’s
currency exchange rate, this equals ভ17.2 million. This concerns a system with an electrically heated
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depleted uranium core, to validate performance of the power converters. Because the complete system
itself is currently still being developed a contingency of 20� was added. Total estimated cost: ভ21 million.

8.6.7. Electrical Power System - RAMS
The meaning of each of the criteria is explained in subsection 8.1.5.

Figure 8.32: FMEA of the electrical power system

8.6.8. Electrical Power System - Risk & Mitigation
The two potential risks that need mitigation are: digging in does not work, with a RPN of 18, and transmis-
sion of power failure, with a RPN of 8. The mechanism for digging in the reactors could be demonstrated
and tested on Earth in similar conditions, however, the composition of the Lunar surface structure at the
digging site could differ from the expectations. It is therefore advised to have a mission ahead of this
mission for to fully test the operationality of the rovers and sampling the sites by drilling. The digging in
of the reactor should be simulated with a comparable structure. This is a costly solution but considered
necessary to ensure a safe setup and functionality of the mission. Transmission of power failure is either
failure of the converters or the cables. In both cases, high TRL, space proven or tested units must be used.
This adds extra weight to the system but negligible to the total and necessary for continuous power supply.

8.6.9. Electrical Power System - Product Validation
All information used regarding the nuclear fission plant KRUSTY was gathered from NASA. This includes
tests, sizing and practical information. It is therefore assumed that the model is validated to a certain ex-
tend. However, as mentioned, KRUSTY is currently still being developed and tested. The actual parameters
might chance once its development has been finalised.
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9
Operations Design

Having designed all subsystems that are included in the interior of the habitat, there are a few more
elements that need to be investigated before the integration and the logistics of the whole system can
commence. This chapter deals with a brief discussion of the technology needed for the Lunar landing
in section 9.1, the Lunar rovers for any sort of operation in section 9.2, and the return vehicle for the
astronauts in section 9.3.

9.1. Precision Landing Technology
The first design to be considered with regards to the operations of the habitat is the technology that will
be used to successfully land as close to the desired location as possible. Hence, two prevision landing
possibilities are investigated: the advanced technology of terrain relative navigation or the use of beacons.

9.1.1. Terrain Relative Navigation
Terrain Relative Navigation (TRN) is an emerging landing technique that shows promising results. It is a
system with TRL of 6 which is set to be used on the Mars 2020 mission to demonstrate its capabilities. It
makes use of a Lander Vision System (LVS), a smart sensor which combines and matches images it makes
during descent with a pre-loaded high-res landing site image. Together with precision inertial measurements
it enables to estimate velocity profiles, attitude position and relative map position with high precision. The
system works at any altitude but has to be specifically calibrated for different mission profiles, i.e. for
the Mars 2020 mission it only starts working when the lander reaches an altitude of 3 𝑘𝑚. This mission
envelope got tested extensively: at high altitudes a coarse match between images is made, when lower
altitudes are reached a finer match between landmarks is made. During these tests, several simulations
estimated a landing accuracy of 40 𝑚 which would suit the needs of the Moon landing system [135]. This
system will be accompanied by the Navigation Doppler Lidar (NDL), which is specifically designed by NASA
Langley for precision landing on other planets. It is a system that comprises of three laser beams which
provide ultra-high precision velocity, direction and altitude measurements without having high weight or
power penalties. The system weighs around 13.5 𝑘𝑔 and needs 90 𝑊 of power to operate [136]. The
combined system is currently being tested and should be ready before 2020.

9.1.2. Beacons
When talking about beacons, an important concept to understand is that of trilateration, which is based
on the trigonometric measurements of three points in a space domain to calculate absolute or relative
locations. If enough sides and angles are known, the remaining distances can be computed. This is the
simple, geometrical idea behind beacons. A minimum of three points, hence three beacons, are needed to
successfully identify the exact location where the system is desired to land. However, the information could
be affected by reading errors. In order to negate this error, a fourth beacon is preferred for minimising
uncertainty [137]. The main pro of using this technology for precision landing is that it can be extensively
tested on Earth to reach the perfect, desired accuracy. As with TRN and NDL, state of the art beacons
have a TRL of 6 as the technology has been tested in a relevant environment. However, a remarkable con
is that they have to be placed at significant distance from one another to be useful. Finally, deploying the
beacons would require more mass and system systems compared to using TRN.

9.1.3. The Choice
Based on the discussion provided above, the choice is made to follow NASA’s vision and use a combination
of LSV and NDL. The total mass estimate for this system would not exceed 20 𝑘𝑔 and would facilitate
landing procedures, as no extra system has to be developed for deployment.

9.2. Lunar Rovers
Ideally, the second most important thing that shall land on the Moon after the beacons are the Lunar
rovers. For the scope of this mission three vehicles will be discussed: one for astronauts’ transportation
purposes, one for the installation of the habitat, and one that takes care of all regolith-related activities.
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One problem that arises for all the rovers is the clinging and abrasive nature of the regolith, which leads
to the risk of compromising the performance of the vehicle. To resolve this issue, all the rovers will be
equipped with Electrodynamic Dust Shields (EDS), a technology that has been successfully tested already
for rigid systems [138]. The rovers will be equipped with thin conductive wires, when an AC-current is
passed through the wires they will effectively dust off the vehicle. The power required for operating the
EDS equals 0.02 𝑊/𝑐𝑚ኼ as determined by Calle et al. [139].

9.2.1. Apollo’s Lunar Roving Vehicle
Despite several designs of Lunar rovers having been developed, the most reliable reference for this assign-
ment is without any doubt Apollo’s Lunar Roving Vehicle (LRV). This 3.0 x 2.3 x 1.1 𝑚 electric-powered
vehicle has a ground clearance of 36 𝑐𝑚, and has successfully performed in Apollo 15, 16, and 17 missions.
Showed in figure 9.1, the LRV weighs a total of 210 𝑘𝑔 and can carry a payload of 490 𝑘𝑔, which equals
116 𝑘𝑔𝑓 when converted into Lunar pound-force. The frame has been manufactured with 2219 aluminium
alloy and it folds semi-automatically inside the Apollo’s lander. However, assistance from the astronauts is
required for deployment, activation and operation. The LRV includes a Velcro-fastened seat belt for safety
purposes.

Figure 9.1: Apollo’s Lunar Roving Vehicle

The vehicles used in the Apollo missions have been somehow different in terms of performance. These
inequalities can be seen in table 9.1. The vehicle used in Apollo 14 was not an actual LRV, but a rather
simple cart with wheels, pulled around by the astronauts to contain the needed equipment and collect
samples [140].

Table 9.1: Comparison between Apollo’s Lunar Roving Vehicles in terms of performance Morea [140]

Characteristic Unit Apollo mission
14 15 16 17

Driving time ℎ𝑟 ∶ 𝑚𝑖𝑛 N/A 03:02 03:26 04:26

Surface distance travelled 𝑘𝑚 5.31
(estimated) 27.84 26.71 35.88

EVA duration ℎ𝑟 ∶ 𝑚𝑖𝑛 09:23 18:33 21:00 21:30
Average speed 𝑘𝑚/ℎ𝑟 N/A 9.17 7.72 8.04

Max range from Lunar module 𝑘𝑚 Unknown 4.98 4.50
7.56

(EVA �2)

Longest EVA traverse 𝑘𝑚 2.41
(estimated) 12.47 11.58

20.11
(EVA �2)

Rock samples returned 𝑘𝑔 42.63 77.11 96.61 112.94

9.2.2. Astronauts Rover Vehicle
The first vehicle to be discussed is conceptually very similar to the one of the Apollo’s missions: a rover
that can transport astronauts on the Moon. From this point onward, this vehicle will be referred to as
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Astronauts Rover Vehicle (ARV). In order to develop a preliminary design of the ARV, a brief list of the
driving requirements has been generated [140] and put into the list of requirements appendix B.
Since it is beyond the scope of this project to fully design a roving vehicle, the dimensions, weight, and
R&D cost budgets follow directly from Apollo’s LRV [141]. It should be noted that estimating R&D costs
is extremely difficult. To add contingency it was assumed that one dollar spent on R&D is the same as
one euro spent on R&D (adding percentage wise contingency with respect to the exchange rate of both
currencies). The rover will consists of three parts: the front of the vehicle will contain a navigation unit,
high-gain antenna for all data processing, low-gain antenna for communications with the habitat, and a
power unit. The two astronauts’ seats, the controller unit and the display monitor will be in the middle,
whereas the storage for the payload is located in the back section. All these components will be upgraded
to meet today’s technological standards. As stated, conductive wires will be placed around the vehicle to
create the EDS. An overview of the specification parameters are given in table 9.2 and will be used for
organising the system’s logistics and operations of the habitat. At least two ARVs will be needed for the
first year of the mission for redundancy purposes.

Table 9.2: Specification parameters of the Astronauts Rover Vehicle

Parameter Unit Value
Empty mass 𝑘𝑔 210
Max payload mass 𝑘𝑔 490
Max total mass 𝑘𝑔 700
Frame length 𝑚 3.0
Frame width 𝑚 2.3
Frame height 𝑚 1.1
High-gain antenna diameter 𝑚 0.55
Volume 𝑚ኽ 7.59
Total cost €𝑀 250

9.2.3. Installation Rovers
The second vehicle to be discussed is the vehicle whose main responsibility is to install the habitat. A big
challenge in doing so is the transportation from the landing to the building site. First, the landed modules
have to be tilted horizontally, after which the system transports them to the designated habitat location
site and places them on the Lunar surface. This process requires a specific rover, specifically designed for
such purpose.

The Options
The main dilemma that arises when designing an installation rover is whether this should be one large
single system, hereby defined as the the Mammoth, or multiple smaller systems, called the Ants. The ants
in their turn could be automated or individually controlled from Earth. As the technology behind automated
capabilities is already advanced [142, 143]. It is assumed that automated control of the Ants is more readily
available and reliant by the time this mission launches and is therefore the desired option.

The pros and cons of a having a single system versus multiple ones can be found in table 9.3. The main
pro of the Mammoth is that is only consist of one single operating system, effectively making the overall
system less complex. However, its cons outweigh this pro: A heavy, single purpose, short operational life
system is undesired.

The Ants can be designed in such a way that, after installation of the habitat, they can be reused for
other purposes, like exploration, whereas the Mammoth is too big to expand with additional options and
functions. The Ant’s dimensions are limited, making its transport inside the rockets less complicated. The
cons mainly relate to the control system programming challenge. Several Ants precisely working together
in a different environment than Earth is very challenging. However, looking at state of the art technology,
this is deemed feasible [142]. Therefore, the Ant design was chosen. It should be noted that this kind
of rover has a TRL of 1 and is therefore very conceptual and shall only be qualitatively elaborated upon.
Working out all the details would not be realistic taking into account the tight time schedule of the project.
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Table 9.3: Pros and cons of the installation rovers

System Pros Cons

Mammoth

- Easier to perform the task at hand
- High structural rigidity
- Less complex mechanism
- Extensively applied in other fields

- No immediate failure redundancy
- High weight and large dimensions
- Single purpose
- More difficult to traverse rough terrain
- Safe life
- Short operational need

Ant

- High failure redundancy
- Relatively low weight
- Logistically friendly
- Multi-functional platform
- Small individual dimensions
- Fail safe

- More prone to individual failure
- Complex technology
- More difficult to co-operate

The Ant
A preliminary CAD drawing of the Ant vehicle is presented in figure 9.2: It is 3 𝑚 wide and 2.1 𝑚 long, it
consists of six pairs of omni-directional wheels, each equipped with its own electrical motor for full mobility.
The can also adjust their height by a vertical piston and a pair of struts to angle them up and down.
Furthermore, a battery is located in its base plate, which enhances stability due to the lower centre of
gravity. When the batteries are depleted, they can be charged through a charging station connected to the
power plant. Another advantage of this system is that the rovers can serve as power grid balancers. The
charging system could be compared to that of an autonomous lawnmower, where the Ants will automatically
drive themselves to. The most interesting fact about the Ant is that it can co-operate with other systems.
In case this is not needed, for example once the transportation of all modules is complete, they can also
operate individually. The final feature worth mentioning of the Ant is the connection points on top of the
baseplate. Due to this configuration, the Ant could be equipped with different kinds of equipment for
several other purposes. How the Ant will be operated will be elaborated upon in section 11.3.

Figure 9.2: CAD render of the Ant system

The Ant used in installation, is equipped with a scissor lift to carry the modules, with a total of sixteen struts.
At the base of the struts, an electric actuator is placed with a stroke-length of 40 𝑐𝑚, enabling the lift to
deflect up to a maximum of 5.40 𝑚. By performing simple force analysis taking the Moon’s gravity into
account, it was calculated that the two actuators should have a combined force output of 35000 𝑁: with
current actuator technology, this is viable as only one electric actuator can already exert this force [144].
Chapter 11 develops a more elaborate explanation on how the Ant rovers perform their designated tasks.
Finally, based on the Mars curiosity rover, the R&D expenses for the Ant are expected to be around ভ700
million. It should be noted that the curiosity’s mission budget was $2.5 billion, however the breakdown
of this budget is found to be classified. Common believe is that around 30� went to R&D of the rover
itself [145]. As the Ant has similar dimensions to the Mars Curiosity rover as well, the mass of the Ants is
estimated to have the same mass of around 900 𝑘𝑔 [146].
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(a) (b)

(c) (d)

(e) (f)

Figure 9.3: Unloading procedures of the tubes from the lander using two ANTs
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9.2.4. Regolith Rover
For smoother transfer of the heavy modules to the designated habitat location, a road has to be paved
to facilitate mobility on the rough terrain of the Moon. Additionally, it is highly desired to minimise dust
cloud formation due to the rocket’s exhaust during landing. Furthermore, the layers on top of the modules
will have to be solidified to ensure rigidity of the regolith and appropriate and additional protective layer
against meteoroids. This could be achieved by using the sintering technology as explained by Taylor and
Meek [25]. For this specific purpose, a preliminary design of the Regolith Rover (RR) has been created.

The RR will be based on a sketch provided by Taylor and Meek [25]. However mass and R&D will be
evaluated based on the information previously provided for the Ant. The RR will be equipped with a blade
and a sintering machine to perform its tasks. From this point onwards, the latter will be referred to as
”microwave”. The blade will be used to move the regolith to the modules after which the microwave will
sinter it.

A robust structure is needed to make sure the RR can gather the regolith without getting stuck. The
width of the entire structure will be 1.32 𝑚 and the length will be 2.1 𝑚. The wheels are based on the
wheels of the ARV, however are less thick: 14 𝑐𝑚 wide. The microwave can sinter a width of 1.0 𝑚 regolith,
with 2 𝑐𝑚 on both sides left, to ensure the back wheels will not touch the hot, sintered soil. The length of
the microwave will be 60 𝑐𝑚. The roller and microwave will be positioned underneath the RR, both with
a width of 1.0 𝑚. A CAD drawing of the RR can be seen in figure 9.4. It is assumed that regolith needs 5
minutes of microwaving to melt and become hard. Combining this with the length of the microwave, the
sintering speed of the RR is equal to 2 𝑚𝑚/𝑠.

Figure 9.4: CAD render of the Regolith Rover based on the concept proposed by Taylor and Meek [25]

The first step for covering the modules with regolith is to create a ramp, this will be done layer by layer,
each time making the ramp a bit more steep and long. Then, two layers of regolith will be sintered on top.
To make sure the material of the module does not melt due to the hot temperatures of the microwave,
the first layer will have a thickness of 65 𝑐𝑚, as it is estimated that sintering regolith will harden the first
50 𝑐𝑚 [25]. Then, another layer of 55 𝑐𝑚 will be shoved and sintered on top of the modules. Finally, a
third layer of only 25 𝑐𝑚 is sintered to create a final thickness of 120 𝑐𝑚. To ensure all elements outside
of the habitat can still be connected to the modules, spots on the habitat will not be sintered. To ensure
the rovers do not sinter these parts, tubes are put on the connection points. These tubes will stick out for
1.5 𝑚, to ensure no regolith can get into the connection points. During sintering, the rovers drive around
the connection point, leaving them open for further expansion purposes. It should be noted that power
requirements are not given since no information about this matter is readily available. This should most
definitely be looked at in the future as it will be the main driver in the choice for power supply.

The basis of the design is already estimated within the budget of the Ants, and the specific systems are
based on already existing technologies. However, the combination and appliance of a sintering mechanism
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together with a rover has never been tested before. Therefore, only the R&D cost of the microwave
technology is taken into account and is estimated to be around 50� of the Ant’s total expense, resulting
into a cost of ভ350 millions. The mass of the RR is assumed to be equal to that of the Ant, equalling 900
𝑘𝑔.

9.3. Return Vehicle
As part of the mission, the astronauts will have to get back to Earth after one year. For this reason and for
any emergency situation in which an immediate return to the ground station has to take place, a return
vehicle shall be present at all time. For simplicity, it is chosen to use the lander that brought the astronauts
to the Moon, which is based on the design of the Alta¯r Lunar lander [147]. Alta¯r is a developed descend
and ascend system within the constellation programme of NASA, supposed to fly in 2018 but eventually
cancelled due to budgeting issues [148].

Despite this, Alta¯r is a fully developed concept, which only needs construction and testing. The weight
of the lander is estimated to equal 37050 𝑘𝑔, of which 6150 𝑘𝑔 is given for the ascending stage. This stage
has a pressurised volume of 17.5 𝑚ኽ and a payload capacity of 14.5 𝑡𝑜𝑛𝑛𝑒𝑠 which can bring four astronauts
to the Moon and back, meeting all applicable requirements of this mission [147]. The total development
costs for Alta¯r are estimated to equal ভ10.3 billions [149]. This estimation includes the first stages of
the development, which have already been completed. However, this will still be included in the lander’s
expense, as Alta¯r was designed for missions no longer than 210 days. Hence, some design changes will
be needed to be used for one full year, including extra protection against radiation and meteoroids.

9.4. Concluding Remarks
In order to land the payload with precision, the lander will be equipped with a Lander Vision System and
a Navigation Doppler Lidar which uses the concept of terrain relative navigation. The Payload will consist
of three different kinds of vehicles: an ARV to carry the astronauts, a regolith rover to pave the landing
site and roads, and finally an Ant rover to carry and transport the modules for installation. For emergency
safety measures, a return vehicle based on the Alta¯r concept will be used, as this has already been fully
developed. Estimates of R&D costs were provided per system and would equal ভ10.85 billions in total for
the precision landing mechanism, all the rovers, and the return vehicle.

80



10
System Integration

Now that all the required subsystems have been designed to an acceptable level of detail, a full integration
of systems and budgets can take place. This chapter will first present all the Technical Resource Budgets
and their management history in section 10.1, followed by an explanation of the integration of the designed
elements in section 10.2. Lastly, a detailed description of the internal layout can be found in section 10.4.

10.1. Resource Budgets
Resource budgets established in the Baseline Report [2] and Midterm Report [3] have been continually
updated throughout the development process. To not have exponential growth of design parameters such
as mass and power, frequent checkups of the current values have been made, and adjusted when necessary.

10.1.1. Budget History and Contingency Management
Over the course of the project, the team has kept track of two main parameters, mass and volume. Because
cost is so interlinked to mass, and given the fact that no adequate cost estimation has been made up to now,
the cost budget has not been included yet. It is, however, recommended to take this report’s estimation
as a baseline for such a budget in the future development of the project.

Mass Budget History
The team has made estimations of total mass during the three last phases of the project. In figure 10.1,
the change of the project’s total mass can be found for each of the checkup moments.

Figure 10.1: Budget history - total mass

Clearly, mass has been growing considerably during the project. At the start of the midterm phase, a new
estimate of total system mass was made using a more refined parametric model. As the team deemed
this estimate to be more accurate, the design target and specification value were updated at the end of
the midterm phase. As the project moved through the final phase, the actual mass increased quite rapidly.
During the first control moment, the total estimate of structural mass was brought down by performing
more detailed design work. At the final control moment, however, the team included the airlock, node and
water tank modules, and the rovers and astronaut vehicle in the total mass calculation. Given that these
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elements are required for mission success, the design target was adjusted to include the new modules.
Currently, the mission is about 3 tonnes over budget concerning mass of the cylindrical modules.

Volume Budget History
The volume estimations made during the different phases of the project can be found in figure 10.2.

Figure 10.2: Budget history - total volume

Clearly, the total volume of the habitat has also grown considerably over the course of the project. An
explanation for the first significant growth from baseline to midterm and the following specification adjust-
ment is the fact that during the baseline phase of the project the estimation was based on requirements
only, whereas the first estimation made in midterm was based on the preliminary layout. During the final
phase of the project, these layouts were redone, and an airlock and node module were added, leading to
the final volume of 672 𝑚ኽ. Note that only 78� of the 672 𝑚ኽ can be counted as pressurised volume (The
inner diameter of 4.08 𝑚 vs the outer diameter of 4.6 𝑚). Combined with the fact that the secondary struc-
ture takes up almost 50� of the inner cylinder, the team has decided to adjust the target and specification
value accordingly.

Recommendations for Future Budgets
As the project moves into the next design phases, a couple of budgets become attractive to monitor in a
similar manner. Firstly, as mentioned earlier, a cost budget can benefit from strict control, keeping the total
project cost within acceptable limits. Next, with an initial setup of the power system available, keeping
track of the total power budget is recommended. Lastly, a suggested mission schedule will be established
in chapter 13, and keeping track of estimations for this timeline can help the project meet new deadlines
in the future.

10.1.2. Mass Budget and Distribution
The final version of the mass budget, after having implemented the last contingency measures, is pre-
sented in table 10.1. It implements all the subsystem budgets as mentioned in chapter 8, and shows the
contingencies based on design maturity. The ECLSS systems are made up of the ECLSS rack, medical suite
and the fixed accommodations.
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Table 10.1: Final mass budget

System Calculated value Target value Margin Current value Budget
[𝑘𝑔] [𝑘𝑔] [%] [𝑘𝑔] [𝑘𝑔]

Primary Structure 5360 5120 20 6432 6144
Secondary Structure 12640 12000 20 15168 14400
Radiation protection 0 2000 20 0 2400
Meteoroid protection 0 2000 20 0 2400
EPS 4093.9 1080 15 4708 1242
Thermal control 2380 1400 20 2856 1680
Communication 40 60 20 48 72
CDH 475 400 20 570 480
ADCS 340 400 20 408 480
Water & oxygen 4471 4000 20 5365 4800
Other consumables 8569 8000 15 9853 9200
ECLSS systems 5124 4000 20 6149 4800
Airlock 5263 0 20 6315 0
Node 6911 0 20 8293 0
Rovers 7183 0 20 8620 0
Protective water 5000 0 20 6000 0
Astronaut vehicle 5458 0 20 6550 0
Total 73308 40460 87309 48070

As can be seen in table 10.1, the cylinder mass is still 3461 𝑘𝑔 over budget, ignoring all additional elements
introduced by mission logistics. Reduction of the mass can be achieved by further development of the
relative subsystems, or by changing the budgeted values. This last action can be justified by the fact that
the level of design detail has increased significantly, allowing the team to make a more accurate prediction
of the final subsystem & full system mass. Clearly, additional budget needs to be established for the
new elements, as was described in subsection 10.1.1. With an established mass budget, a detailed mass
distribution can be made. As determined in the Midterm Report [3], the allowable mass for a single cylinder
is approximately 11.5 metric tons due to landing constraints. The systems per cylinder are presented in
table 10.2.

Table 10.2: Mass distribution for the four cylindrical modules

Module
#1 #2 #3 #4 (SCM)

System Mass System Mass System Mass System Mass
[፤፠] [፤፠] [፤፠] [፤፠]

Structures 5400 Structures 5400 Structures 5400 Structures 5400
ECLSS rack 3038 Thermal 476 Thermal 476 Thermal 476
Thermal 476 CDH 54 CDH 54 Antenna 15
CDH 54 ADCS 100 ADCS 100 Central server 300
ADCS 100 EPS (internals) 300 EPS (internals) 300 ADCS 100
EPS (internals) 300 ፎᎴ tanks 603 ፎᎴ tanks 603 EPS (internals) 300
ፎᎴ tanks 201 ፍᎴ tanks 385 ፍᎴ tanks 385 ፎᎴ tanks 201
ፍᎴ tanks 385 Food 1931 Food 1931 ፍᎴ tanks 385
Food 483 Water 1503 Water 1503 Food 483
Water 376 Misc. supplies 1092 Misc. supplies 1092 Water 376
Misc. supplies 546 Restraints 25 Restraints 25 Misc. supplies 872
Restraints 25 Medical suite 300 Restraints 25
Exercise eqpt. 217.5 Test eqpt. 150 Medical suite 900
Trash compactor 225 SCMLS 1000
Laundry 252 Waste collection 169.5

Galley 352.5
Mntn. storage 394.5

Total 12077 Total 12318 Total 11868 Total 11748

Clearly, all the modules are slightly too heavy for the 11.5 tonnes requirement. To get to the correct mass
for landing, portable supplies can be taken out of the modules. The number of supplies taken out differ
from module to module and are presented in table 10.3.
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Table 10.3: Supplies taken out of the modules to meet the landing requirements

System Unit Module 1
1 2 3 4

Food [𝑘𝑔] 280 500 370 35
Miscellaneous supplies [𝑘𝑔] 300 330 0 200
Total out [𝑘𝑔] 580 830 370 235
Total [𝑘𝑔] 11497 11488 11498 11486

As can be seen in table 10.3, the new total masses meet the required landing mass. The removed con-
sumables will be brought to the Moon by placing them in another launch, which will be described in sub-
section 11.2.3.

10.1.3. Volume Budget and Distribution
Given that volume is somewhat limited in the habitat system, a volume budget and distribution were made
in addition to the mass budget and distribution. The total required volume per system is presented in
table 10.4.

Table 10.4: Final volume budget for the cylindrical modules

System Calculated value Target value Margin Current value Budget
[𝑚ኽ] [𝑚ኽ] [%] [𝑚ኽ] [𝑚ኽ]

Structures 300 322 20 360 386.4
Radiation protection 0 0 20 0 0
Meteoroid protection 0 0 20 0 0
EPS 14.1 8 15 14.8 8.4
Thermal control 0 0 20 0 0
Communication 0 0 20 0 0
CDH 1 1 20 1.2 1.2
ADCS 0 0 20 0 0
Consumables 46.61 50 20 56 60
ECLSS 26.63 30 15 32 36
Total 390 460 466 492

Clearly, a few subsystems do not have a budget currently assigned. For radiation protection, meteoroid
protection, thermal control and noise control, the respective volume is included in the structural volume.
This can be justified by the fact that these systems are all part of the structural layup of the cylinder.
Communication and ADCS are both external subsystems and are not included in the cylinder volume budget
for this reason.

All internal systems can also be subdivided per module. This distribution of volumes is presented in
table 10.5. The thermal system has been allocated some volume in the distribution to represent internal
control systems, whereas the EPS has been allocated no volume since all internals can be integrated into
the structural volume. The volume for this system (EPS) presented in table 10.4 represents the actual
reactor, which is not an integral part of the cylindrical modules. Lastly, a discrepancy exists between the
two CDH budgets, which can be explained by the fact that a small portion of the CDH volume budget has
been allocated to the node and airlock elements.
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Table 10.5: Volume distribution for the four cylindrical modules

Module
#1 #2 #3 #4 (SCM)

System Volume System Volume System Volume System Volume
[፦Ꮅ] [፦Ꮅ] [፦Ꮅ] [፦Ꮅ]

Structures 75 Structures 75 Structures 75 Structures 75
ECLSS Rack 10.8 Thermal 1.2 Thermal 1.2 Thermal 1.2
Thermal 1.2 CDH 0.12 CDH 0.12 Central server 0.631
CDH 0.12 ADCS 0 ADCS 0 ADCS 0
ADCS 0 EPS (internals) 0 EPS (internals) 0 EPS (internals) 0
EPS (internals) 0 ፎᎴ tanks 1.629 ፎᎴ Tanks 1.629 ፎᎴ tanks 0.543
ፎᎴ tanks 0.543 ፍᎴ tanks 1.9 ፍᎴ Tanks 1.9 ፍᎴ Tanks 1.9
ፍᎴ Tanks 1.9 Food 6.72 Food 6.72 Food 1.679
Food 1.679 Water 1.614 Water 1.614 Water 0.4035
Water 0.4035 Misc. supplies 8.15 Misc. supplies 8.15 Misc. Supplies 6.8
Misc. supplies 4.075 Restraints 0.135 Restraints 0.135 Restraints 0.135
Restraints 0.135 Medical suite 1.65 Medical suite 3.96
Exercise eqpt. 0.285 Test eqpt. 1.35 SCMLS 3.55
Trash compactor 0.45 Waste collection 1.11
Laundry 2.25 Galley 1.595

Mntn. storage 1.47
Antenna 0

Total 99 Total 99 Total 96 Total 116

10.1.4. Power Budget
The power budget for the current design level can be seen in table 10.6. The total power available follows
from the first estimation made in the Midterm Report [3], whereas the respective subsystem budgets have
been allocated based on preliminary estimations.

Table 10.6: Final power budget

System Calculated value Target value Margin Current value Budget
[𝑊] [𝑊] [%] [𝑊] [𝑊]

Structures 0 0 20 0 0
Radiation protection 35 40 20 42 50
Meteoroid protection 0 0 20 0 0
EPS 0 0 15 0 0
Thermal control 1403 1600 20 1684 2000
Communication 160 200 20 250
CDH 0 0 20 0 0
ADCS 553 640 20 664 800
Water & oxygen 0 0 20 0 0
Water System 500 560 15 600 700
ECLSS systems 11228 13000 20 13474 16250
Total 13879 16040 16463 20050

The leftover power can be beneficial to charge up the rovers, even in the case of a ”peak power” situation.

10.2. Design Integration
Below, the integration of different elements is discussed.

Integration of the Water System
As water is used in many systems, integration is necessary. First, it is essential to consider the separating
of water. Clean water needs to be separated from grey or used water. Furthermore, water used in the
inner and outer thermal system also needs to be separated from consumable water and kept in a closed
loop system. To separate the different types of water, several separate tank systems are used. The pipeline
connections between modules is built into the docking ports.

Routing of Cables
Cables can be routed from one module to the other by the built-in connection system of the docking port.
All cabling will be placed behind the walls, under the floor or above the ceiling of the interior module.
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Furthermore, redundant cables will be present to limit the consequences of a damaged cable.

Airlock, Module Matching
The door of the airlock will be aligned with the floor of the habitation modules, as already was taken into
account during external layout. All cables can thus quickly be routed from the walls and the ceiling through
the docking mechanism into the airlock and back.

Integration of the Thermal System with Radiation Protection
In section 7.3 it was explained that a layer of water is needed to protect the astronauts against radiation.
This layer will be placed in the fuel tank, which surrounds every module. However, as explained in sec-
tion 7.3, only the top part of this tank is used to put water in. In section 7.4, it was checked if this water
would freeze, which was not the case.

The water used to protect against radiation will be integrated with the thermal control system, which is
described in figure 8.3.4. This is beneficial since the water which is warmed up by the heat of the systems
will be cooled while circulating through the old fuel tank. The pipelines needed for this circulation system
will be built in on Earth, while the water will only be put in on the Moon.

Elements Outside Habitat
As radiators and the communication antenna need to be placed on the outside of the habitat, a connection
has to be designed for the cables and pipes to go through both the structure and the layer of regolith. The
cables and pipes will enter and leave the structure close to the docking mechanism, as there is no layer of
water present in that part of the wall. To be able to guide the cables and pipes through the regolith, the
regolith cannot be sintered. Therefore during sintering, a few spots will be skipped as is further explained
in subsection 9.2.4. The radiators and communication antenna can be attached to the module close to
these openings. The same openings can also be used to guide the power cabling through.

10.3. System Diagram
The last system diagram can be seen in figure 10.3, it shows the interconnections of all the active systems
that were designed.

Figure 10.3: System hardware diagram
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10.4. Internal Layout
The internal layouts of the modules are discussed in this section.

10.4.1. Module 1
The first module, as can be seen in figure 10.4a, contains the ECLSS system, as well as the bathroom
and laundry facilities. Furthermore, storage space is available for the storage of food, water, miscellaneous
supplies, tanks and cabling. Lastly, the medical bay is located in this module, separated from the rest of
the module by a plastic screen.

(a) Module 1, contains the ECLSS, med-bay, bathroom &
laundry and a variety of storage space

(b) Module 2, contains the exercise equipment and a
generous amount of storage space

Figure 10.4: Renders of modules 1 and 2

10.4.2. Module 2
The second module, which can be seen in figure 10.4b, contains a generous amount of storage space. Its
most important function, however, will be the exercise compartment. Furthermore, in the evening when
some astronauts will go to bed while others still want to talk, space is available to put the foldable table
in this module. Lastly, a backup version of the medical equipment is present as well as test equipment to
perform basic research.

10.4.3. Module 3
This module is designed to be the module where the astronauts will live and therefore doubles as a quiet
room. The module contains four capsules which include a bed and personal storage space. In these
capsules, space for photos as well as other personal belongings is present. The design was based on capsule
hotels, as the structure allows for privacy, as well as personal regulation of environmental conditions. Next
to this a sofa is placed alongside one of the walls. Opposite, a foldable table is placed. Storage for
entertainment is present, as well as extra foldable chairs, making it a sociable area. Again storage for
essentials is also available. figure 10.5a gives an impression of the module.
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(a) Module 3, the astronaut living compartment (b) Module 4, the ECM. Also contains the galley, central
server and other essential systems for standalone

operation

Figure 10.5: Renders of modules 3 and 4

10.4.4. Module 4
Subfigure 10.5b shows the safety module. Under normal operating conditions the module will function as
kitchen and storage room for medical equipment. The central server is also stored in the module, together
with maintenance equipment. To design the module for emergencies, EVA suits, a toilet, a down-scaled
ECLSS as well as emergency provisions are present.
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11
Logistics and Operations

Having fully developed all subsystems that will be part of the habitat and having thoroughly integrated
them into the lunar habitat, the design of the product itself is complete. This chapter discusses an in-depth
analysis of the logistics and operations of the mission, describing all the steps that bring the product from
merely a design to a ready to be used stage. First, a general approach to the logistics flow is covered
in section 11.1, then the chronological sequence of operational events is discussed, from the transfer to
the Moon in section 11.2, to the installation plan in section 11.3, which leads the habitat to being in fully
operational state.

11.1. General Approach
The general logic behind this chapter is purely chronological. To outline the sequence of events needed to
bring the product from design phase to full habitat operation, the mission functional flow in figure A.1 is
considered. Out of the six first level stages, only four need to be considered from a logistical point of view,
namely the transfer to the Moon (FF 3), the installation plan (FF 4), the operation of the habitat (FF5), and
the EOL sustainability (FF 6), as identified in figure 11.1. Hence, the collection of resources and packing of
elements, i.e. FF 2, is disregarded based on the fact all equipment needed on the Moon, from construction
elements to food supply, is assumed to be already stored at the launching site, ready to be loaded. The
four stages mentioned are individually analysed in this chapter, besides FF 6, regarding the maintenance
and sustainability of the habitat, which is taken care of in chapter 12.

Figure 11.1: High level functional flow diagram in terms of logistics and operations

11.2. Transfer to the Moon
In order to fulfil FF 3, a series of actions needs to be performed, such as establishing the mission astrody-
namics, choosing an adequate launch vehicle, determining a launching sequence, and finally the landing
procedures.

11.2.1. Mission Astrodynamics
The astrodynamics behind this mission consist of three main phases: Take-off to Low Earth Orbit (LEO),
transfer to Low Lunar Orbit (LLO), and landing. The launch is done using a preexisting launcher, which bring
a transfer vehicle, a lander and the habitat modules into LEO. One launch is used to bring a fully fuelled
lander and habitat module into orbit where they rendezvous with a transfer vehicle, previously launched
using a second launcher. The transfer vehicle performs a Trans Lunar Injection (TLI) to bring the vehicles
into Lunar Transfer Orbit (LTO) and then executes a second burn to perform a capture into Lunar orbit.
This is where the lander and habitat module decouple from the transfer vehicle, in order to de-orbit and
proceed for landing on the Lunar surface. In order to determine the characteristics of this transfer, a 2D
numerical model was constructed and used to determine the necessary Δ𝑉 budgets for the mission, of
which the basic assumptions are given below:

঎ Mission takes place in a two-body sys-
tem;

঎ Hohmann transfers are used to minimise

the required energy for transportation;

঎ Δ𝑉 can be applied instantaneously;

঎ Last stage of launcher decouples in LEO;
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঎ Parking orbit around Earth will be at 185
𝑘𝑚 altitude in LEO;

঎ The S/C is assumed to be a point mass.

The model calculates the accelerations on the spacecraft due to the influences of the Earth’s and Moon’s
gravity. These values are then integrated twice to get the new position, and finally iterated. The program
first uses an Earth-centred reference frame to calculate the trajectory until Lunar orbit and then a Moon-
centred reference frame to calculate the landing details. The simulation begins at an altitude of 185 𝑘𝑚
and at the pericenter velocity of a LTO. The relative position, velocity and accelerations of the Moon, Earth
and S/C are calculated for every step unit the spacecraft reaches a distance of 1000 𝑘𝑚 from the Moon.
After that point, the coordinate system is transformed to the Lunar centred one and the landing trajectory
is calculated. The final results of the simulation are visualised in figure 11.2. On the left side of the figure,
the trajectory to the Moon can be seen. The orange (lighter colour) line indicates the the LTO trajectory
without the influence of the Moon, whereas the red line (darker colour) indicates the trajectory due to
the influence of the Moon’s gravity. On the right side, the trajectories around the Moon are visualised.
The velocity increments needed for capture in Lunar orbit, de-orbit and landing are the outputs of the
simulation, which are collected in table 11.1.

Figure 11.2: Trajectory of the mission to the Moon

Once the required Δ𝑉s are calculated, the mass fractions can be determined using equation 11.1, where
𝑀ኺ is the initial mass, 𝑀ኻ the final one, 𝑔ኺ the gravity on Earth, and 𝐼፬፩ the specific impulse (a measure
for efficiency) of the rocket engine, in seconds. Following the studies done by Wade [150], values of 324
and 303 𝑠 have been selected for the hypergolic second stage and for the Lunar descent propulsion system
from Apollo, respectively [151]. The resulting values are reported in table 11.1.

Table 11.1: Delta-V budgets and mission mass fractions

Parameter Unit Value
Δ𝑉 transfer 𝑘𝑚/𝑠 3.229
Δ𝑉 lander 𝑘𝑚/𝑠 1.980
𝑀ፋፄፎ/𝑀ፋፋፎ − 2.76
𝑀ፋፋፎ/𝑀፬፮፫ፚ፜፞ − 1.91

Δ𝑉 = 𝐼፬፩ ⋅ 𝑔ኺ ⋅ ln (
𝑀ኺ
𝑀ኻ
) (11.1)

Model Flow Chart Verification
Figure 11.3 represents the flow chart of the aerodynamics model, which runs through the main loop twice
as shown by ”1” and ”2” in the last two blocks of the loop. The first is focused at the Earth-Moon spacecraft
system for the transfer orbit, while the second one on the Moon-spacecraft system for the landing trajectory.

90



Figure 11.3: Flow chart of the 2D astrodynamics model

Unit Tests
As it can be seen in table 11.2, all unit tests conducted on the astrodynamic model showed positive results.
It should be noted that the ’move to Moon’ block shown in figure 11.3 is only tested visually, as it uses the
same physics engine as the S/C in the model. Given that the Moon in the simulation moves with the correct
orbit and it uses the same engine, it was determined that this was sufficient to verify this particular process.
The remaining demonstration tests were conducted by printing the system status at regular intervals and
checking for expected behaviour. The actual numbers have not been included as they do not add any
meaningful value to the results.

Table 11.2: Unit tests conducted on the 2D astrodynamics model

Code tested Unit testing procedure Result
- Gravity field
determination

- Using standard input, ± 1 𝑘𝑚, and
comparing with verified manual calculations

- 100� match in 3 cases,
7 significant figures

- Distance
calculation

- Applying same procedure as before,
for 3 different pairs of (x, y) positions

- 100� match in 3 cases,
7 significant figures

- Acceleration
calculation

- Checking with manual calculations the directions,
signs and magnitude for 3 different object configurations

- 100� match in 3 cases,
6 significant figures

- Velocity
determination

- Running 3 cycles for different accelerations
and checking with manual calculations

- 100� match in 3 cycles,
6 significant figures

Integration Tests
In order to test the integration of units within the astrodynamic model, a simpler two body system was used
by turning the Moon’s gravity off. This is because analytical methods cannot solve a three-body problem.
Distance, velocity and acceleration at the apogee of the uninfluenced LTO were retrieved and compared to
the analytical values, as shown in table 11.3. The small error differences could mainly be due to the fact
that the program makes use of small discrete time-steps. Therefore the closest to apogee it can get, with
a time-step of 0.1 𝑠, is 1.4 𝑚.

Table 11.3: Percentage differences between conics and the 2D astrodynamics model

Apogee
parameter Unit Value Difference

[%]Model Conics
Distance 𝑘𝑚 382737 382563 0.04558
Velocity 𝑚/𝑠 187.39 187.47 0.04488
Acceleration 𝑚/𝑠ኼ 0.002724 0.002721 0.09109

11.2.2. Launcher Selection
Since a typical payload mass for space mission of this size lies in the twenty tonnes range, a very powerful
vehicle is needed. A study has been performed on the most current and near future launchers to assess
their performance and driving characteristics such as cost or experience. These are evaluated in table 11.4,
where 
 refers to the LTO capability, 

 to boosters excluded, and 


 under critic debate of feasibility.

The stringent typical mass eliminates almost all the existing launchers, excluding a mere five of them:
Falcon Heavy (FH), Space Launch System (SLS), New Glenn, Big Falcon Rocket (BFR), and Long March 9.
From these, the BFR and Long March 9 are still in the design phase and can therefore not be relied upon
to deliver the launcher within any time frame. Even though it is supposed to launch within two years, the
same goes for New Glenn, as very little concrete information or design details are available. This leaves
FH and SLS as the two remaining options. Because of the ever-increasing importance of sustainability, this
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will be the final constraint for selecting the launcher. The propellants of FH are liquid oxygen and RP-1, a
highly refined version of kerosene, whereas SLS burns on a combination of liquid oxygen and hydrogen,
which eliminates the exhaustion of carbon dioxide into the atmosphere. However, the SLS does use two
solid rocket boosters using PBAN and APCP, one toxic and one harmful to the environment, respectively.
Furthermore, it is entirely expendable, whereas the three boosters and fairing of the FH are recovered,
leaving just an expendable small second stage. Taking this into consideration, together with the enormous
price tag associated with the SLS, the FH is the most optimal choice and will be the prime candidate for
launch vehicle selection.

Table 11.4: Collection of potential existing and near future launchers [152ঀ166]

Launcher Company Country
Mass Price

[𝑀$]
Maiden
flightLEO GTO

[𝑡𝑜𝑛] [𝑡𝑜𝑛]
Falcon Heavy SpaceX USA 63.8 26.7 90 2018
Delta IV Heavy ULA USA 28.37 14.21 350 2004
Long March 5 CALT China 22 14 110 2016
Atlas V ULA USA 18.85 8.9 109 2002
Ariane 5 Arianespace EU 20 10 165-220 1996
Proton-M Khrunichev Russia 22 6.6 105 2001
Vulcan Centaur Heavy ULA USA 35.38 15.88 99

 2019
SLS NASA USA 77� 45
 1500-2500 2020
New Glenn Blue Origin USA 44.906 29 - 2020
BFR Spacex USA 150 - 62


 2024
Long March 9 CALT China 140 50
 - 2028

By inspection of the FH fairing as described in chapter 6, it was determined unfeasible to place the habitat
modules and the required fuel tanks in the available volume. The required fuel to take 20 tonnes of payload
from LEO to LLO is approximately 35 tonnes, using the mass fractions described in subsection 11.2.1. The
best alternative is then to use two launches, one to lift the lander and habitat module and one to bring the
transfer vehicle to LEO, where they would rendezvous. Hence, if the Falcon 9 is used to launch the habitat
and lander, 22.8 tonnes could be brought to LEO, which would imply 40.1 tonnes of fuel to bring this mass
to LLO. To lift the fuel and transfer vehicle, the selected launcher is finalised to be the Falcon Heavy.

11.2.3. Launching Timeline
The timeline of the launches shall be coherent to the logistics of the building procedures of the habitat.
Logically, the items that will be brought to the Moon with the initial launches are the ones that will be
needed first for installation purposes. Hence, the RRs and the Ants will be needed from the very first
launch on, to pave the habitat location and to transport the habitat elements, respectively. The nuclear
plant will be needed to provide power for communications and data tracking, hence it is vital that this shall
arrive in the first launch. The node is the central point of the habitat, therefore it would be convenient if
this was the first element to be positioned, after which the four modules can be attached to it. The airlock
can only be brought to the Moon once the last module is installed, together with the high-gain antenna
that is attached to it. With the airlock being connected, the structure of the habitat is complete and the
walls may now be filled with the protective layer of water. Finally, the astronauts arrive to the habitat.

Following this logic, the mission inventory is distributed across several launches in such a way that the
weight and volume constraints of the chosen fairing are not exceeded; these are 11500 𝑘𝑔 and 166.7
𝑚ኽ maximum. The goal is to distribute the total mass of the whole payload in the most effective way
possible, such that the number of launches is minimised. The distribution of the payload in the required
number and order of launches is collected in table 11.5, whereas figure 11.4 represents it graphically. For
clarification purposes, RR refers to regolith rover, NPP to the nuclear power plant, supplies to the food and
other miscellaneous payload that could not fit in the four modules, HGA to the high-gain antenna, ATV
to astronauts transfer vehicle, and finally RV to the return vehicle. Furthermore, the item envelope for
launch 1 and 7 refers to the structure that shall be designed in order to bond the other items present in
the launch. Whereas the modules or the node are individual elements, directly attached to the lander’s
engines, launches 1 and 7 contain multiple parts of payload, hence they need a supporting system that
keeps them together during transfer to the Moon. The mass of the envelope has been estimated to be
500 𝑘𝑔, whereas the volume has not been calculated as outside the scope of this project. However, given
the remaining volume of the fairing after loading the other items of precisely 127.2 and 89.0 𝑚ኽ for the
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two launches under consideration, it is assumed that such a structure would fit in the fairing. Finally, the
ninth launch consisting of the RV and astronauts is assumed to have 0 𝑘𝑔 or 𝑚ኽ left, as this vehicle shall
be designed entirely based on the structure of the RV, leaving no extra space in the fairing.

The modules are purposely designed based on the given maximum mass requirement, hence they take
up almost all the allowable weight in the fairing. On the other hand, the other launches are not as space
or mass efficient, as it can be noticed in table 11.5. A total of 9441 𝑘𝑔 and 610.4 𝑚ኽ are left out from
the maximum allowable payload within the nine launches, which gives the opportunity for further elements
such as testing facilities or additional supplies.

Table 11.5: Distribution of resources across a number of launches

Launch Item Amount
Item Launch total Remaining

Mass Volume Mass Volume Mass Volume
[𝑘𝑔] [𝑚ኽ] [𝑘𝑔] [𝑚ኽ] [𝑘𝑔] [𝑚ኽ]

1

RR 4 900 4

11208 39.5 292 127.2Ant 4 900 4
NPP 1 3508 7.5
Envelope 1 500 -

2 Node 1 8293 86.42 10308 97,02 1192 69.68Supplies - 2015 10.6
3 Module 1 1 11497 124.6 11497 124.6 3 42.1
4 Module 2 1 11488 124.6 11488 124.6 12 42.1
5 Module 3 1 11498 124.6 11498 124.6 2 42.1

6
Module 4
(SCM) 1 11486 124.6 11486 124.6 14 42.1

7

Airlock 1 6315 61.07

7274 77.75 4226 89.0HGA-1 1 39 1.5
ATV 2 210 7.59
Envelope 1 500 -

8 Water tank 1 1000 5,5 6000 10.5 5500 156.2Water - 5000 5

9 RV 1 6150 31.8 6550 32 0 0Astronauts 4 100 0.0498
Total: 87309 755.2 11241 610.4

Figure 11.4: Distribution of payload across launches
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11.2.4. Landing Procedures
The landing procedure is assumed to be similar to the one designed for the Mars 2020 mission, mainly
because the LVS and NDL are being tested and validated for that specific envelope. Once in LLO, at a
height of 3 𝑘𝑚 from the Lunar surface, the LVS will make a coarse image of the Apollo 11 site with several
landmarks. The computer of the camera system will already have the real landscape of the surface in its
CPU, and that will be compared to the identified landmarks; as the lander descends, more pictures will
be made several times per second. Based on these matching results, an input in the differential thrusters
and reaction wheels can change the lander’s attitude and velocity profile, and therefore its desired landing
position. Furthermore, as the vehicle descends even further, the NDL will provide even more accurate data
on the altitude, velocity, and attitude characteristics to adopt [167]. For the first landing, an accuracy of
around 40 𝑚 is assumed to be feasible, whereas it shall increase even higher for the subsequent ones due
to the preparation of the site. Once again, it should be noted that this performance is based on test results
and it is assumed that the technology will be fully developed at the commencement of this mission.

In terms of landings, the launches described in subsection 11.2.3 are essentially the same, if not for the
first one. This is because, as elaborated upon in subsection 9.2.4, regolith can be sintered and thus allowing
the creation of paved surfaces. For installation purposes, this shall be done in the earliest possible stage
to ease the installation of the habitat, in the first landing. Hence, two different types are distinguished:
Unpaved and paved landing. It should be noted that in both cases the procedure is the same, with only
one difference relating to the fact that the pre-loaded images will be different.

11.3. Installation Plan
Having established a chronological launching and landing sequence, the installation plan can now be de-
tailed to fulfil FF 4 of figure 11.1. For this purpose, a timetable has been set up in which it is assumed that
the mission, besides design phase and collection of resources, will start on day one of week one. The daily
schedule is shown in figure 11.7. The index ’P’ refers to preparation, ’TO’ to take-off, and ’L’ to landing:
It takes four days to prepare the launcher and six to land it. Every two weeks the Moon undergoes a full
Solar eclipse, which is referred to as hibernation (H); these are weeks 2 and 3, 6 and 7, and so on. During
this period, the rovers cannot operate because of the lack of Sun for recharging their batteries, hence no
installation activity is performed. Also, the first day of ’sunlight’ is not considered ideal for landing, given
that the temperature is still fairly low and thus not ideal for the performance of the robots. In the list below,
a week-by-week description of figure 11.7 is given:

Week 1 With the RRs, the Ants, and the NPP, the first launcher is prepared on day 1 and launched on day 5;

Week 2 Six days after take-off, the fist landing of the mission takes place, where one day of margin is given
for allowing the regolith to settle back down on the Lunar surface. The entire location is scanned,
data is sent back to Earth, and based on these pictures the control team on Earth decides upon the
position of the installation site, relative to the lander. Only then, the RRs can off-load and start the
paving of a 50 x 50 𝑚 square for the landing site and an area of 858 𝑚ኼ for the habitat itself;

Week 3 A 5 x 100 𝑚 straight road will connect these two paved locations, resulting in a total area of 4200
𝑚ኼ to be sintered, and since the RRs can sinter with a speed of 2 𝑚𝑚/𝑠, four of them will take
150 ℎ𝑟𝑠 for the entire surface, resulting in just over six days. Three days of margin are allowed for
contingency and charging of the RRs’ batteries. Day 7 of the week is saved for transporting the NPP to
the desired location, which will ensure the RRs and Ants can charge themselves when out of battery.
The transporting of the NPP will include the Ant taking it from the rocket, bringing it to the assigned
spot and digging a hole to put it in. Finally, a small wall will be build to protect the astronauts from
radiation;

Week 4 Hibernation week, hence no activity on the Moon can be performed. On day 6, the preparation of the
second launchpad begins;

Week 5 On day 3, the second launcher takes off, immediately after which the third one starts being prepared.
Again, this takes off on day 7 and this sequence repeats for launcher number 4;

Week 6 On day 2 of the week, the second landing takes place. Differently from the first one, it does not
require one day of margin for the settling of the regolith, since both the habitat and landing locations
been sintered and paved. Hence, the Ants can easily transport the node to its location. Four days
later, the first module of the habitat lands, is transported and linked with the node. This moment of
the installation plan is visually represented by the render of figure 11.5a. In the meantime, on day
4, the fourth launcher takes off;
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Week 7 The second module lands on day 3, which is transported and installed with the node. Now that two
modules are fully placed, the RRs can be used again to cover the first and second sides of the habitat,
as outlined by figure 11.6. This is again visually represented by figure 11.5b. It is assumed to be
taking two days for covering each side, and the regolith used shall be taken at a large enough distance
from the modules as to not cause any complications;

Week 8 Same as in week 4, the only action is to start preparing the next launcher on day 6, as hibernation
hinders any type of installation;

Week 9 Similarly to week 5, the fifth launcher takes off and the sixth one is prepared on day 3 of the week,
with the latter subsequently taking off on day 7, together with the preparation of launcher 7;

Week 10 Module 3 is landed, transported and installed on the second day, after which the third and fourth
side of the habitat can be covered with regolith: this moment is figure 11.5c. After placing the last
module, which is also the SCM, the fifth and sixth sides can be covered as per figure 11.5d, whereas
the seventh launcher with the airlock takes off on day 4;

Week 11 Sides 7 and 8 are fully covered, as shown in figure 11.5e; the airlock, together with the HGA, lands
and is transported on day 3;

Week 12 Hibernation week, no action performed on the Moon nor on Earth;

Week 13 Same as in week 12;

Week 14 On the first day, the system is initiated and the habitat starts running. If everything goes according
to plan, a check is given at the end of the day, which leads to the preparation of the eight launcher
on the morning of day 2. This consists of the water to be used to fill up the walls of the modules for
protection and takes off on day 6. On the other hand, both sides of the airlock are covered, i.e. 9
and 10. This is visually seen in figure 11.5f. The habitat undergoes configuration for one whole week
to initiate and integrate all subsystems;

Week 15 One week of habitat configuration is complete. The top part of the node is covered on day 2 and
the regolith layer of the whole habitat is refined for two days straight, in order to ensure a proper
protection. The last three days deal with transporting the water tanks and filling up all modules with
water, after which the entire habitat is considered fully assembled;

Week 16 Same as in week 12;

Week 17 Same as in week 12;

Week 18 After four weeks of the habitat being up and running, the check can be given to start preparing the
launcher vehicle that will bring the astronauts to the Moon, which takes off on the fifth day;

Week 19 During the final week of the installation process, the astronauts finally land and enter the habitat on
the fourth day, after which they have three days to perform any EVA that may be required before the
next two weeks of eclipse begin again. From this point onward, the habitation has begun.
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(a) (b)

(c) (d)

(e) (f)

Figure 11.5: Time steps of the installation plan of the habitat

Figure 11.6: Exterior sides of the habitat in the order with which they are covered with regolith during installation
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Figure 11.7: Mission timetable for complete installation plan of the habitat
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11.3.1. Habitat Configuration
As shown in week 14 of the logistics timetable, the habitat has to be properly configured. Hence, it is
important to discuss in what order the subsystems will be initiated, which is what is provided below:

1. Command, data handling and computer system:

The first system to be turned on, in order to check if all internal connections are linked and data is trans-
mitted properly;

2. Communications system:

The communication system is the second one to start up. It connects to the CDH, and when this is done
correctly, data will be sent to Earth. When confirmation of successful receipt is given by the ground station
on Earth, the signal is given to start up the life support systems.

3. Pressurisation system:

Initiating the life support systems means starting to pressurise the habitat at first. Since the CDH system
is up and running, the internal pressure and atmospheric properties can be measured. When all values are
within their required boundaries, the signal is given to start the next system.

4. Water and oxygen recycling systems:

As nothing is yet in use, these cannot be tested on their performance, but a check can be given whether
all parts are working correctly, which is measured via the inputs and outputs of the systems. When mea-
surements show positive results, the last subsystem will be started.

5. Thermal control system:

For the last system to be initiated, the protection layer of water within the cylinders has to be present. This
is why one week is waited for landing 8 to arrive on the Moon with the water tanks. They will be transported
at a temperature of 282 𝐾, in a cube of 5 𝑚ኽ. At this temperature, the same amount of heat is radiated out
as is absorbed. To find this temperature, equation 11.2 is used, which can be rewritten into equation 11.3
for the cube, when using a coating with equal emittance and absorption, such as Martin Black Paint N-150-1
[168, 169]. The internal flux can be neglected, as no systems create any heat inside the cube. For the
emitted heat, the complete area of the cube is used, while for the absorpting area only the enlightened
side is used. This area is equal to the average area between minimal and maximal enlightening. It was
assumed that the transfer from Earth to the Moon will be in sunlight at all times.

However, a contingency plan is needed to ensure the container will stay intact, if it is not possible to
pump the water into the habitat before the night starts. This plan consists out of the material chosen for
the cube. The actual container is made of a thermoplastic material, which has a so-called plastic envelope,
such that it can accommodate the expansion due to ice formation without cracking. The outer shell of the
cube will still be rigid, to be able to cope with launching accelerations.

𝐴ኻ𝜖𝜎𝑇ፄኾ = 𝐴ኼ𝛼ፚ፛𝐹ፒ + 𝐴ኼ𝛼ፚ፛𝑓𝐹ፒ𝐴ፄ + 𝐴ኼ𝜖𝐹ፄ,ፈፑ + 𝑄። (11.2)

𝜎𝑇ኾ =
፫Ꮄዄ√ኼ፫Ꮄ፫

ኼ ⋅ 𝐹ፒ
6𝑟ኼ +

፫Ꮄዄ√ኼ፫Ꮄ፫
ኼ ⋅ 𝐹ፒ𝐴ፄ
6𝑟ኼ +

፫Ꮄዄ√ኼ፫Ꮄ፫
ኼ ⋅ 𝑟ኼፄ

6𝑟ኼ ⋅ (𝑟ፄ +
ፃᑄ
ኼ )

ኼ (11.3)

With a temperature of 282 𝐾, the water will be liquid when it arrives on the Moon, which means it can
directly be put into the habitat. Since at this point the entire habitat will be covered in regolith, besides the
front part of the airlock, this will be done via a connection point there, which links all the water tubes and
systems to each other, and thus creating a closed loop system. As all systems are running now, the thermal
control system is needed to cool down the systems. The CDH system will give a signal to the pumps to
initiate them. This will cool down all systems, while the inner temperature of the habitat will converge to
the required settings.

6. Astronauts:

When the CDH system measures that the values of all subsystems are within their respective boundaries
and the one-month check is sent to Earth, the astronauts will make their way to the Moon, where they will
land after ten days. After finally entering the habitat in week 19, they will have three days to perform the
last checks with possibly necessary EVAs, before the next two weeks of eclipse begin.
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12
Risk Analysis and RAMS

With the subsystem level RAMS & risk characteristics analysed in chapter 8, this chapter will deal with the
analysis of system level RAMS and risk characteristics. Firstly, the system level RAMS characteristics, split
up into a section on reliability, and safety and maintenance, are presented in section 12.1. Then, partially
based on the earlier RAMS analysis, the system level risk is presented in section 12.2.

12.1. System RAMS
A first version of the RAMS analysis was made in the Midterm Report [3], which will now be expanded
upon. Mission reliability will be covered first, followed by a system level FMEA and a listing of a preliminary
maintenance schedule.

12.1.1. Mission Reliability
According to Larson and Wertz [121], mission reliability is defined as functioning without any failure that
impairs mission performance. For the Lunar Habitat mission, three segments of performance have been
defined in figure A.1, the transfer to the Moon (FF3), the installation on the Moon (FF4) and the operation
on the Moon (FF5). The mission reliability for these three phases can be defined as follows:

𝑅ፓፓፌ = 𝑅ፋፚ፮፧፜፡፞፫ ⋅ 𝑅ፓፕ ⋅ 𝑅ፋፚ፧፝፞፫ (12.1)

𝑅ፈ፧፬፭ፚ፥፥ፚ፭።፨፧ = 𝑅ፑ፨፯፞፫ (12.2)

𝑅ፎ፩፞፫ፚ፭።፨፧ = 1 − (1 − 𝑅ፒ፲፬) ⋅ (1 − 𝑅ፒፂፌ) (12.3)

Both equation 12.1 and 12.2 are cases of series reliability, given that the entire process fails if one of the
elements fail. In contrast, equation 12.3 is a case of parallel reliability, given that mission functionality can
be covered by both the entire system and the SCM. The system reliability present in this equation can be
further split up as follows:

𝑅ፒ፲፬ = 𝑅ፏ፨፰፞፫ ⋅ 𝑅ፀ፭፦፨፬ ⋅ 𝑅ፂ፨፦፦፬ ⋅ 𝑅ፂፃፇ ⋅ 𝑅ፓ፡፞፫፦ፚ፥ ⋅ 𝑅ፑፚ፝።ፚ፭።፨፧ ⋅ 𝑅ፌፌፏ ⋅ 𝑅ፒ፭፫፮፜፭፮፫፞፬ (12.4)

Based on the user requirements, U10 in particular, and the fact that this mission is a pioneering mission,
a total operational reliability of 99� after 1 year is deemed acceptable. This means that assigning both
the system and the SCM a reliability of 90� after one year is sufficient. However, a reliability of 95� is
preferred, giving the team some room for errors.

Launcher Reliability
Launcher reliability can be estimated based on historical data. The Falcon 9/Heavy rocket series has per-
formed 56 launches to date, out of which there was a single in-flight failure, and a single pre-flight failure.
Given that both failures occurred during the first couple of years of operation (infant mortality), a decreas-
ing failure rate is assumed. Considering this, a launch success of at least 99� is within the reasonable
range. The reliability of the launches can then be estimated by equation 12.5.

𝑅ፋፚ፮፧፜፡፞፫ = 0.99ፍᑃᑒᑦᑟᑔᑙ (12.5)

Transfer Vehicle Reliability
No estimation of the Transfer Vehicle Reliability can be made based on historic data, but according to Hassan
and Crossley [170], propulsion systems can have a reliability of up to 99.5�. As Larson and Wertz [121]
also present many electric parts having higher reliability in space flight compared to launch (factors range
from 10 to approximately 100), it is assumed that the transfer vehicle can be designed with a reliability
of 99.9� by implementing multi-level redundancy. Another argument for the feasibility of such a high
reliability is the fact that the mission duration for the transfer vehicle is relatively short. Dubos et al. [171]
present typical satelite reliability, and find that for very short mission duration, reliability is close to 100�.
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Lander Reliability
A landing vehicle needs more complex systems compared to a transfer vehicle in order to accurately perform
its function. For this reason, extremely high reliability is something that seems unfeasible. Hence the
reliability of the lander is assumed to be 99�; similar to a launcher.

Installation Reliability
Installation reliability is rather difficult to estimate because of the fact that all rovers are still in such a
preliminary design stage. To keep overall mission reliability high, the rovers need to be designed with
maximum reliability in mind.

Power System Reliability
The reliability of the power system can be described by equation 12.6. It follows a K-out-of-N scheme, with
3 out of the 8 sterling generators being required to deliver the emergency power levels of 7500 𝑊.

𝑅ፏ፨፰፞፫ =
ዂ

∑
።዆ኽ
(8𝑖 ) ⋅ 𝑅

።
ፒ፭፞፫፥።፧፠ ⋅ (1 − 𝑅ፒ፭፞፫፥።፧፠)

ዂዅ።
(12.6)

Plugging in the numbers, for a single sterling generator reliability (𝑅ፒ፭፞፫፥።፧፠) of 99�, the total reliability of
the power system is more than 99.9999�.

Atmospheric System Reliability
Given that the atmospheric system has one full back-up in the SCM, the total reliability for the system can
be described by equation 12.7

𝑅ፀ፭፦፨፬ = 1 − (1 − 𝑅ፄፂፋፒፒ)ኼ (12.7)

Taking an ECLSS reliability of 99�, the total system reliability becomes 99.99�.

Communication System Reliability
The communication system also has one back-up, meaning there is once more a case of parallel reliability.
The total reliability for the system can be found in equation 12.8

𝑅ፂ፨፦፦፬ = 1 − (1 − 𝑅ፃ።፬፡)ኼ (12.8)

Taking a reliability of 95� for a single dish, the total system reliability becomes 99.75�.

Command & Data Handling Reliability
The reliability of the CDH system can be approximated by equation 12.9. It is once more a case of parallel
reliability with a full level of redundancy.

𝑅ፂፃፇ = 1 − (1 − 𝑅ፂፃፇዅፒ፲፬፭፞፦)ኼ (12.9)

Once more setting a single system reliability to 99�, the total system reliability becomes 99.99�.

Thermal Regulation System Reliability
There is no full redundancy in the thermal system, but it has redundant components. An estimation for the
reliability of this system can once more be set at 99�.

Radiation Protection Reliability
The reliability of the radiation protection is extremely difficult to estimate properly. Given that it is a static
system and is not really capable of causing failure of other systems except for design flaws, it makes sense
to take it out of equation 12.4.

Meteoroid Protection Reliability
The reliability of the meteoroid protection system can be approximated by the PNP as described in sec-
tion 7.2. This has a value of 0.998, which means the reliability of the system is approximately 99.8�.

Structural Reliability
The reliability of the habitat structure has to be high to ensure 10 years of operating life. Given a high
maintainability, having a reliability of approximately 99� after a year is acceptable.
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Total system
Plugging in all the suggestions and values found above, we find for the system reliability a value of approxi-
mately 97.5�. Assuming a similar reliability for the SCM, the operational reliability becomes approximately
99.9�.

However, the reliability of the installation process is considerably lower, given that 18 consecutive
launches, a transfer and a landing lead to a total 𝑅ፓፓፌ of only 82.6�. However, a launch failure in
this stage of the project would cause a higher end cost, but it does not cause complete mission failure.

12.1.2. System FMEA
Apart from all the subsystem level FMEA’s, a system level FMEA was also made. Once more, severity
is judged on a negligible to catastrophic scale as described in subsection 8.1.5. Occurence is based on
electronic systems (score 1) and mechanical or biological systems (score 2). Lastly, determination is based
on automatic detection (score 1), manual detection (score 2) or pre-testing (score 3). Some cases get a 0
determination score by design.

12.1.3. Safety
Following the risks identified in subsection 12.1.2, safety procedures and features are drawn up for the
habitat operation.

12.1.4. Safety Features
঎ Radiation sensors - As described in section 8.2, a extensive set of radiation sensors will be imple-
mented in the habitat to monitor for harmful radiation doses, on top of the radiation protection by
water and regolith layers.

঎ Fire extinguishers - Just like aboard the ISS, a fire repression system is integrated into every module
of the habitat, as described in figure 8.10. In the event of a fire emergency, the fire needs to be
extinguished manually, by use of the fire extinguishers that will be part of the habitat equipment.

঎ Fire ports - Next to the fire extinguishers for fire repression, the habitat will also sport fire ports.
These are ISS-derived ports that allow COኼ to be funnelled behind the interior panels, where fire is
likely to occur due to faulty wiring.

঎ Emergency egress lighting system - Another ISS-derived safety measure would be the Emergency
Egress Lighting System (EELS), which illuminates the path towards safety equipment (or, in non-space
applications, the exit) in case of a power outage.

঎ Personal Breathing Devices - In the case of a depressurisation or the occurrence of toxic fumes
in the internal atmosphere, Personal Breathing Devices (PBDs) are present to provide safe air for
breathing while the issue is being resolved.

঎ Compartmentalisation - As with the PBDs, the compartmentalisation is important in case of rapid
depressurisation (usually due to puncturing of the hull). Due to compartmentalisation, the punctured
compartment can be sealed from the rest of the habitat, so depressurisation will be contained to one
module while the rest of the habitat will stay mostly unaffected.

঎ Module Venting - In case of an uncontainable fire, venting a module might be the only option left.
Therefore, near the docking ports, blowout valves will be present. These can vent the module in a
short time, extinguishing all fires present and expelling all toxic gases in the atmosphere. The ECLSS
Atmosphere Management will recover the atmosphere after the blowout.

঎ Return Vehicle - A return vehicle will be present to transport the crew back to Earth at end of
mission, but in case of a premature mission ending the return vehicle is also to be used as safe
transport back to Earth. Therefore the return vehicle should be accessible, operable, and ready for
take-off at all times.

঎ SCM - As described in chapter 6, one of the four habitation modules will be the SCM, which is
a radiation-hardened, fully autonomous module that is designed to function even while all other
modules are inoperable.

঎ Medical Suite - In the case of medical emergency, be it sickness or injury, treatment will be available
in the medical suite fitted in the habitat. It will be fitted with some standard equipment so common
injuries or conditions can be treated.

101



Figure 12.1: FMEA of the full habitat system, part 1
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Figure 12.2: FMEA of the full habitat system, part 2
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Safety Procedures
These can be found in subsection 12.1.3, where moderate, critical and catastrophic failures are defined as
in subsection 12.1.2

Table 12.1: Safety procedures for emergency events

Events Failure procedure
Moderate Critical Catastrophic

CDH failure
Power Failure
Comms Failure

Repair Damage
Evacuate to SCM module,
repair damage

Evacuate the base
with return vehicle

Solar Flare
Meteoroid Impact
Radiation Penetration

Evacuate to SCM
Evacuate to SCM, wait till
emergency passes and repair
damage

Evacuate the base
with return vehicle

Depressurization
Explosion

Seal off affected module,
move affected crew members
to med bay, repair damage from
inside using EVA suits

Seal off affected modules,
evacuate to SCM, tend to
woundedcrew members,
repair damage

Asses damage and
mission continuity,
evacuate the base
if neccessary

Medical Emergency
Tend to crew member using
medicalsupplies

Sterilize med bay and
place wounded crew
member in an isolated
environment

Evacuate the base
with return vehicle

Fire in Modules

Crew puts on breathing device,
Suppress the fire with fire
extinguishers, cutthe ventilation
to module, restore atmosphere

Crew puts on breathing
device,seal off the affected
compartment, vent the
compartment, restore
atmosphere and repair
damage

Evacuate the base
and vent all modules

Contaminated
Atmosphere

Crew puts on breathing device,
Seal off contaminated module,
recover air quality with ECLSS
system

Crew puts on breathing
device,seal off contaminated
modules, vent atmosphere

Evacuate the base
and vent all modules

12.2. Risk Assessment
In this section a risk identification is performed. Most risks are taken from the Midterm report [3], but some
new ones are added based on the detailed FMEA’s performed in the RAMS analysis.

12.2.1. Risk Identification
The risks written in bold are new risks which are identified during the progress of designing the final concept.
The underlined risks are updated versions of similar risks from the midterm report. The risks which are
struck through have been eliminated due to design choices.

1. Transport product to Lunar building site:

(a) Wrong/absent parts in transport ve-
hicle to launch site;

(b) Delay of transport vehicle to launch
site;

(c) Accident of transport vehicle;

(d) Elements do not comply with launch
requirements (size/mass);

(e) Rocket failure;

(f) Wrong Δ𝑉 in TLI;
(g) Transfer vehicle booster failure;

(h) Non-detectable debris strike;

(i) Detectable debris strike;

(j) Subsystem failure during transport
to Moon;

(k) Re-ignition failure;

(l) Unforeseen geographical conditions
on landing site;

(m) Wrong landing spot;
(n) Damaged payload impacting the

mission.

2. Install product:

(a) Impassable terrain on planned route
to building site;

(b) Performance ’ant’ rovers not as required;

(c) Payload elements not arrived;
(d) Sintering process damages un-

derlying module;
(e) Module assembly mechanism fails;
(f) Building site surface characteristics

different from expectation;
(g) Structural integrity does not comply

with requirements;
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(h) Surrounded by impassable terrain
on landing site;

(i) Regolith rover breakdown;
(j) ’Ant’ rover breakdown;
(k) Paved regolith does not meet

expected material properties;

3. Perform pre-operational procedures:

(a) Solar panels do not deploy;
(b) Insufficient power supply for pre-

operational procedures;
(c) No communication possible before

operational phase;
(d) Leakage in habitat;
(e) Non-fixable leakage in habitat;

4. Operational phase:

(a) Emergency before escape route/
safety shelter is finished;

(b) Non-repairable damages to the
habitat or other systems;

(c) Components for repairs not avail-
able;

(d) Emergency escape vehicle is bro-
ken;

(e) Fire;
(f) Toxic spill;
(g) Too high radiation levels in habitat;
(h) Too high radiation levels in space

suit;
(i) Detectable meteoroid/debris strike;
(j) Non-detectable meteoroid or debris

strike;
(k) Consumables run out;
(l) Habitat environmental contamina-

tion;
(m) Habitat noise contamination;
(n) No health monitoring available;
(o) Unforeseen increased radiation;

5. Perform post operation procedure:

(a) Habitat is not (correctly) sterilised;
(b) Waste is not correctly disposed.

6. EOL:

(a) Not all organic substances col-
lected;

(b) Not all collected organic substances
fit in return vehicle;

(c) Something going wrong with the re-
turn to Earth;

(d) Nuclear core disposal issues.

7. Astronauts’ risks:

(a) Astronaut is unable to perform mis-
sion for personal reasons;

(b) Astronauts become sick in the first
few days of mission;

(c) Physical health issues during mis-
sion;

(d) Mental health problems of astro-
nauts during mission;

(e) Human errors resulting in subsys-
tem failure;

(f) Astronaut becomes pregnant during
mission;

(g) Astronaut violates a law;

(h) Decompression sickness.

8. Subsystem risks (pre-operational / oper-
ational phase) :

(a) Pressure sensor failure;

(b) Pressure regulation failure;

(c) Atmospheric composition regulation
failure;

(d) Nuclear power system failure;

(e) Power storage failure;

(f) Power distribution failure;

(g) Temperature sensor failure;

(h) Temperature regulation failure;

(i) Communication failure to Earth;

(j) Communication failure between as-
tronauts;

(k) Ground support failure;

(l) Fire detection system failure;

(m) Insufficient / malfunctioning fire-
fighting supplies available;

(n) Debris detection failure;

(o) CDH System failure;

(p) Radiation detection system
failure.

12.2.2. Risk Map
The likelihood of occurrence and the mission impact of each risk can be found in table 12.2 and 12.3. In
the midterm report a mitigation plan was set up for the most critical risks. During the design of the final
concept, this mitigation plan is implemented reducing the severity of the risks. In the risk map, all risks in
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italic moved places due to the implementation of the mitigation plan. All risks in bold are newly identified
risks. These will remain in their original position and a mitigation plan will be set of for these risks in
subsection 12.2.3.

Table 12.2: Risk map overview for non-technical failures

Probability Effect
Negligible Marginal Critical Catastrophic

Very likely
Likely 1b
Somewhat likely 7g, 1h, 4j 4c, 7a, 7c, 7d, 1i, 2K

Unlikely 1a, 2a, 5a, 7h,4a
1c, 1n, 5b, 6a, 7b,
4f, 4h, 4l, 4e,4i, 2d

Very unlikely 6d
1d, 1f, 1l, 2c, 2f, 6b, 7e,

4n,4o,4g,4m,1d 2h, 7f, 4k

Table 12.3: Risk map overview for technical failures

Probability Effect
Negligible Marginal Critical Catastrophic

Feasible in theory 2i,2j
Working in
laboratory model
Based on existing
non flight 4d

Extrapolated from
existing design

1g, 1m, 1k, 2b, 2e, 3b, 3d,
3e, 4b 3c, 1j, 6c

Proven flight design 8k, 8a, 8b, 8g, 8h, 8i, 8j,8p
1e, 8n, 8d, 8e, 8f
8l, 8m, 8o, 8c, 2g

As can be seen in the tables, all subsystem risks are moved to ’proven flight design’ because of the V&V
plans implemented in chapter 8. Also, the impact on the mission of a meteoroid strike and a fire has become
less, since these are designed for now. The same holds for the likelihood of too high radiation levels, a
structural failure and impassible terrain has dropped since more research has been done at this stage.

12.2.3. Risk Mitigation
There are three newly identified risks which need a mitigation plan. All earlier identified risks have already
been mitigated, or a mitigation plan is already developed in earlier stages of the design process.

Risk 2i and 2j
The risks for the rovers used for installing the habitat are partly mitigated since these are fully redunant.
Therefore the impact on the mission of one failing is marginal. Since these rovers do not exist yet, they are
only feasible in theory. In order to decrease the likelihood of occurrence the rovers need to be build and
tested thoroughly for performance and structural integrity. This process will shift these risks to ’working in
laboratory model’.

Risk 2k
When the paved regolith does not meet the required properties, this can be catastrophic for the mission. In
order to mitigate this risk, the likelihood can be mitigated by paving and testing a lunar regolith simulant,
or actual lunar regolith. When the actual properties are known, the risk will move to ’unlikely’ or even ’very
unlikely’.

12.3. Concluding Remarks
Clearly, the project requires a high level of reliability to deal with the many risks present in a mission to the
Moon. Especially the logistics of installation present a critical case that can only be dealt with by performing
extensive design work on the conceptual rovers and the idea of regolith sintering. Given that these topics
are adequately dealt with, the project risk is determined to be of such a level to justify project continuation.
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13
Future Development

This chapter discusses the future development required for the Lunar habitat to become a reality. This
chapter will highlight all those steps required to get the design to the next design phase. Section 13.1
describes the future development of systems, whereas section 13.2 describes future development related
to the habitat itself and element integration. section 13.3 elaborates upon the sustainability approach of
the project. Section 13.4 describes the continuation of the project in the next phases, in this section the
sustainable development strategy, including the end of life procedures are elaborated upon. All future
development will be visually represented in a Gantt chart, presented in section 13.5.

13.1. Future Development in System Design
13.1.1. Partnership
The nuclear power system, the alternative water processor, the ACLS, the environmental monitoring system
and the relative navigation technique are currently being developed by potential partners. Collaborations
can be set up with the respective partners, given the results of the development are as expected. If this is
not the case, other systems have to be chosen and developed. Furthermore, when development is done,
the systems need to be integrated with other systems and within the habitat. Integration tests need to be
performed to ensure all systems work as conjoint as expected.

13.1.2. Food
As explained in subsection 8.3.4, two Advanced Plant Habitats will be installed in the Lunar habitat. In
the first year of habitation, tests will be performed on the functioning of the APH. If the APH performs as
well as expected, the possibility of expanding the habitat with a growth chamber shall be considered. As
some research is being done on the subject by potential partners, it is expected that a collaboration could
be set up, which would allow for much quicker development. However, thorough calculations have to be
performed to determine if the growing chamber would prove to be beneficial in saving costs. Furthermore,
a collaboration could be set up where the growing chamber of the Lunar habitat would serve as a test bed
for planned manned missions to Mars, making it a marketing opportunity as well.

13.1.3. Medical Equipment
As not all required medical equipment that is needed is currently developed, part of the budget need to be
set aside to allow further development. It is found to be especially important to invest in the design of the
clean room, as this will decrease the chance of getting an infection during surgery.

13.1.4. Rovers and Return Vehicle
The ATV, the Ant and the Regolith Rover are all still very conceptual. For each of these rover types, a
complete development project is to be set up. The astronaut transfer vehicle can be inspired on Apollo’s
Lunar Rover Vehicle, but is required to be an upgrade in terms of performance. It should be able to drive
further and at higher speeds, while carrying more scientific equipment. Based on the type of research that
needs to be performed, this scientific equipment has to be designed accordingly. Therefore, the expected
mission outcomes need to be refined first. Once all requirements and goals are set up, research can be
done into potential partners to develop the ATV and a development plan can be set up.

As the Ant and the regolith rover currently have a TRL level of 1, much more development is needed.
Studies need to be done on the feasibility of the current designs, other, more extensive, designs have to
be investigated as well. The Ant also needs to be able to carry the nuclear power plant for example, as
for the current design this would not be feasible. The power supply for both the Ant as well as the RR
has to be designed completely as no concrete information, as of yet, is available on power usage for both
systems. Together with the power supply and the algorithms needed for co-operation, the regolith sintering
mechanism is expected to be the largest research and development project of the regolith rover, being of
vital importance for the success of the Lunar habitat. All these systems have to be tested intensively
on Earth, to make sure the systems have the highest possible reliability. Lastly, the return vehicle needs
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further development as is explained in section 9.3. A lot of partnership possibilities arise from these rovers
as expertise and funds are needed to make sure the rovers function as desired.

13.2. Future Development in Habitat Design
13.2.1. Safety Module
Currently, the structural design of the safety module is the same as any other module. This means, it is
not better protected in case of severe solar flares or meteoroid impacts, whilst the team is convinced it is
important to do so. Therefore it would be advised to do this simultaneously with the iteration on structural
design, as will be performed in the next phase of the project.

13.2.2. Docking Node, Docking Mechanism and Airlock
The designs of the docking node, the docking/interconnection mechanism and the airlock are all based
on existing and tested designs. The adjustments made to the docking node and docking mechanism are
mainly in terms of sizes, meaning most feasibility research is already performed and the research and
development will mainly consist of designing and system testing. Although the airlock is based on existing
designs, a Lunar dust removing system needs to be developed as well as the suitports. As it was decided
to use either an advanced version of the Z-2 spacesuit or a newly developed Z-3 spacesuit, a collaboration
with NASA has to be set up [41]. Designing the Lunar dust shield will be outsourced to ensure the right
level of expertise and reliability.

13.2.3. Expandability
Before the final concept was chosen, several concept designs were designed and considered, each having
their own strengths and weaknesses. An attractive option was using inflatable domes. In the future it
should be investigated if the inclusion of domes would be beneficial to the current design. Ideas could be
found by looking at BEAM, an inflatable dome currently being tested on the ISS. To allow for the adding of
a dome-like element, every module includes one extra door from which could be expanded. Moreover, a
garage is to be designed and added where the rovers can be stored. This would highly decrease the wear
due to the abrasive nature of the Lunar regolith.

13.2.4. KRUSTY Information Campaign
As explained in subsection 2.4.2 and subsection 8.6.1, involving a nuclear reactor is a choice that was not
easily made. In order to ensure sufficient public and corporate support, an extensive information campaign
will be set up [16]. This campaign will be focused on elaborating upon the importance of the mission itself
as well as the inclusion of the KRUSTY system. The importance of the mission will be clarified by stating that
it will push the boundaries of human technology and advancement, practising the survival of human beings
in space, more specifically on celestial bodies and performing advanced scientific research on a numerous
amount of subjects. Furthermore, space missions are known for pushing technological development which
may also be used on Earth. These new technologies will result in economic growth, and will open up a lot
of collaboration possibilities with international partners [7]. It is expected that this will not only help Europe
keep its global position in technological advancement, but will also make sure Europe becomes a leader in
space exploration. As for KRUSTY, it will be thoroughly explained to the public that it is a newly developed
system powering the next generation of long duration, high power space missions. This power system is
vital in successfully performing the mission, as solar power is not a solution due to the suncycle. On top of
that, KRUSTY is safer to launch than the currently used RTG’s. An exploding rocket will spread less nuclear
material from a dormant nuclear fission reactor as Uኼኽዂ is not a fissile material on its own opposed to Puኼኽዂ,
used in RTG’s. The campaign for KRUSTY will be called: ”KRUSTY: The Little Reactor that Could” [172] a
tangible, positive name slogan. A similar amount of information will be given on other updated or newly
developed systems, such as certain parts of the ECLSS. The campaign will be accompanied by various press
releases as are standard for this type of mission. Furthermore, by means of social media the importance
of the Lunar habitat mission will be further explained, and regular updates will be given on facts which are
interesting to the public. As the public outcry against nuclear power has significantly decreased over the
past decades [16] it is expected that this information campaign will be sufficient.

Should this not be the case, a more comprehensive information campaign will be set up. This campaign
will include a more detailed description of the importance of the project itself and the critical role KRUSTY
plays in it. Additionally an elaborate discussion will be included on the nuclear power systems that are used
on Earth with a special emphasis on why accidents happen and why it differs so much with KRUSTY.

According to Downey et al. [15], to convince the risk adverse public, the reasons to use nuclear
technology must be compelling. To ensure a proper transfer and wording of the explanation on the KRUSTY
to public, experts on marketing need to be employed. Since the cost of the information campaign is
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assumed to be significant, a budget of ভ19 million is allocated. Simultaneously, the market analysis needs
scheduled re-evaluations to check if the information campaign has the desired results on the public opinion.
Furthermore, the market in spaceflight seems to be changing more rapidly than historically has been the
case, due to the private companies entering, which is opening up the market.

13.3. Sustainability
The mission goal to make a contribution to the long term survival of humankind shall continue to be
the focus point throughout the whole mission. This is the first and most important step in achieving
social sustainability. To aid this goal, it is important that information, derived from the mission, will be
shared with the scientific community, but only upon agreement not to use it for commercial purposes.
Furthermore, for the duration of the mission a complete and thorough update on the mission will be given
every 30 days to everyone interested. As the mission is government funded and uses resources that
belong to humankind, it is important to give back to the society. Therefore as part of future development,
an information and educational campaign will be set up. Part of which will be already included in the
KRUSTY information campaign. According to the ESA sustainability guidelines [173], the last main point
to consider is environmental sustainability. The environmental sustainability of mission is difficult to asses
at this point in time. It is however clear that environmental sustainability has been a minor consideration
giving the complexity of the mission. Finally, the end of life sustainability is discussed in section 13.4.

13.4. Future Project Phases
Based on the European cooperation of space standardisation’s project management guideline [174], the
Lunar habitat is currently at the end of phase A development and already covered some aspects from phase
B. Where phase 0 includes the mission analysis and need identification based on the customer requirements.
Phase A is mainly focused on the feasibility of the project, where a detailed project planning is made and
the requirement list is refined. Also the feasibility of technical elements, cost estimation, risk and interfaces
of all elements are evaluated. The continuation of the project will consist of phases B till F, which are
discussed below:

Phase B: Preliminary definition of the project and product
The product and project will be further defined. Technical solutions will be presented for the selected
concepts (subsystems), accompanying an explanation on how requirements will be met. A start will be
made on the disposal plan and operational handbook, after which the first business agreements are set.
The development as described in section 13.1 and section 13.2 shall mainly be performed in this phase.
During phase B, the System Requirements review will be held, concluding phase B will be the Preliminary
design.

Phase C: Detailed definition of the product
The design will be designed into full detail, including the production, testing set up, and product verification
and validation. Every subsystem shall be designed to the greatest extend, in a way that every subsystem
is ready for production. Furthermore, the design integration shall also be performed. At the end of phase
C, the critical design review will take place. Among other things, the design justification file together with
the verification plans shall be reviewed.

Phase D: Production and ground qualification testing
All parts, systems and subsystem needed for the Lunar habitat will be produced and all ground assembly
procedures will be followed. To ensure the product is properly assembled, ground qualification and ver-
ification shall be performed. The ground qualification will consist out of assembling a prototype system
somewhere in a harsh environment on Earth [175, 176]. Building up the system shall be done sequentially,
integrating one subsystem at a time. This allows for finding systems (or combinations of subsystems) that
are not performing nominally. Careful thought should be applied when the inclusion of KRUSTY is taken
into consideration as this could lead to protest.
During phase D, qualification review will take place to ensure all delivered products are of the previously
discussed level of quality and the ground elements function as expected. At the end of phase D. the
acceptance review will take place.

Phase E: Utilisation
In the first part of phase E, the operations of the habitat will be validated during a 1 year mock mission
on Earth, as well as validating EOL considerations. During the mock mission stress tests will be conducted
on the habitat and the astronauts to determine the operational envelope and psychological impacts. The
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second part of the utilisation phase consists of the utilisation itself. During this phase, request for improve-
ment can be made, which can be implemented before the actual mission starts. Furthermore, the operation
and maintenance plan shall be implemented. Moreover, the disposal plan shall be finalised. During phase
E the flight, operational and the launch readiness review shall be performed before each launch. Also a
flight qualification review and the in-flight acceptance review are planned to take place.

Phase F: Disposal and end of life sustainability
This phase comprises the end of life and final disposal. After ten years of operation, the disposal plan
of the Lunar habitat shall be updated, after which it shall be executed. During this phase end of life
sustainability is of vital importance. The main points to focus on are the removal of organic substances to
avoid contamination of the Moon and the habitat, and a safe disposal of the nuclear core used in KRUSTY.
To ensure the habitat is completely clean at end of life, all surfaces in the habitat will be cleaned, all
air filters replaced and the last measurements of all sensors will be checked thoroughly. As explained in
figure 8.3.4, these devices can not directly measure biological growth. To scan the surfaces of the habitat
for the presence of biological substances, the same scanner as is used in hospitals will be utilised [93]. The
process of measuring, scanning and cleaning will be iterated until all measurements are within acceptable
bounds. Biological material, including human waste and plant remains will be brought back to Earth. As
the customer deemed it acceptable to leave the habitat on the Moon, the habitat including all subsystems
will be left on the Moon. All the systems and subsystems will be put in hibernation mode and decoupled,
all the moveable systems will be placed at their respective designated spot. The rovers shall be parked in
the then available garage.

The end of life procedures regarding the KRUSTY are not set up yet by NASA, as more detailed research
needs to be done. However to even be able to perform the end of life procedures, much more development
is needed on the rovers to asses their capability on handling the nuclear core. During the next design phase,
a detailed end of life procedure for the KRUSTY will be set up.

13.5. Project Gantt Chart
The project gantt chart can be seen in figure 13.1. According to Larson and Wertz [121], a typical mission
design for a complex mission is expected to take between 10 and 15 years. This is the time from the
feasibility study onwards, till the point where the habitat is considered operational. This estimate seems
to be reasonable as MIR, skylab and the ISS took between 10 and 16 years to become fully operational
[177ঀ179]. Furthermore, a more detailed description on the installation of the habitat on the Moon can be
found in chapter 11.
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Figure 13.1: Project Gantt Chart
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14
Complete Mission Cost

As described in NASA’s Cost Estimation Handbook [180], there are three ways of estimating project costs.
These cost estimation methods correspond to the design level of the product, with the first being the most
conceptual estimation method and the last being the most detailed (but also accurate) cost estimation
method. These methods are:

঎ Analogous cost estimation;

঎ Parametric cost estimation;

঎ Engineering Build-Up cost estimation.

In analogous cost estimation, a similar product or mission is taken, and minor adjustments in cost the
estimation are made to accommodate the specific nature of the new product or mission. This kind of
estimation method is only used to define a financial ’ball-park’, in which the budget is supposed to be
determined.

In parametric cost estimation, a large dataset of similar products is analysed for correlation between a
certain parameter (usually mass) and cost. This kind of cost estimation is usually more accurate than anal-
ogous methods, but rather large contingency factors are still associated with parametric cost estimations.

The engineering build-up cost estimation method uses the WBS for the project. For this type of cost
estimation, the WBS has to be defined in such detail, that the work packages contain only several man-
hours’ worth of work. The cost of all work packages is then estimated and summed to arrive at the total
mission cost. The advantage of this type of cost estimation is that it is very accurate, but it requires a
rather high progression level of the mission design.

14.1. Cost Estimation
The chosen method will be a combination of methods similar to the engineering build-up cost estimation
and the analogous cost estimation methods. Within the project, enough detail is present to be able to
estimate the costs of different subsystems. This will be done using the analogous cost estimation method
by looking at similar systems or operations, and subsequently the total cost estimation will be a build-up
of the costs of the separate subsystems and operations. The cost estimations of the different subsystems
and other costly operations are shown below in table 14.1.

The Environment Control and Life Support, Communication, Meteoroid Protection, Radiation Protection,
Power, Command Data Handling and Computer System costs are already explained in their respective
chapters. The Rovers, Return Vehicle and Launch costs are based on the costs given in chapter 9 and
multiplied by the amount needed for the mission. The costs of the structure is based on the assumption
that the raw materials only account for 1� of the total costs, and it has to be multiplied by a factor ten
to get to the space grade costs. The cost of one suitport suit was found to be ভ 4.4 million [181], and
eight suits will be present in the habitat, one for each crew member, and one redundant one for each crew
member. For both the airlock and the connection node, their ISS counterparts, namely the Quest Joint
Airlock and the Tranquility node were used for the cost estimation. For PR and marketing, it was assumed
that the equivalent of one year’s worth of NASA’s public relations and marketing budget will be spent over
the course of the mission for promotion. As a full product validation test, a mock-up of the final habitat
design will be built on Earth and tested in the extreme environment of Antarctica. The price is derived from
the cost of similar research stations on Antarctica. Lastly, the transfer vehicle budget was estimated from
the development costs of the Apollo transfer vehicle, divided by two to account for the research already
done in the Apollo project. This number was also corrected for inflation.

Because of the design maturity combined with the scope and complexity of the project at this point, it
is impossible to obtain a reliable cost estimate. Also the comparable programs for this mission, namely the
Apollo Program and the International Space Station Program had expenditures which were much higher
than the almost ভ20bn that is determined for this mission. Taking into account all these factors and
the maximum cost requirement, a contingency of 50� of the current best estimate was determined by
judgement [182] to find the expected costs at about ভ30bn, leaving a margin of ভ13.9bn of the maximum
allowable cost.
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Table 14.1: Total mission cost estimation

System Estimation
Environmental control and life support system ভ 5,100,000,000
Communications system ভ 50,000
Meteoroid protection system ভ 1,000,000
Radiation protection system ভ 22,600,000
Power system ভ 21,000,000
Command & data handling and computer system ভ 849,500,000
Structures ভ 14,000,000
Rovers and Return Vehicle ভ 11,600,280,000
Launching ভ 1,368,000,000
Suitports ভ 35,200,000
Airlock ভ 164,000,000
Connection node ভ 409,000,000
Product validation ভ 30,000,000
PR and marketing ভ 19,000,000
Transfer Vehicle ভ 254,000,000
Total ভ 19,868,630,000
Contingency � 50
Total with contingency ভ 29,802,945,000
Cost/kg ভ 341,350
Maximum allowable cost ভ 43,654,500,000
Margin ভ 13,851,555,000
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15
Requirements Compliance

In this chapter, the compliance matrix of all the requirements is presented in table 15.1. If a requirement
has not been fully complied to, the rationale why the design does not meet the requirement, and the
required modifications are explained in the feasibility analysis section 15.2. The list of requirements is
stated in B.

15.1. Compliance Matrix
This section describes the requirement compliance. The requirement compliance matrix can be seen in
table 15.1.

Table 15.1: Compliance matrix for the requirements of the mission

Code Compliance Required value Achieved value

Users

U-1 3 4 4

U-2 3 Yes Yes

U-3 3 Yes Yes

U-4 3 Yes Yes

U-5 3 Yes Yes

U-6 3 Yes Yes

U-7 3 Yes Yes

U-8 3 Yes Yes

U-9 3 Yes Yes

U-10 ≈ Yes Partially

U-11 3 Yes Yes

U-12 3 Yes Yes

U-13 3 Yes Yes

U-14 3 Yes Yes

U-15 3 Yes Yes

U-16 3 Yes Yes

U-17 3 � 500000 €/፤፠ 341350 €/፤፠
U-18 3 Yes Yes

U-19 3 Yes Yes

Pre operations - Transfer to the Moon

SYS-PRE-TRN-1 3 �11.9 ፭ �11.9 ፭
SYS-PRE-TRN-2 5 !4.5g future development

SYS-PRE-TRN-3 5 !_2g_ future development

SYS-PRE-TRN-6 5 �4.5g future development

SYS-PRE-TRN-10 3 ! 3.3 ፤፦/፬ ! 3.3 ፤፦/፬
SYS-PRE-TRN-13 3 �50፦ 40፦
SYS-PRE-TRN-17 3 Yes Yes

SYS-PRE-TRN-18 3 Yes Yes

SYS-PRE-TRN-19 3 Yes Yes

Pre operations - Installation

SYS-PRE-INS-1 3 Yes Yes

SYS-PRE-INS-3 3 Yes Yes
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Safety - Meteoroids

SYS-OP-SFT-M-1 3 21300 ፉ Protects for 6.86 ፌፉ
SYS-OP-SFT-M-2 3 Yes Yes

SYS-OP-SFT-M-3 3 Yes Yes

SYS-OP-SFT-M-4 ≈ ৔300 ፬ ≈ 1.5 ፡
SYS-OP-SFT-M-6 3 Yes Yes

SYS-OP-SFT-M-7 3 Yes Yes

SYS-OP-SFT-M-8 3 ! 0.98 0.9993

Safety - Radiation

SYS-OP-SFT-R-1 3 165 ፦ፆ፲ 78.3 ፦ፆ፲
SYS-OP-SFT-R-2 3 5 ፦ፆ፲/፲፞ፚ፫ 2.1 ፦ፆ፲

Life support - Internal Atmosphere

SYS-OP-LS-IA-1 3 No No

SYS-OP-LS-IA-2 3 69 � ፤ፏፚ 101 ፤ፏፚ
SYS-OP-LS-IA-3 3 � 102.4 ፤ፏፚ 101 ፤ፏፚ
SYS-OP-LS-IA-4 3 40 881፤፠
SYS-OP-LS-IA-5 3 Yes Yes

SYS-OP-LS-IA-6 3 ! 20 � & � 40� 21 �

SYS-OP-LS-IA-7 3 0 0

SYS-OP-LS-IA-8 3 40 � & � 70 40 � & �70

SYS-OP-LS-IA-9 3 Yes Yes

SYS-OP-LS-IA-12 3 Yes Yes

SYS-OP-LS-IA-15 3 Yes Yes

Life support - Water

SYS-OP-LS-W-1 3 668 � ፥ 2684 ፥
SYS-OP-LS-W-3 3 Yes Yes

SYS-OP-LS-W-4 3 34.1 � ፥ 34.2 ፥
SYS-OP-LS-W-5 3 Yes Yes

SYS-OP-LS-W-6 3 � 0.5 ፥ 0.5 ፥
SYS-OP-LS-W-7 3 � 1� 0.1�

SYS-OP-LS-W-9 3 Yes Yes

SYS-OP-LS-W-10 3 Yes Yes

SYS-OP-LS-W-11 3 Yes Yes

SYS-OP-LS-W-12 3 Yes Yes

Life Support - Food

SYS-OP-LS-F-1 3 Yes Yes

SYS-OP-LS-F-2 3 Yes Yes

SYS-OP-LS-F-3 3 3000 � ፤፜ፚ፥ 3000 ፤፜ፚ፥
SYS-OP-LS-F-4 3 Yes Yes

SYS-OP-LS-F-5 3 Yes Yes

SYS-OP-LS-F-6 3 50� 50�

Life Support - Waste Management

SYS-OP-LF-WST-1 3 No No

SYS-OP-LF-WST-2 3 No No

SYS-OP-LF-WST-3 3 Yes Yes

SYS-OP-LF-WST-4 3 Yes Yes

Life Support - Pressure

SYS-OP-SFT-P-2 3 Yes Yes

SYS-OP-SFT-P-4 3 10 � ፦Ꮅ 11 ፦Ꮅ
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SYS-OP-SFT-P-5 3 Yes Yes

SYS-OP-SFT-P-6 3 1 ፏፚ 1 ፏፚ
Life Support - Thermal Control

SYS-OP-LS-T-1 3 Yes Yes

SYS-OP-LS-T-2 3 Yes Yes

SYS-OP-LS-T-3 3 � 1 ፊ 0.1 ፊ
Life Support - Comfort

SYS-OP-LS-CF-16 3 � NC-50 � NC-50

SYS-OP-LS-CF-17 3 � NC-40 � NC-40

Life Support - Health Care

SYS-OP-LS-HC-1 3 Yes Yes

SYS-OP-LS-HC-2 3 Yes Yes

SYS-OP-LS-HC-3 3 Yes Yes

SYS-OP-LS-HC-4 3 Yes Yes

SYS-OP-LS-HC-5 3 Yes Yes

SYS-OP-LS-HC-6 3 Yes Yes

SYS-OP-LS-HC-7 3 Yes Yes

SYS-OP-LS-HC-8 3 Yes Yes

SYS-OP-LS-HC-9 3 Yes Yes

SYS-OP-LS-HC-10 3 Yes Yes

Communications

SYS-OP-COM-1 3 Yes Yes

SYS-OP-COM-2 3 Yes Yes

SYS-OP-COM-3 3 Yes Yes

SYS-OP-COM-4 3 5000 ፦ ! 5000 ፦
SYS-OP-COM-5 3 Yes Yes

SYS-OP-COM-6 3 Yes Yes

SYS-OP-COM-7 3 Yes Yes

SYS-OP-COM-8 3 Yes Yes

SYS-OP-COM-9 3 100 ፌ፛፩፬ 564 ፌ፛፩፬
SYS-OP-COM-10 3 100 ፌ፩፛፬ 564 ፌ፛፩፬

Command & Data Handling

SYS-OP-CDH-1 3 Yes Yes

SYS-OP-CDH-2 3 � 2 ፤ፖ 0.55 ፤ፖ
SYS-OP-CDH-3 3 99 99

SYS-OP-CDH-4 3 Yes Yes

SYS-OP-CDH-5 3 Yes Yes

SYS-OP-CDH-6 3 100 ፫ፚ፝ 1000 ፫ፚ፝
Power

SYS-OP-PWR-1 3 Yes Yes

SYS-OP-PWR-2 3 Yes Yes

SYS-OP-PWR-3 3 7.5 ፤ፖ in 12 days 7.5 ፤ፖ in 12 days

SYS-OP-PWR-4 3 18 ፤ፖ 19 ፤ፖ
SYS-OP-PWR-5 3 23 ፤ፖ for 1 hour 24 ፤ፖ for 1 hour

SYS-OP-PWR-6 3 ৓160 ፖ � 160 ፖ
SYS-OP-PWR-7 3 ৓200 ፖ 160 ፖ
SYS-OP-PWR-8 3 ৔500 ፖ 500 ፖ
SYS-OP-PWR-9 3 ৔4 ፤ፖ 4 ፤ፖ
SYS-OP-PWR-10 3 ৔1 ፤ፖ 1 ፤ፖ
SYS-OP-PWR-11 3 ৔2 ፤ፖ 2 ፤ፖ
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Astronauts Rover Vehicle

SYS-OP-ARV-1 3 2 people 2 people

SYS-OP-ARV-2 3 left/right left

SYS-OP-ARV-3 3 Yes Yes

SYS-OP-ARV-4 3 Yes Yes

SYS-OP-ARV-5 3 Yes Yes

SYS-OP-ARV-6 3 Yes Yes

SYS-OP-ARV-7 5 Yes Future development

SYS-OP-ARV-8 5 Yes Future development

SYS-OP-ARV-9 5 Yes Future development

Materials and Structures

SYS-OP-MAT-1 3 6 ፠ ! 6 ፠
SYS-OP-MAT-2 3 6 ፠ ! 6 ፠
SYS-OP-MAT-3 3 Yes Yes

SYS-OP-MAT-4 5 Yes Future development

SYS-OP-MAT-5 5 Yes Future development

SYS-OP-MAT-6 3 Yes Yes

SYS-OP-MAT-7 5 Yes Future development

SYS-OP-MAT-8 5 Yes Future development

SYS-OP-MAT-9 ≈ Yes partially designed for

SYS-OP-MAT-10 ≈ Yes partially designed for

Post operations - Expandability

SYS-POS-EXP-1 3 Yes Yes

Post operations - Sustainability

SYS-POS-SUS-2 ≈ Yes Partially designed for

SYS-POS-SUS-4 3 Yes Yes

SYS-POS-SUS-6 3 Yes Yes

SYS-POS-SUS-7 3 Yes Yes

SYS-POS-SUS-10 3 Yes Yes

SYS-POS-SUS-11 3 Yes Yes

SYS-POS-SUS-12 3 Yes Yes

SYS-POS-SUS-14 3 Yes Yes

SYS-POS-SUS-15 3 Yes Yes

SYS-POS-SUS-16 3 Yes Yes

SYS-POS-SUS-19 3 Yes Yes

15.2. Feasibility Analysis
In this section, the feasibility analysis will be performed. The rationale for all requirements that have not
been, or only partially complied to, will be provided. The requirements for which is mentioned ’future
development’ will not be evaluated, as there was not enough time for the team to develop the design to
such a level that these requirements could be met with certainty.

U-10: The habitat shall comply with the international legislation regarding Moon exploration.
After a detailed study of the Moon Agreement [183], two articles are found to be mentioned. First, Article
7 states the following:

7.1 In exploring and using the moon, States Parties shall take measures to prevent the disruption of the
existing balance of its environment, whether by introducing adverse changes in that environment,
by its harmful contamination through the introduction of extra-environmental matter or otherwise.
States Parties shall also take measures to avoid harmfully affecting the environment of the earth
through the introduction of extraterrestrial matter or otherwise.

117



7.2 States Parties shall inform the Secretary-General of the United Nations of the measures being adopted
by them in accordance with paragraph 1 of this article and shall also, to the maximum extent feasible,
notify him in advance of all placements by them of radio-active materials on the moon and of the
purposes of such placements.

This tells us measures to the greatest extend shall be made to not disrupt the Moon’s environment in any
way, and that the used power plant module is allowed on the Moon. However, the Secretary-General of the
United Nations shall be well-informed, far in advance of the start of the mission. At the end of the mission,
the power plant will be brought back to Earth. Then, Article 8 states:

8.1 States Parties may pursue their activities in the exploration and use of the Moon anywhere on or
below its surface, subject to the provisions of this Agreement.

8.2 For these purposes States Parties may, in particular:

8.2 a) Land their space objects on the Moon and launch them from the Moon;

8.2 b) Place their personnel, space vehicles, equipment, facilities, stations and installations anywhere
on or below the surface of the Moon;

8.3 Personnel, space vehicles, equipment, facilities, stations and installations may move or be moved
freely over or below the surface of the Moon.

Article 8.1 states the Moon can be used for activities of States Parties. Article 8.2 elaborates on this, and
states in 8.2 b) that States Parties are allowed to place facilities, stations and installations anywhere on
or below the surface of the Moon. Therefore, it can be concluded that it is allowed to sinter the surface
of the Moon to a certain extent. Only the minimum surface needed for the activity shall be sintered. As
this surface area is chosen in compliance with a high safety for the astronauts and minimum lunar dust
disruption during landing, it is believed that the plans do not contradict the Moon Agreement.

SYS-OP-SFT-M-4: The habitat shall have early warning systems for meteoroids with a kinetic
energy of more than 50 𝑀𝐽 at least 300 𝑠 before impact.
As was explained in subsection 8.1.7, with today’s technology there isn’t a reliable way of predicting most
of the meteoroids that will impact the Lunar surface. As mentioned, meteoroids are only detectable once
they emit some sort of energy. In this case, this is either when it passes through the Earth’s atmosphere
and leaves an ionising trail or at the moment of impact. From the meteoroids that hit the Earth-facing
side of the Moon, only a small part is detectable. These are the meteoroids that slightly pass through
the Earth’s atmosphere before heading for the Moon. As mentioned in subsection 8.1.7, the US Space
Surveillance Network’s collaboration is needed to detect and communicate possibly threatful meteoroids,
and meteoroids storms heading for the Moon. The approximated time of detection is estimated to be 1.5
ℎ, which assumed a speed of 70𝑘𝑚/𝑠 and the distance from Earth to the Moon. Nevertheless, there shall
always be meteoroids that have a possibility of striking the habitat and that can not be detected in advance
with today’s technology.

SYS-POS-SUS-2: No harmful contamination of space and celestial bodies shall take place by
the introduction of extraterrestrial matter.
The same procedure as is executed during any space mission will be executed during the building of all
parts. All parts will be build in clean rooms, and decontaminated after completion. This way, the amount
of extraterrestrial matter brought into space via contamination of systems is minimised. Using suitports,
the outside of the spacesuits will not enter the habitat, having no possible way of contaminate outer space.
Only when the airlock is opened, the left-over air will be put into outer space. As most of the air is already
sucked away during decompression of the airlock, this contamination is rather small.

SYS-POS-MAT-9 & SYS-POS-MAT-1
Both these requirements state that the habitat’s materials must be able to withstand the temperature
range and cycling of the Lunar environment. The analysis and design has been satisfied for regolith, which
is the material in direct contact with the Lunar environment. The exits and the materials of the rovers,
however, haven’t been checked to meet these requirements and shall require more verification for future
development.
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16
Conclusion

Building human presence on the Moon and beyond has been a goal for humanity since the beginning of
space exploration, with conceptual studies having been performed on the subject for over sixty years. In
this document, a detailed elaboration upon a concept for a 10-year Lunar habitat, chosen by a thorough
trade-off procedure is documented.

Starting with the conceptual trade-off, a concept featuring horizontally placed and docked cylindrical mod-
ules was chosen. The location of the mission was determined to be close to the Apollo 11 site, in the Mare
Tranquillitatis area, where relatively large, smooth and flat areas are present. These areas typically have
a rather thick layer of Lunar regolith. This is important because it will be used to shield the habitat from
radiation and meteoroids.

By means of thorough thermal, structural and radiation models it was determined that 1.2 𝑚 of Lunar
regolith was necessary to protect against the harmful cosmic background radiation. The analyses showed
that this was also abundant to protect against meteoroid impacts and keep a constant temperature inside
the habitat, which lowers thermal stresses.

The habitat itself will be consisting of four horizontally placed cylindrical structures, connected by a
central node and featuring one airlock module on an outward face of one of the cylinders. The node and
cylinders will provide 163𝑚ኽ of habitable volume, stretched over 67𝑚ኼ of floor surface area. The remaining
internal volume is used to house the subsystems.

To comply with the requirements regarding the functions the systems needs to perform, the main
subsystems were sized and investigated. A thorough literature study on the current developments of
Environmental Control and Life Support Systems (ECLSS) was performed to set a baseline for the design of
the system. The ECLSS and other subsystems will be managed by the Command and Data Handling (CDH)
system, for which an architecture ensuring almost perfect reliability is constructed, given the importance
and sensitivity of the system. To provide the power over the 14-day eclipses the Moon faces, a trade-off
between nuclear and photovoltaic power generation and their implications was conducted. Ultimately, two
KRUSTY nuclear fission reactors will be used to provide a continuous power supply of 20 𝑘𝑊 to the habitat
at all times. Two antenna dishes will provide communications to Earth’s ground stations at a data rate of
over 500 𝑀𝑏𝑝𝑠 with a round-trip time of about 2.71 𝑠.
At this stage, most subsystems had been designed in sufficient detail to initiate an investigation of the
logistics and mission profile. To this end, a comprehensive table detailing the planning of the 19 weeks that
stretch from the launch of the first module to the arrival of the first crew was created. This phase in the
mission will be critical and proves to be a logistic challenge. Rovers will first be landed on the Lunar surface
to prepare it by sintering for the arrival of the habitation modules, and they will assemble the habitat before
the crew arrives to finalise the system for use, starting their one-year mission on the Moon.

Concurrently, all subsystems were integrated into a coherent system, and all subsystems were fitted
geometrically in the habitat to create the definitive internal design. The final budgets could be updated
from parametric estimations to estimations based on a build-up from the components of the system, which
yields more accurate estimates. The total mass will be 87,309 𝑘𝑔, the total pressurised volume will be 466
𝑚ኽ, and the system will require an average power of 16,463 𝑊. The final cost investigation concluded a
cost of ভ29,8 billion.

Proper system design, especially in a harmful environment such as that of the Moon, requires all risks
to be investigated and accounted for. To make sure the team had not neglected to include any risks to
this mission, a systematic approach was used to identify mission weak points and mitigate them where
necessary.

Conclusively, it was determined that there is still a lot of work to be done before a manned station on
an extraterrestrial body will be realised. However, as the efforts presented in this document show, it is
certainly not impossible for humans to evolve beyond Earth.
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A
Functional Analysis

Figure A.1: Functional flow diagram of the product: first and second levels
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Figure A.2: Functional breakdown diagram of FB 3, 4 and 6: second and third levels
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Figure A.3: Functional breakdown diagram of FB 5: second and third levels FB 5.1-5.9
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Figure A.4: Functional breakdown diagram of FB 5: second and third levels FB 5.10-5.17
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B
List of Requirements

User
U-1 The habitat shall provide a living and working space for four astronauts;

U-2 The habitat shall be able to host the crew for at least one year at a time;

U-3 The habitat shall remain in the same location it was constructed for 10 years;

U-4 The habitat shall have such environmental conditions that the inhabitants can use the same outfits compared to those worn
in the ISS;

U-5 The habitat shall provide a safe and relatively relaxed space to live, sleep, and work;

U-6 The habitat shall be fully operational for a duration of at least 10 years;

U-7 The habitat shall be situated on either the Apollo 11 or 17 landing site;

U-8 The habitat shall remain on the Moon at the end of its life as a derelict entity.

U-9 The constraints imposed by transport to the Moon and its assembly shall be considered;

U-10 The habitat shall comply with the international legislation regarding Moon exploration;

U-11 The habitat shall provide a reliable and safe environment by protecting the astronauts against all hazards that may occur on
the Moon surface, such as strongly fluctuating temperature, micrometeoroid impact, high radiation levels, and lack of oxygen.

U-12 The supply installation for energy, air, food, communication, and all other subsystems shall be defined as to requested capacity;

U-13 The transportation of habitat construction material to the Moon shall be done by launchers that are commercially available no
later than 2018;

U-14 The habitat construction elements and any payload transported to the Moon shall be able to withstand the loads introduced
by the launching system;

U-15 The system shall have adequate backup facilities to allow the safe return of the astronauts to Earth under all conditions;

U-16 The design or transportation of the additional equipment to be used at a later stage for the actual Moon exploration shall be
ignored;

U-17 The all-inclusive cost of research, development, manufacturing, transport, deployment, usage, and disposal shall not exceed
500000 €/፤፠ of material delivered to the Moon;

U-18 The habitat system shall be designed to be operated in a gravitational acceleration of 1.6 ፦/፬Ꮄ;
U-19 The habitat system design shall allow for future expansions.
Pre operations - Transfer to the Moon

SYS-PRE-TRN-1 Each payload shall have a dry mass lower than 11.9 ፭;
SYS-PRE-TRN-2 The transfer vehicle structure shall be able to withstand an axial load of 4.5 ፠ during launch without sustaining any damage;
SYS-PRE-TRN-3 The transfer vehicle structure shall be able to withstand a lateral load of 2 ፠ during launch without sustaining any damage;
SYS-PRE-TRN-6 The maximum acceleration during transfer shall not exceed 4.5 ፠;
SYS-PRE-TRN-10 The system shall provide a minimum of 3.3 ፤፦/፬ delta-V;
SYS-PRE-TRN-13 The landing system shall ensure a landing accuracy of at least 50 ፦;
SYS-PRE-TRN-17 The launcher shall not use PBAN propellant;

SYS-PRE-TRN-18 The launcher shall not use APCB propellant;

SYS-PRE-TRN-19 The launcher shall not be fully expendable;

Pre operations - Installation

SYS-PRE-INS-1 The construction of the habitat shall comply with the ESA sustainability strategy;

SYS-PRE-INS-3 The system has to be able to transfer all landed elements to the designated habitat location;

Safety - Meteoroids

SYS-OP-SFT-M-1 The habitat shall provide protection against meteoroids with a maximum kinetic energy release of 21300 ፉ;
SYS-OP-SFT-M-2 The habitat shall include an emergency alert in case of meteoroid impact;

SYS-OP-SFT-M-3 The habitat shall have measures in place to ensure mission continuity in case of an impact of meteoroid with a total kinetic
energy release of 50 ፌፉ;

SYS-OP-SFT-M-4 The habitat shall have early warning systems for meteoroids with a kinetic energy of more than 50 ፌፉ at least 300 ፬ before
impact;

SYS-OP-SFT-M-6 Procedures manuals in case of a critical meteoroid impact shall be present in the habitat;

SYS-OP-SFT-M-7 The outer layer of the habitat shall not be damaged by meteoroids;

SYS-OP-SFT-M-8 The habitat shall be protected for a PNP of at least 0.98.
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Safety - Radiation

SYS-OP-SFT-R-1 The interior radiation levels shall not exceed 165 ፦ፆ፲/፲፫;
SYS-OP-SFT-R-2 The habitat shall include a system that measures internal and external radiation with an accuracy of at least 5 ፦ፆ፲/፲፫.

Life support - Internal Atmosphere

SYS-OP-LS-IA-1 The habitat shall contain no gases in toxic quantities;

SYS-OP-LS-IA-2 The internal atmosphere of the habitat shall be at least 69 ፤ፏፚ;
SYS-OP-LS-IA-3 The internal atmosphere of the habitat shall be at most 102.4 ፤ፏፚ;
SYS-OP-LS-IA-4 An oxygen supply of at least 40 ፤፠ shall be present in the habitat;
SYS-OP-LS-IA-5 Oxygen shall be provided to every interior area of the habitat;

SYS-OP-LS-IA-6 The internal air composition of the habitat shall contain between 20� and 40� of oxygen;

SYS-OP-LS-IA-7 The internal air of the habitat shall not contain hazardous particles that have a NFPA rating in any category larger than 0 [184];

SYS-OP-LS-IA-8 The internal humidity of the air in the habitat shall be in the range of 40� to 70�;

SYS-OP-LS-IA-9 The carbon dioxide content of the air inside the habitat shall be below 0.4�;

SYS-OP-LS-IA-12 The dewpoint temperature shall be within the range of 278 ፊ and 289 ፊ during normal operations;
SYS-OP-LS-IA-15 The habitat shall include a systems that can detect BMD levels from 1� as defined by The National Academies [185].

Life support - Water
SYS-OP-LS-W-1 The habitat shall have a water supply storage of at least 668 ፥;
SYS-OP-LS-W-3 A redundant water recycling system shall be present;

SYS-OP-LS-W-4 The water system shall provide at least 34.1 ፥ drinkable water per day;
SYS-OP-LS-W-5 The redundant water supply system shall sustain the crew for at least 12 days;

SYS-OP-LS-W-6 The habitat shall include systems that can measure water levels with an accuracy of 0.5 ፥;
SYS-OP-LS-W-7 The habitat shall include systems that can measure water purity with an accuracy of 1� of the toxic quantities as defined by

The National Academies [185];

SYS-OP-LS-W-9 The water system shall provide cold water at 277 q3 ፊ;
SYS-OP-LS-W-10 The water system shall provide ambient water at 294 q5 ፊ;
SYS-OP-LS-W-11 The water system shall provide hot water up to 339 ፊ;
SYS-OP-LS-W-12 The temperature of the crew hygiene water shall be adjustable from 294 to 318 ፊ.

Life support - Food
SYS-OP-LS-F-1 The redundant food supply shall sustain the crew for at least 12 days;

SYS-OP-LS-F-2 The quality of the food present in the habitat shall comply with Regulation (EC) No 178/2002 of the European Union [186];

SYS-OP-LS-F-3 At least 3000 ፊ፜ፚ፥ shall be available per person per day;
SYS-OP-LS-F-4 Maximum 35� of the ፊ፜ፚ፥ consumed by astronauts shall come from lipids;

SYS-OP-LS-F-5 The food supplied to astronauts shall have a below average sodium content;

SYS-OP-LS-F-6 At least 50� of the food provided to astronauts shall be fresh.
Life support - Waste

SYS-OP-LF-WST-1 The disposal of waste shall not disrupt the Moon’s environment;

SYS-OP-LF-WST-2 No waste shall be left on the Moon at the EOL;

SYS-OP-LF-WST-3 All living spaces shall be scanned for waste and contamination at EOL;

SYS-OP-LF-WST-4 All waste shall be disposed at end of operation.

Life support - Pressure

SYS-OP-SFT-P-2 Single habitat modules shall be able to be depressurised;

SYS-OP-SFT-P-4 The EVA airlocks shall have a minimum volume of 10 ፦Ꮅ;

SYS-OP-SFT-P-5 The pressure inside the airlock shall not exceed the internal habitat pressure;

SYS-OP-SFT-P-6 The habitat shall include systems that can measure cabin pressure with a 1 ፏፚ accuracy;
Life support - Thermal control

SYS-OP-LS-T-1 The internal air temperature of the habitat shall be between 292 and 300 ፊ during normal operations;
SYS-OP-LS-T-2 The habitat shall contain a redundant temperature control system;

SYS-OP-LS-T-3 The habitat shall include systems that can measure internal and external temperature with an accuracy of 1 ፊ.
Life support - Comfort

SYS-OP-LS-CF-16 The level of noise shall be kept below NC-50;

SYS-OP-LS-CF-17 The level of noise shall be kept below NC-40 in both the sleeping cabin and the quiet room.

Life support - Health care

SYS-OP-LS-HC-1 The habitat shall include standard first aid medical equipment;

SYS-OP-LS-HC-2 The habitat shall have a health monitoring system;
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SYS-OP-LS-HC-3 The astronauts shall be trained to operate all first aid and medical equipment present in the habitat;

SYS-OP-LS-HC-4 The habitat shall include exercise facilities for the astronauts;

SYS-OP-LS-HC-5 Astronauts performing the mission will need to obtain a JAR-FCL 3, Class 2 medical examination certificate or equivalent such
as those from the Federal Aviation Authority (FAA);

SYS-OP-LS-HC-6 The astronauts performing the mission shall be medically examined and comply with the requirements from [187];

SYS-OP-LS-HC-7 There shall be contact available with a psychiatrist in case of mental health problems;

SYS-OP-LS-HC-8 There shall be contact available with a medic in case of physical health problems;

SYS-OP-LS-HC-9 Emergency health protocols shall be present in case an astronaut experiences health issues;

SYS-OP-LS-HC-10 The exercise facilities shall include a water dispenser.

Communication

SYS-OP-COM-1 The habitat shall facilitate continuous communication to Earth by video to the ground station on Earth;

SYS-OP-COM-2 The habitat shall facilitate continuous communication to Earth by audio to the ground station on Earth;

SYS-OP-COM-3 The habitat shall facilitate continuous communication to Earth by text to the ground station on Earth;

SYS-OP-COM-4 There shall be audio communication available between astronauts within a range of at least 5000 ፦ from each other at all
times;

SYS-OP-COM-5 The communication system shall be fully redundant;

SYS-OP-COM-6 The habitat shall be able to perform communication system checks;

SYS-OP-COM-7 Private communication to Earth shall be available for every astronaut;

SYS-OP-COM-8 The private communication shall be available 24/7;

SYS-OP-COM-9 The downlink of the communication system shall be at least 100 ፌ፛፩፬;
SYS-OP-COM-10 The uplink of the communication system shall be at least 100 ፌ፛፩፬.

Command & data handling

SYS-OP-CDH-1 The CDH system shall provide an overview of the status of all electronic systems in the habitat;

SYS-OP-CDH-2 The CDH system shall consume less than 2 ፤ፖ;
SYS-OP-CDH-3 The CDH shall have a total system reliability of 99 �;

SYS-OP-CDH-4 The CDH system shall be fully redundant;

SYS-OP-CDH-5 The CDH system shall be able to check that it is running nominally;

SYS-OP-CDH-6 The CDH system shall operate nominally after a 100 ፫ፚ፝ dose.
Power

SYS-OP-PWR-1 The habitat shall have a power system that does not require resupply from Earth to complete a one year mission;

SYS-OP-PWR-2 There shall be a central power management unit in the Lunar habitat;

SYS-OP-PWR-3 The redundant power system shall provide average power of at least 7.5 ፤ፖ for at least 12 days;

SYS-OP-PWR-4 The power system shall provide an average power of at least 20 ፤ፖ;
SYS-OP-PWR-5 The power system shall provide a minimum peak power of 25 ፤ፖ for 1 hour;

SYS-OP-PWR-6 The communication system shall not have an average power exceeding 160 ፖ;
SYS-OP-PWR-7 The communication system shall have a maximum peak power of 200 ፖ;
SYS-OP-PWR-8 In case of emergency, minimum 50 ፖ shall be available for the back-up communication systems;

SYS-OP-PWR-9 In case of emergency, minimum 4 ፤ፖ shall be available for the ECLSS;

SYS-OP-PWR-10 In case of emergency, minimum 1 ፤ፖ shall be available for the CDH system;

SYS-OP-PWR-11 In case of emergency, minimum 2 ፤ፖ shall be available for the maintenance facilities systems.

Astronaut rover vehicle

SYS-OP-ARV-1 The ARV shall accommodate two seated astronauts wearing spacesuits;

SYS-OP-ARV-2 The ARV shall be operated by either the left or the right astronaut;

SYS-OP-ARV-3 The ARV shall carry payload, including astronauts, tools, science equipment, cameras, etc.;

SYS-OP-ARV-4 The ARV shall be designed in such way that it can be folded inside the lander;

SYS-OP-ARV-5 The ARV shall operate in the harsh vacuum environment of the Moon;

SYS-OP-ARV-6 The ARV shall be regolith-resistant;

SYS-OP-ARV-7 The ARV shall withstand temperatures between -160 to �125 ∘ፂ;
SYS-OP-ARV-8 The ARV shall be designed for maximum static and dynamic stability on slopes up to 45∘;

SYS-OP-ARV-9 The tires of the ARV shall be able to withstand the rough surface of the Lunar soil for its operational lifetime.

Materials

SYS-OP-MAT-1 No materials shall buckle under launch/landing forces of a maximum of 6 ፠;
SYS-OP-MAT-2 No materials shall plastically deform under the launch/landing forces of a maximum of 6 ፠;
SYS-OP-MAT-3 All Lunar dust shall be removed when entering the living area of the habitat;
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SYS-OP-MAT-4 All Lunar dust shall be removed when entering the lunar orbital lander;

SYS-OP-MAT-5 All Lunar dust shall be removed when entering the TV cabin;

SYS-OP-MAT-6 Every system in direct contact with Lunar environment shall maintain its function for its operating lifetime, despite the abrasive
nature of the Lunar regolith;

SYS-OP-MAT-7 The space suits shall have a lifetime of at least one year;

SYS-OP-MAT-8 The space suits shall have a continuous operating time of at least 8 hours;

SYS-OP-MAT-9 Habitat material in direct contact with the Lunar environment shall be able to withstand a temperature range of 99 to 380 ፊ
without transition;

SYS-OP-MAT-10 Each habitat material in direct contact with the Lunar environment shall be able to withstand a temperature cycling range of
281 ፊ for a minimum of 120 cycles;

Expandability

SYS-POS-EXP-1 The building site shall have attachment facilities;

Sustainability

SYS-POS-SUS2 No harmful contamination of space and celestial bodies shall take place by the introduction of extraterrestrial matter;

SYS-POS-SUS4 During the operational phase of the mission, a complete and thorough update on the mission shall be given at least every 30
days;

SYS-POS-SUS6 Any information derived from the mission shall only be used for scientific purposes;

SYS-POS-SUS7 Detailed mission information shall only be shared with parties upon agreement of not using it for commercial reasons;

SYS-POS-SUS10 No waste shall be left on the Moon at the EOL;

SYS-POS-SUS11 All living spaces shall be scanned for waste and contamination at EOL;

SYS-POS-SUS12 All subsystems shall be shut down at EOL;

SYS-POS-SUS14 All supplies shall be emptied or stored at end of operation;

SYS-POS-SUS15 All living spaces shall be sterilised at end of operation;

SYS-POS-SUS16 All living spaces shall be sterilised at EOL;

SYS-POS-SUS19 The system shall be able to scan the internal area for organic substances;
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