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To advance long-term human exploration of the Moon and beyond, developing resilient deep
space habitats capable of autonomous operation during both manned and unmanned periods
is crucial. Earth-based buildings allow for immediate maintenance and access to external
resources. In contrast, damages and disruptions to deep space habitats (e.g., micrometeorite
impacts, moonquakes, internal fire, sensor failures, power outages, etc.) will be extremely
challenging to address due to the unique conditions in space. Given the inevitability of such
disturbances, resilient designs would not only minimize the likelihood of system failure, but
also mitigate overall risks. Therefore, design evaluations of resilient deep space habitats under
various potential disturbances at the early design phase are necessary before deployment. This
paper introduces a resiliency-based design evaluation framework for deep space habitats, using
a deterministic structural-based habitat simulator (HabSim) along with a performance-based
quantitative resilience assessment. HabSim generates various habitat behaviors to assess the
performance and resilience of designs of the habitat through known resilience assessment
metrics. An illustrative case study is included to demonstrate the effectiveness and capabilities

of this evaluation framework.

Nomenclature
A = area, m?
Cp = gpecific heat at constant pressure, kJ/kg — K
dt = time step, s
E = total energy, kJ

= gravitational acceleration, m/s?

8

Gy = direct normal solar radiation, W/ m?
h = gpecific enthalpy, kJ/kg

km = porous media permeability, m>
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K, = valve flow coefficient, -

[ = extended length of the radiator fin, m
m = mass, kg
m = mass flow rate, kg/s

= pressure, kPa

PS = Performance state, -

0 = heat transfer rate, kW

r = radius of the tube, m

SV = state variable, °C, kPa, etc.

T = temperature, °C

u = specific internal energy, kJ/kg

U = internal energy, kJ

Uy = convective heat transfer coefficient, kW / m2K
% = mean velocity, m/s

1% = volume, m?

w = half thickness of the radiator fin, m

Wy = weight factor of the severity range, -

W = rate of the boundary work done, kW

z = height at which mass transfer through the boundary, m
o = density, kg/m>

= thermal conductivity, kW /m — K

U = dynamical viscosity, Pa — s
e = emissivity, -

a = absorptivity, -

AP = pressure drop or difference, kPa
0 = Latitude, °

0 = thickness of the dust layer, m
y = area fraction of dust cover, -
nr = efficiency of the radiator fin, -
H = Heaviside step function, -

Rr = recovery resilience metric, s
Rloss = resilience loss metric, s



Subscripts

COE = conservation of energy equation
COM = conservation of mass equation
conv = convection

cv = control volume

d = dust

e = outlet

f = internal fire or fluid

hg = heat gain

i = inlet

leak = leakage

r = radiator fin surface

rel = relief

sup = supply

t = air storage tank

v = valve

w = interior wall

I. Introduction

or decades, there has been a persistent endeavor to establish a sustainable human presence in space. The Mir
Fspace station lasted 15 years, which was three times longer than its planned mission duration [1]]. The International
Space Station (ISS) began its service in 1998 as an international space research laboratory [2] and has hosted more than
270 astronauts for extended periods of time. As the ISS is aging, NASA’s next vision is to establish a more permanent
presence on the Moon (both in orbit and on its surface) and eventually on Mars. Building space habitats is one of the
key steps in the Artemis program led by NASA to provide a base camp for astronauts. Furthermore, these habitats
will act as a communication hub for the Earth, research laboratories, and testbeds for future planetary missions [3]].
Habitats will allow scientific research and technology development in various fields of engineering and science. For
example, habitats can facilitate the study of astronomy, physics, physiological and psychological human health in
space [4,15]. It also enables the development of structural design, facilities and equipment, power generation, energy
storage, Environmental Control and Life Support Systems (ECLSS), and robotic operating systems on the Moon and in
preparation for Mars missions [6H8]]. Particularly in lunar habitats, important areas of investigation including using

lunar regolith as a source of oxygen and water supply [9} [10], the Moon’s geology [[11]], lunar space weather [12 [13]],



lunar base operations [14}[15], and lunar navigation [16]. These research efforts are part of the preparation for further

deep space exploration beyond Mars [17].
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Fig.1 A preliminary conceptual design of a lunar habitat.

To fulfill their designed purposes and required functionalities, deep space habitats need to be a system of systems
(SoSs), which involves the integration of complex subsystems that operate independently and interact with each other
in a synergistic way to enable various functionalities that cannot be achieved by a single independent subsystem
[3,18-20]. Resilient Extra-Terrestrial Habitat Institute (RETHi)" has conceptualized different designs of deep space
habitats, specifically habitats considering lunar environmental conditions, as graphically illustrated in Fig. [I] [21]]. The
Interior-Environment (IE) represents an inhabitable space within the habitats with various electrical equipment and
devices. Its conditions, such as temperature, pressure, and humidity, must be maintained at the desired level for the
safety of astronauts, equipment, and scientific research samples. The Structural System (ST) comprises multiple layers
of advanced materials designed to shield habitats from harsh lunar conditions and physical threats such as moonquakes
and micrometeorites, serving as an inner protective layer. The Structural Protective Layer (SPL) serves as an outer
covering for the habitats and is designed to insulate them from severe thermal conditions in the surrounding environment.
This layer is made of lunar regolith, as it is a good insulator with a low thermal conductivity of approximately
1.15x 103 Wm~' K~! [22]. The Power System (PW) consists of batteries and converters in the habitats, a solar

photovoltaic (PV) power generator, and a nuclear power generator in the exterior environment to be able to generate

*The Resilient Extra Terrestrial Habitat institute webpage: https://www.purdue.edu/rethi/



enough energy and store it during a lunar day to survive during a lunar night. ECLSS in ISS has numerous subsystems,
including Atmosphere Control and Supply (ACS), Atmosphere Revitalization System (ARS), Temperature and Humidity
Control (THC), Water Recovery and Management (WRM), as well as Vacuum System (VS) [23]]. To communicate with
ground control on Earth, habitats need a Communication Network (CN). Moreover, habitats must be operable not only
during manned mission periods, but also during periods in the absence of a crew by incorporating Command and Control
(C2). Lastly, intelligent robots, named Agent (AG), will properly maintain, repair, and recover any damaged equipment.
It is envisioned that future habitat will feature multiple subsystems to meet performance and standard requirements.

Due to the harsh environmental conditions in space (e.g., near-vacuum, intense solar radiation, extremely fluctuating
surface temperatures, etc.), deep space habitats will be subjected to numerous potential disturbances. Given that these
habitats are expected to serve for over a decade and will contain multiple interconnected subsystems to perform complex
functionalities, habitats will inherently feature various uncertainties and unexpected changes in system operation.
Moreover, disruptive events, such as micrometeorite impacts and moonquakes, can affect the reliability of habitats
either directly or indirectly; disruptive events can damage habitats directly, while extreme environmental conditions
will accelerate habitat degradation. Additionally, space habitats will not be easily receiving immediate support and
maintenance from Earth or low orbit stations. Consequently, it is important for habitats to be resilient and sustainable
for long-term missions in these severe conditions of space [24, [25]]. This necessity entails that habitats should integrate
multiple essential subsystems that need to function consistently even with some level of degradation and be recovered
quickly due to the crucial roles they play.

Many researchers in various fields of engineering and science have investigated and evaluated the resilience of a
system and SoSs, proposing assessment methodologies and suggesting resilience enhancement strategies, as summarized
in Table[I] To enhance the resilience of systems, designers and engineers can have two improvement approaches:
1) refining system designs through adjustment in configurations, capacities, redundancy [26-32]], and 2) optimizing
necessary operating strategies including optimal repair rates and sequences, setpoint control algorithm, partial repairs
[31,133H37]. For space applications, specifically deep space habitats, modifying system design configurations might not
provide sufficient resilience enhancement to respond to challenging space environments; system operating strategies,
including repair and recovery actions, must be integrated into overall systems’ designs to support habitats that can
withstand and respond to disruptive events to reduce overall risk instead of avoiding potential failures [38]]. However,
evaluating the resilience of deep space habitats and exploring the required intervention of them have been studied little.
Some design configurations of ECLSS and its optimal control algorithms have been investigated at the system-level,
not at the habitat-level [28 30l 36]]. Furthermore, each subsystem will be closely coupled with others in future space
habitats, so having a habitat-level simulation model with flexibility of design and operating strategy modifications is
required to investigate habitat behaviors and responses before, during, and after disruptive events.

To overcome current research gaps and further the study of resilient deep space habitats, this paper introduces



Table1 Summary of literature review on resilience evaluation and enhancement.

Year Authors Application Disruption Resilience improvement approach
2008 Castet and Saleh [26] Spacecraft Degradation System design

2010 Cimellaro et al.[33] Health care facility Earthquake Operating strategy

2012 Henry and Ramirez-Marquez [34] Road network Rock slide / flood Operating strategy

2015 Guet al. [27] Manufacturing systems Machine degradation System design

2016 Adjetey-Bahun et al. [35] Transportation systems Excessive passengers Operating strategy

2018 Balchanos et al. [28] Advanced Life Support system Life support risks System design

2018 Moslehi and Reddy([29] Integrated energy systems Component failures System design

2018 Matelli and Goebel [30] ECLSS Functional failures System design

2019 Xing et al. [31] Sensor network system Sensor malfunction System design & Operating strategy
2021 Zhang et al. [32] Cooling strategies Heat wave / power outages System design

2021 Rines et al. [36] ECLSS Degradation Operating strategy

2022 Abbasnejadfard, et al. [37] Urban transportation network Earthquake Operating strategy
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Fig. 2 Flow diagram of the proposed framework.

a comprehensive and generic resilience-based design evaluation framework as illustrated in Fig. 2. The framework

consists of a structural-based simulation model and a performance-based resilience assessment. RETHi has developed



a deep space habitat simulator, HabSim, which integrates multiple subsystems, including SPL, ST, IE, ECLSS, and
more [21}[38]]. This simulator enables users to understand and evaluate habitat behaviors under various conditions,
employing different design configurations and operating strategies. HabSim is modularized at subsystem-level, allowing
for easy modification and the replacement of subsystem modules with new numerical components. This modeling
approach enables the simulator to produce data across component, subsystem, and habitat levels due to its distinct
architecture. Furthermore, researchers can input various interventions into HabSim, such as repair sequence, repair rate,
and resource availability. Hypothetically defined disruptive events in HabSim can change habitat behaviors to allow
researchers to investigate habitat responses before and after events and optimize habitat design or operating strategies to
assess their resilience. In this paper, the overall architecture of the simulation model is introduced, along with details of
two subsystem modules, IE and ECLSS. Additionally, the performance-based resilience assessment is discussed to
demonstrate the capability of the resiliency-based design evaluation framework. Lastly, an illustrative case study is

conducted to demonstrate the proposed framework.

II. A Structural-based Simulation Model
Due to the unique challenges of the space environment, an in-depth investigation of deep space habitats is essential
to understand their complex dynamical behaviors including responding to disturbances and potential uncertainties
during the early design phase. HabSim, a deterministic structural-based simulation model, is developed to replicate
realistic habitat configurations by numerically modeling and integrating each component, enabling the investigation of
the system’s behaviors and performances under various conditions [21]]. In this section, the architecture of HabSim and
its features are described. Furthermore, two of the eight subsystem modules are introduced, which are mainly used for an

illustrative case study provided in this paper. More detailed and general information on HabSim is provided in Ref.[21].

A. HabSim: Modular Coupled Virtual Testbed

HabSim is a modular coupled virtual testbed in Simulink (MATLAB-based graphical programming environment)
[39], as described in Fig.[3] This model simulates the behaviors and responses of a deep space habitat with initial
and boundary conditions, disturbance input, and predefined intervention (i.e., agent actions), including repair and
recovery action strategies. Based on a deep space habitat design conceptualized within RETHi and illustrated in Fig. [T}
multiple subsystems are developed independently and integrated with each other in a single Simulink model. The
Simulink model consists of nine coding blocks, including Structural Protective Layer (SPL), Structural System (ST),
Interior-Environment (IE), Environmental Control and Life Support System (ECLSS), Power System (PW), Agent
(AG), Communication Network (CN), and Disturbance Block (DB), as well as Coordinate Block (CB) which collects
and distributes data from one block to another. The SPL, ST, IE, ECLSS, and PW represent the physical structure,

equipment, or space within the habitat, while the CN and DB serve as a communication tool to ground control on Earth



and a disturbance generator, respectively. The AG indicates an intelligent robot that can be activated based on predefined

action strategies to repair and recover damaged components.

ICs & BCs (MATLAB file)
+ Initial values of state variables
» Environmental boundary conditions (e.g., lunar, Mars, etc.)
+ Design parameter values

Disturbances (MATLAB file) Agent Action Details (csv file)
* Intensity level * Repairrate

* Location * Repair order

+ Starting time * Resources

*  Duration » Distances

e

HabSim: Modular Coupled Virtual Testbed (Simulink Env.)

Fig. 3 Overview of simulation architecture of HabSim.

This architecture of the simulation model provides significant benefits to users and researchers; Users can run a
simulation with some or all the subsystems depending on their research purpose and scope by replacing unnecessary
subsystem blocks with constant boundary conditions. This modeling approach allows for simplicity of study and faster
simulation running time by reducing computational cost. For example, researchers can deactivate the SPL and ST
modules and provide constant boundary conditions for the IE if they are only interested in the interior environment
of the habitat with ECLSS, assuming constant interior wall surface temperature [40]. Furthermore, engineers and
designers can investigate different habitat design configurations by either modifying or replacing the existing subsystem
block with a new block in which they have an interest. For instance, engineers can develop a new ECLSS module with
different configurations or capacity of the system and replace the previous block with the new one to compare their
efficiency. In addition, decision makers, including designers, engineers and others who will make a decision in the early
design phase, can explore optimal repair and recovery action strategies by implementing modifying input files of the
AG action policies. Lastly, researchers can adjust the initial and boundary conditions to study the habitat at a specific

location, such as the surface of the Moon and orbit of Mars.



HabSim is a physics-based real-time deterministic simulation model with hypothetically designed disturbances. The
primary purpose of HabSim is to investigate the performance and responses of habitats to changes or damage events with
various system configurations and operating strategies during the early design phase [25]. Utilizing physics equations
and featuring intermediate fidelity, HabSim provides sufficiently realistic and complex trends in habitat behaviors and
performances, even before deployment. Moreover, this model offers researchers the opportunity to enhance the resilience
of future habitat designs, thereby enabling long-term space exploration. The deterministic nature of HabSim makes it
particularly useful for worst-case analysis and is well-suited for assessing specific types and degrees of disruptions,
despite neglecting randomness and uncertainties due to limited information. These capabilities enable researchers
to evaluate habitat designs and improve resilience by effectively preparing for potential risks. This investigation of
efficient risk management can be accomplished through adequately realistic simulation results, which are not achievable
with fast, low-fidelity simulation models. Currently, HabSim is used to analyze habitat behaviors in various damage
scenarios over certain periods. However, the results are significantly meaningful as they can be consistently utilized in
future habitats to address various repeated unforeseen changes or disruptive occurrences.

HabSim is a comprehensive simulator with numerous capabilities and features. This paper focuses mainly on the IE
and ECLSS modules to investigate habitat performances due to a disruptive event. Lunar environmental conditions and
corresponding material properties are implemented in the model to investigate lunar habitats. The damage propagation

network indicating cascading effects due to disruptive events is illustrated in Fig. 4]
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Fig. 4 Simplified network diagram of HabSim damage propagation and cascading effects.



B. Module 1: Interior-Environment

The IE module represents an interior habitable space within a multi-zonal lunar habitat. The air temperature,
pressure, and rate of change of these variables in the interior of the habitat are tracked in real-time using physics
equations. The IE interacts with numerous other habitat subsystems, including the thermal and pressure control systems
in the ECLSS, the interior wall surface temperature and the radius of a potential leak in the ST, the heat gain from the
PW and the ECLSS, and the disturbance data from the DB. In addition, the IE has its own heat sources, which is the
heat from the crew. To connect the zones, a pocket door is placed in the center of a wall between the zones. Normally,
the pocket door is open so that crew members can enter. The door can be closed for safety purposes to isolate a zone
that has been damaged as a result of a disruption scenario (e.g., a meteorite impact and internal fire) from the other
health zones. When this door is open, the IE model can detect air convection through it. In contrast, air convection is
cut off and removed from the governing equations when the door is closed.

A quasi-static zero-dimensional lumped model approach has been developed to predict indoor air temperature and
pressure within each zone while accounting for multiple mass and energy flow interactions through the boundaries and
within the habitat space. Since the temperature and pressure in each zone are calculated at a single node, the lumped
model entails well-distributed thermodynamic properties within the zone. However, this approach is still robust and has
a low computational cost, so it has a strong advantage, enabling real-time simulation.

The mechanism by which mass and energy flow into and out of the control volume is shown in Fig.[5} Since the IE
model is based on a lumped method to generate air temperature and pressure data with the given boundary conditions
from other subsystems, a single node is used to represent a whole control volume. The temperature and pressure are
calculated at the node, and it is assumed that the temperature and pressure are uniform in the control volume. The
lumped system approach is a typical method to generate the simplest energy flow prediction model for buildings or any

open system [41H43]].
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Fig. 5 A schematic of an open control volume system with boundary conditions.

The control volume approach is based on a set of governing equations which are used to capture the change in

10



mass, temperature, and pressure in the habitat. While detailed explanations of each term are provided in Ref.[40], the

governing equations are briefly discussed in the following subsections.

1. Mass balance equation

The zero-dimensional conservation of the mass of dry air equation with a lumped method is described as follows.

d . .

= msup — Nyl — Mieak £ Meony

ey

where m., is the mass of the air inside the control volume, #ni; and #i, are the entering and exiting mass flow rate of the
air crossing the boundary of the control volume, 7, and #1,.; are the mass flow rate of the supply and relief air by
ECLSS, mijeqk is the mass flow rate of the air leakage, and ., is the mass flow rate of the air convection between

two control volumes.

2. Energy balance equation
The zero-dimensional conservation of energy equation for an open control volume system is described as follows.
dE . . , v? , V2
?"“=QCV—WCV+Zmi(m+7‘+gzi)—;me(hﬁfmze) )
where E., is the energy in the control volume, Q. is the heat transfer rate added to the control volume, W,.,, is the
rate of the boundary work done, 7 is the specific enthalpy of the air, v is the mean velocity of air, g is the gravitational
acceleration, and z is the height at which mass transfer through the boundary occurs [44]. This base formulation can

be further simplified by assuming the kinetic and potential energy and boundary work terms to be negligible. By

implementing the given boundary conditions, the energy balance equation becomes the following equation.

dU.y
dr

=Qw +QEcLss + Z th,k + Qf + msupht - (mrel + mleuk)hcv * convhcony (3)
k

where Qw is the heat transfer rate of convection and radiation of the interior wall, Q ecLss is the thermal load by
ECLSS, Q hg,;j 18 the heat gain, 0 £ is the heat transfer rate from an internal fire, &, is the specific enthalpy of air inside
the air storage tank, /., is the specific enthalpy of air in the control volume, and /..., is the specific enthalpy of air at
the high pressurized zone. Subscript k£ indicates a subsystem that is either PW or ECLSS which generates heat from

their equipment (e.g., compressor, fans, battery cells).
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3. Coupled governing equations

A way to replace the explicit dependency of the IE model on tabulated (or experimentally determined) capacitance
values and increase the model robustness is to directly couple temperature and pressure through the energy balance
equation [43]. Maintaining the thermal and pressure interactions surrounding the air, or the zone in the context of the
zonal modeling approach, the node representing the lumped air is replaced by a more elaborate formulation which takes
into account the two-way coupling between temperature and pressure. It can be assumed that the volume of the interior
habitat, which is practically confined by the wall of the ST, is constant. Additionally, air density can be expressed as a
function of the specific enthalpy and pressure of the air, which are intensive thermodynamic properties according to the

ideal gas assumption. Then, the left-hand-side term in each balance equation can be further derived by using the chain

rule.
dme,, do(h, P) op\ dh op\ dpP
— =V, — 2=V, |[=] — vl — 4
T V(ahpdt+‘” ap|, dr @
dUc,  d(meyu) d(pu) v d(ph - P)
d ~ dt Y de Y dr
oh dp oP
=Vev (05 +thor - E) (5)
ap dh ap dpP
=V, h|— —+ Ve |hl=—=]| -1 —
v |PF (8h)P] ar e (ap)h dr

As explained above, the IE model can theoretically represent the multi-zonal deep space habitat. Each zone has a set
of conservation of mass and energy equations. If there is more than one zone inside the habitat, the same number of sets
of equations should be provided and connected to each other. The current IE model has two zones, and these zones are
connected by a pocket door. By having two sets of balance equations, a system of equations for the two-zone model is

derived below.

0p; dh; 0p; dpP; , . . H(P:—P:) . .,
Vi (8_;/;)1)’ E +V; (a_gi)hi E =Msup,i — Mrel,i — Mieak,i T (_1)H(Pl PJ) Mconv,i-j» (l * J) (6)
Bpi dhi 6pl- dPi
Vl’ i+ hi -— — + Vi hi -— -1 —
L (ahi )P,-, dt (api ) " dr

=0w,i+QEcLSs,i + (Z th,k) + Qi +hgup il — (Myeli + Mieak,i) i
k .

L

+ (_1)7{(Pi_Pj) mcunv,i—j [(7-{ (Pl - P]) hcnnv,i + (1 -H (Pl - Pj)) hconv,j] > (l # .]) (7)

where subscripts i, j € {1,2} represent a zone index. Balance equations can be rearranged by moving d¢ from the

left-hand side to the right-hand side to make a system of equations. To simplify the equations, the right-hand-side terms
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®)

are replaced with b;.
ﬂp,-) dh; +V; (%) dP; = bcom,idt
P, oPi |, ’

0pi 0pi
Vi |pi + hi (ﬁ)P dh; +V, h(%)h — 1| dP; = beog idt ©)
Subsequently, the system of equations can be obtained as follows.
Ax=1b (10
where
ap1 op
v(#),, v (3%), 0 0
9, 9,
Vl P11+ h] (%)P ] Vl [/’ll (a—';ll) - l] 0 0
A — 1 1
9, 9,
0 0 v ()., v (#),
9, 9,
0 0 Vs p2+h2 (a—ﬁ)Pz] Vs [hz (a—’;),i)hz—l]

T
x:[dhl dP, dhy dPQ]
T
dt

b=\bcom1 bcor1 bcomr bcor:

In every sampling time, this linear system of equations is solved to get the updated current solutions below.

L = B+ diy
(1D

I —
PPl = PPt dP;

where subscripts, n + 1 and n, indicate the time step. Additionally, the air temperature in each zone can be calculated

with the specific enthalpy of the air in the corresponding zone. As the IE model uses the ideal gas assumption and

constant specific heat of air, the air temperature formula can be derived below.
hn+1
(12)

n+l _ i
ey
p

C. Module 2: ECLSS
ECLSS provides the necessary measures to ensure the survival and well-being of crew members in a deep space

habitat. It is the interconnected system that processes cabin air, wasted water, and solid waste, as well as providing
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control actions to maintain temperature, pressure, oxygen level, and others related to the well-being of crew and
equipment. It also ensures that suitable conditions are maintained for the structure, subsystems, equipment, and samples
of scientific research in the absence of a crew. In HabSim, the ECLSS module includes two control systems, an Active
Thermal Control System (ATCS) and an Interior Pressure Control System (IPCS), which are responsible for maintaining
the interior temperature and pressure of the habitat, respectively. As these two control systems are physically separated
systems, as shown in Fig.[6] components of one control system do not interact directly with those of the other control
system. By the inputs made by users, the initial conditions and the design parameters of ECLSS are established. The
ECLSS exchanges signals, which can be either cyber information such as sensor readings or physical information such
as mass flow rate and heat transfer rate, with other subsystems with the help of the CB. Interactions of the ELCSS with
the lunar environment or disturbances such as dust accumulation and meteorite impacts are triggered by the signals
from the DB.

In this section, the overall model architectures will be provided along with the governing equations for each

component. More detailed explanations of terms and derivations of them are provided in Ref. [45].
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Fig. 6 Schematic of the ATCS and IPCS in the ECLSS.

1. Active thermal control system

The ATCS provides space conditioning to the interior environment of the habitat. As a cooling system, a vapor
compression heat pump connected to a secondary radiator loop has been suggested as the most feasible option to actively
control the thermal environment of a lunar habitat [45H47]. Employing a heat pump not only leads to a notable decrease
in the required size of radiators for heat dissipation, but also decreases environmental vulnerabilities such as fluctuations
in surface temperature and accumulation of dust. This integration can guarantee continuous heat rejection to the exterior
environment regardless of the heat sink temperature.

A four-component vapor compression refrigeration cycle SR: the cycle is used only for cooling. Should we use "vapor
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compression cycle" or "vapor compressionr refrigeration cycle"? (i.e., an evaporator, a compressor, a condenser, and an
expansion valve) is a system widely utilized for cooling in various Earth applications due to its energy efficiency. In
HabSim, each component has been developed with the corresponding governing equations. First, a positive displacement
compressor model is used to drive the dynamical behaviors of the system by producing the refrigerant mass flow. It is
the main component that consumes electrical power in the cooling system. Second, a quasi-stead expansion valve is
developed based on the orifice equation. Next, two heat exchangers, a condenser and an evaporator, are modeled as
a two-phase heat transfer process based on the lumped approach. Transient mass and energy balance equations are
used along with the number of transfer units (NTU) method to compute heat and mass transfer, as well as the phase
change of the refrigerant. Additionally, various assumptions are implemented to enable real-time intermediate fidelity
computation including neglecting pressure drop, zero subcool and zero superheat, and isenthalpic expansion process.
Detailed explanations of the equations and terms are provided in [45].

The radiator system comprises multiple radiator panels, each equipped with an internal tube to facilitate heat
exchange between the radiator plate and the fluid circulating through the tubes. This fluid carries heat from the condenser
in the heat pump loop and disperses it to the radiator panels, where it is emitted through radiation. The radiator panels
are modeled using the quasi-steady energy balance equation, while the energy balance on the heat transfer fluid in the
tubes is developed using a transient partial differential equation. Although the secondary radiator loop system is not
always explicitly categorized as part of ECLSS, it is discussed due to its close connection and importance in regulating
habitat thermal conditions and potential fault impacts [40].

* A quasi-steady energy balance for the radiator surface:

T - T,

L1, w
arUp T T Ao

= €,0T,* — 0, Gysin(0(1)) (13)

where Ty denotes the local fluid temperature, 7. stands for the local radiator surface temperature for long-wave
radiation, r indicates radius of the tube, Uy denotes the convective heat transfer coeflicient in the tube, ¢ denotes
the thickness of the dust layer, which adds an extra thermal resistance, y stands for the area fraction of dust
cover, w stands for the half thickness of the radiator fin, 1, represents the efficiency of the fin, A indicates the
thermal conductivity with subscripts d and r denoting the dust and radiator fin, respectively, €,, and a,,, denote the
emissivity and the absorptivity of the radiator surface with dust contamination, o~ stands for the Stefan-Boltzmann
constant, G is the direct normal solar radiation (assumed to be the lunar solar constant), and sin(6(¢)) takes into

account the daily solar input variation.
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* A transient energy balance on the heat transfer fluid in the tube:

oT oT T.-T
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where p ¢ is density, ¢, is specific heat, v ¢ denotes the velocity of the heat transfer fluid, / stands for the extended
length of the radiator fin. The subscript f denotes the heat transfer fluid in the radiator loop.
Detailed explanations of the equations, terms, and correlation equations are provided in Ref. [45]]. It is important to note
that the ATCS described in this paper is tailored for a lunar habitat, taking into account the specific lunar environment
and material properties such as lunar dust and solar irradiation. Users are allowed to modify these values according to
their research purposes and the applications under study.

It is assumed that lunar habitats will have thick walls for thermal insulation along with protection from radiation and
physical impacts, such as micrometeorite impacts and moonquakes. Hence, there will be limited heat exchange with
the exterior environment, which minimizes heat loss in the habitat [45]]. The internal heat loads of the habitat include
the electricity consumed within the habitat that is dissipated as heat transfer, as well as the metabolic release from the
crew. Therefore, normally only cooling will be necessary to reject the waste heat generated from the interior sources.
However, heating is still required under certain scenarios (e.g., damage to the habitat protection wall) and mostly during
the cold lunar night. Due to the very low heat sink temperature in the lunar night environment, utilizing a heat pump
system for heating is not feasible, making an electric resistance heater a more viable choice. Therefore, an ideal heater
model with 100 % efficiency is used as a heating system in the ATCS, as illustrated in Fig.[6] The heater is controlled by
an off-off controller that feeds the air temperature of each zone in the habitat with the deadbands, which adjusts the

heating load to maintain the temperature of each zone individually to the setpoint temperature defined by the users.

2. Interior pressure control system

The IPCS maintains the interior pressure in each zone of the habitat, respectively, at the desired level according to
the requirements of specific mission periods, such as manned and unmanned periods. The IPCS consists of an air supply
line connected to an air storage tank and an emergency air relief valve, as depicted in Fig.[6] It is assumed that the time
delay in valve opening is negligible. Therefore, the dynamical opening or closing of a valve is not modeled, and instead
a quasi-steady valve model, which treats the flow of air to be at steady-state at each time step, is implemented. The
reference values used to size the storage tank, the flow restrictor, and the valves are based on the data in Ref. [48] for the
respective components used on the ISS. The dimensions of the components can be further adjusted by user input. The
size of the components is determined considering the severity of the potential leakage. If there is a large leak beyond the
compensating capacity of the IPCS, the indoor air pressure will be out of control and the habitat will be in an extremely

dangerous situation that requires immediate intervention action from the AG.
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The IPCS in HabSim includes models for an air storage tank, isolation valves with on/off logic control, and a flow
restrictor which restricts the air flow rate. Since pressure is almost uniform inside each zone while the pocket door is
closed, the interior atmosphere of the habitat is considered to show a uniform pressure distribution at each zone. These
lumped pressures are to be controlled by the IPCS, respectively. The main assumption of the IPCS model is that the
pressure loss caused by friction in the air transport line is negligible.

The air storage tank is modeled as a single control volume. The lunar surface temperature varies from —180 °C to
124°C [49]]. A storage tank could be inside the habitat itself or left outside with a regolith layer to reduce the impact of
the ambient temperature of the space on the tank. Insulation of the tank is important to minimize thermal fatigue on the
material and prevent earlier failure of a tank. In the model, it is assumed that the storage tank is perfectly insulated, and
the air temperature inside the storage tank is constant. With this in mind, a mean temperature of 0 °C is assumed to be
constant inside the tank. The particular choice of temperature value is not critical to the functionality of the IPCS. The
temperature variation of the air stored in the tank as a result of a change in pressure is negligible, as the mass withdrawn
is relatively small compared to the remaining air inside the tank. Based on these assumptions and features, a simple

mass balance equation for the storage tank can be written.

d (ps:tVst) dps; dPg, .
_v _ 15
dt st dP,, di Msup (15)

where the subscript st denotes the storage tank, p is density, V is the volume, P is the pressure, and rig,, indicates the
mass flow rate of air supplied to the habitat interior.

A quasi-steady model is used to describe the mass flow rate that flows through the valve. The dynamics of the valve
during opening and closing is not included as it is assumed that the time delay for a valve to open is negligible compared

to the duration of the valve opening. The model is represented as follows.

1ty = Pair Ky VAP, (16)

where 1, is mass flow rate at the valve, K, is the valve flow coefficient, often given by the manufacturer from empirical
data, AP, is the pressure drop across the valve, and p,;, is the air density. The valves are operated by actuators
that determine the cross-sectional area of the flow passage. A controller is implemented to send signals to the valve
actuators depending on the difference between the current pressure value in the interior habitat and the setpoint pressure
determined by the users.

The air supplied from a storage tank goes through a flow restrictor before entering the IE to limit the maximum

flow rate. The restrictor is modeled with a porous media approach. A simple 1D flow model with no thermal effects is
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considered. According to Darcy’s law, the mass flow rate going through the restrictor is expressed as follows.

km (Pv - Pint)
Mair l

m.\‘up = PairA an

where A and [ are the cross-sectional area and length of the flow restrictor respectively, k,, is the media permeability,
Mair 1 the dynamical viscosity of air, P, is the supplied air pressure after the isolation valve that is linked to the air

storage tank, and P;,, is the habitat interior pressure.

3. ECLSS damageable components

Currently, ECLSS has nine damageable components due to the disruptive events designed in HabSim: Radiator
panel clearance, radiator panel paint conditions, evaporator, condenser, fan, heater, and compressor in ATCS, and air
storage tank and valves in IPCS. Depending on the scenario case, location and intensity level (IL) of the disturbances,
various components can be damaged with different severity. Furthermore, the nine damageable components can be
divided into two categories: located in the exterior environment or in the interior environment. For instance, if a
micrometeorite impact hits the radiator panels, which are located in the exterior environment, dust accumulation and
paint degradation of the panels occur, while the other components placed in the habitat are not affected. Similarly, if the
impact penetrates the structural layers of the habitat and hits the ECLSS directly, it leads to damage to the evaporator,
condenser, fan, heater, compressor, air tank, and valves, which are components in the interior environment, whereas the
radiator panels are not.

Initial damages resulting from disruptive events are hypothetically predetermined. For instance, a micrometeorite
impact with an IL at four could harm the compressor in the habitat. This initial damage would result in a decrease
in compressor performance, translating into a 40% reduction in the mass flow rate of the refrigerant, even when the
compressor power consumption remains constant. The IL associated with each disruptive event range from one to
five; where one indicates zero damage, while five represents the most severe case. Each IL has the potential to induce
specific initial damage to the habitat. For example, ILs of four and five micrometeorite impact scenarios can breach the
SPL and ST layers, causing air leakage at varying rates due to differences in the penetration radius. In contrast, ILs of
two and three result only in heat generation in the SPL and ST layers due to the impact, along with a reduction in the
thickness of the lunar regolith layer. In the case of an internal fire scenario initiated due to flammable materials or
equipment, the initial fire radius and spread rates differ based on the IL. Despite the initial damages being grounded in
hypothetical assumptions, the simulation model is constructed using principles of physics, where component models
are interconnected with other relevant component models. This integration enables HabSim simulation results to
include cascading effects based on physics. Details of disturbance scenarios and corresponding damage cases in ECLSS

components are provided in Ref. [21140].
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I1I. Performance-based Resilience Assessment

RETHI has developed a resilience-oriented habitat design process [50]. This process begins by identifying design
requirements at the habitat-, subsystem-, and component-level through functional hazard analysis, state-trigger analysis,
and safety control evaluation (referred to as top-down requirements development). Subsequently, a preliminary design
of a deep space habitat is created based on these identified requirements. The preliminary design is then assessed in
reverse order, starting from the component-level, subsystem-level, and finally the habitat-level (referred to as bottom-up
design verification), through comparison of safety controls and evaluation of the system resilience. HabSim is designed
to facilitate the habitat design phase. It is capable of producing state variable data sets at the various levels to compare
the effectiveness of habitat design and safety controls in terms of system resilience. This section will delve into the
performance-based resilience assessment, which constitutes the second part of the proposed framework shown in Fig. [2]

and also serves as the final step of the habitat design process.

A. Performance curves

The first step in assessing the resilience of a system involves developing performance curves using various state
variables generated by HabSim. For instance, the performance state of a heater (component-level) can be identified by
assessing the heating load in relation to the designed capability, whereas the performance state of IPCS (subsystem-level)
can be evaluated based on the air supply rate and the amount of air stored in tanks. Furthermore, the performance state

at the habitat-level can be determined by the indoor air temperature or pressure.

Hazardous ‘ ‘ ‘ ‘ ‘ Hazardous
\ \ ! \ \

sV Y% syt

Fig. 7 Severity ranges of a state variable.

The state variables generated by HabSim are expressed in their unique unit and order magnitude, posing a challenge
when attempting to compare one value against another. For example, indoor air temperature and pressure behaviors
cannot be directly compared to each other due to their different units and order magnitude. To overcome this challenge
and ensure generality, the performance state should be further assessed by normalizing the corresponding state variable
[51]. Moreover, it is essential to take into account the severity of the value of the state when constructing performance
curves [52]. There are three possible severity ranges of the state: acceptable, warning, and hazardous ranges, as
illustrated in Fig.[7} In Fig.[7, SV represents the state variable, SV* denotes the desired state value, SV*" indicates the
upper and lower limits of the acceptable range, respectively, and S v represents the upper and lower thresholds of
the warning range, respectively. For example, if the indoor air temperature remains close to the preferred level, even
exhibiting some oscillatory behavior but staying within an acceptable range, it should not be considered as a performance

loss. Furthermore, the evaluated performance curve should be able to reflect the severity of the hazardous range more
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than the warning range. For this reason, different values of a weight factor are incorporated into the performance metric.

Consequently, the performance state, PSS, can be mathematically defined as follows.

PS () = max (0, 1 — wrPSioss)

SV* -8V (1)
SV* — Sv*

SV (1) - SV*'

= max (O, 1—w, [‘7’{ (SV*_ -SV (l‘)) ‘ SV sy

+H (sv (1) - Sv**)

.

It should be noted that the calculated performance state PS is a dimensionless value due to normalization. w, denotes

the weight factor indicating the severity of a state variable, which is defined as follows.

0 if SV (1) € Acceptable range
wr (1) =405 if SV (r) € Warning range (19)

1 if SV (¢) € Hazardous range

Decision-makers can adjust the values of 0.5 and 1 of w; in the warning and hazardous ranges, respectively.
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Fig. 8 Conceptual performance curve with disruption phases and potential operating strategies.

Fig. [§]illustrates a conceptual example of a performance curve. In addition, it describes seven potential disruption
phases defined based on the behavior of the performance curve [53)154]. Starting with the initial time, 7, the system is
in the pre-disruptions phase until a disruption occurs at z,. Once the performance reduction stops at 7,4, it enters the
disruption transient phase. Performance remains at a minimum level during the outage phase until it starts to recover at

ts. During the initial recovery phase, the performance gradually returns to the lower saturation level of the warning
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range, continuing until 7.+, at which point it enters the initial steady-state phase. Performance remains in this state until
the damage is repaired again, which occurs at ,+. t, is the time at which the performance is finished recovering and can
be at or below the initial state value. By analyzing the performance curve, the status of the system can be evaluated. For
instance, the minimum value of a performance state is zero, while the maximum value is one, which is the nominal
performance PS*. If the performance state continuously decreases after the disruption, it indicates a system collapse.
Additionally, a value below one represents performance degradation or deterioration, depending on the presence or
absence of a recovery phase after the outage phase. In addition, applicable operational strategies and the appropriate

period for each are indicated in Fig.[8] These strategies are further discussed in the following section.

B. Quantification metrics

To evaluate the resilience of a system, it is crucial to carefully choose the resilience quantification metrics that
correspond to its distinct characteristics and specific requirements. For example, a compressor in ATCS that is
physically connected to different components such as heat exchangers and an expansion valve through a pipeline, making
replacement a challenging task. Thus, it is more practical for the compressor to be designed to endure and absorb
damage effectively with minimal initial performance loss, rather than focusing on quick repair or replacement. In
contrast, a fan in the ATCS can be easily swapped with a spare unit in the event of damage, highlighting the importance
of designing the ATCS system for easy fan replacement. Examining from the perspective of the subsystem, the repair of
a damaged ATCS system can be laborious and intricate, involving various procedures such as draining, vacuuming,
fixing, conducting refrigerant leak assessments, recharging with refrigerant, and carrying out unit tests. Therefore, a
resilient design for the ATCS system is vital to ensure its continuous operation even with reduced performance due to
damage. On the contrary, the primary goal of IPCS, which is responsible for regulating the indoor air pressure to the
desired level, is crucial for the survival of the crew. Hence, it should be designed for immediate repair, as any minor
performance loss may not be tolerable. At the habitat level, a certain degree of performance loss over an extended
period could be acceptable. However, it is vital to avoid significant initial performance loss in the habitat, since it could
trigger a chain of cascading impacts on the entire subsystem, potentially resulting in system failure.

Researchers in various scientific and engineering fields have developed numerous resilience quantification metrics
[27H29,131H35L 137,155 156]. Resilience metrics based on a single-index were developed to cover a particular dimension
of system resilience, such as initial performance loss, recovery duration, total or averaged performance loss, and final
performance status, whereas multi-index metrics combine different single-index metrics to assess the overall resilience
of a system [54]. This paper deploys two fundamental single-index metrics as preliminary known methods. It is
important to highlight that the use of sophisticated multi-index quantification metrics can improve the comprehensive

assessment of complex SoSs.
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1. Recovery duration resilience
This metric measures the recovery time it takes for the system to return to or above its nominal performance state
[27,132L155156]. It is important to note that the results do not reflect the severity of the disruption or the total performance

loss of the system. Additionally, the measured value of this metric is expressed in units of time.

R =t —te (20)

2. Resilience loss
Resilience loss measures the total performance loss during the investigation time [27, 29,31} 135} 37} 154H56]]. This
metric calculates the area between the nominal performance and the true performance under damage. The metric is

defined as follows.

iy
Rioss = / PS* — PS (1) dt 1)
0

It should be noted that the value of resilience loss is in units of time since it integrates dimensionless performance state

in time.

C. Potential resilience improvement methods

Resilience of deep space habitats can be achieved through two primary approaches [38]]. The first method involves
appropriately designing the system architecture, which includes over-designing, incorporating spare equipment, and
sophisticated system configurations. For example, the ATCS can effectively absorb damage by over-sizing its system
capacities. By having large capacities that exceed nominal operation requirements, the system can adequately regulate
habitat conditions even with reduced performance. Incorporating spare equipment into the system is another way to
improve its restorability. For instance, by adding a spare heat exchanger that remains inactive during normal conditions
but can be activated when the primary one is damaged, the overall performance of the ATCS can be quickly restored,
while it also secures enough time to repair or replace the damaged component. It is important to highlight that the
first method can make a system resilient against disturbances with a certain degree of severity; disturbances with an
exceeding severity that a system cannot manage can still result in a system failure. To overcome this insufficiency of the
first method, repair and recovery actions must be integrated into the design of habitats. Thus, the second category for
enhancing resilience is the optimization of operating strategies. This approach involves actively controlling setpoints,
optimizing repair rates or sequences, and partially repairing damaged components. For example, if components of the
ATCS are damaged, it may take longer to achieve the desired indoor temperature. In such cases, adjusting the setpoint
temperature beyond the desired level can help the ATCS regulate the indoor temperature reaching the required level

faster by increasing its workload. Another example is to prioritize the repair action of multiple damaged components in
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the order of importance to quickly restore the system performance to normal conditions. If there are multiple available
repair actions with different rates, strategically assigning these actions can accelerate recovery. Lastly, it is appropriate
to repair damaged components only to a certain level that they can function adequately, rather than perfectly, before
moving on to other damaged components to restore overall system performance to an acceptable level. Fig. [§]illustrates
the suitable disruption phase for each operational strategy.

This paper aims to optimize one of the operating strategies, specifically the repair sequence of damaged ECLSS
components, using habitat-level data such as indoor air temperature and pressure. To achieve this, performance curves
for indoor air temperature and pressure are developed to assess the habitat’s resilience using specific metrics. The

detailed steps for each process are discussed in the following section along with an illustrative case study.

IV. An Illustrative Case Study
In this section, an illustrative case study will be provided to showcase the proposed framework and demonstrate
its capabilities. A disruptive scenario case, specifically a micrometeorite impact scenario with an IL at five, will be
used to generate habitat performance reduction. The results will be compared with those under nominal conditions.
In the micrometeorite impact scenario, six different repair sequence strategies of damaged ECLSS components are
implemented to present different behaviors of the system. Based on these outcomes, performance curves are generated
to assess the resilience of the system with different repair sequences. Comparison of evaluated resilience values will

provide the optimal repair sequence strategy to quickly recover the habitat.

A. Key performances and requirements

HabSim can generate various state variable data from the component-level to the habitat-level. As a component-level
variable state, the model can provide the air flow rate by the ATCS, the power consumption of a cooling fan, the interior
wall surface temperature, among others. The ECLSS total power consumption, the cooling load by ATCS, the level of
power availability, and the total power generation rate of solar PV and nuclear generators can be categorized as the state
variable at the subsystem level. Lastly, the interior air temperature and pressure and the overall power consumption
by all subsystems can be considered as the state variable at the habitat-level. The goal of this illustrative case study
presented in this paper is to evaluate the performance of the habitat at the habitat-level to optimize a repair sequence of
damaged ECLSS components. Therefore, IE air temperature and pressure are mainly used to assess the system.

Scenarios can be divided into unmanned and manned mission periods. During unmanned missions, it is assumed that
there is no crew present inside the habitat and that the habitat functions autonomously following predetermined schedules
or remote control from the ground on Earth. During this phase, the necessary habitat conditions are established primarily
with a focus on ensuring the safety of electronic equipment and scientific research samples. In manned scenarios, the

crew will reside in the habitat and can actively operate and supervise the habitat system. Since the main objective of the

23



habitat is to serve as a secure and habitable shelter for the crew, the required conditions should be planned based on
ensuring the crew’s safety. Therefore, the acceptable, warning, and hazard ranges for each mission period are defined
based on the ECLSS standards [57], along with the relevant literature on human well-being conditions and recommended

operational parameters for electronic equipment [58,59]]. A summary of the IE conditions is described in Table[2]

Table 2 Indoor temperature and pressure criteria for different mission periods.

Pressure (kPa) Temperature (°C)
Mission Period P* P~ P* P P T T T T T
Unmanned 10 65 101 102 500 4 4 25 80 80
Manned 37 70 101 102 500 4 20 25 27 51

B. Nominal operating conditions

During nominal conditions, lunar habitats are still exposed to harsh environmental conditions including intense solar
radiation and extremely fluctuating lunar surface temperature [49]. Furthermore, a lunar day is about 29 Earth days, so
habitats are exposed to extremely hot or cold surface temperatures for a long time. Therefore, it is necessary to simulate
and explore two nominal operating conditions to investigate habitat performance: a lunar day and a lunar night. In this
case study, these two subcases are represented by imposing different interior wall surface temperatures; the constant
surface temperature at 30 °C for a lunar day and at 20 °C for a lunar night. It is assumed that the pocket door remains
closed throughout the simulation period to observe how ECLSS can control each zone separately. Moreover, the initial
indoor temperatures vary, with one zone at 26 °C and the other at 24 °C, whereas the initial indoor pressures are the
same at 101.3 kPa for both zones. Habitat performances during lunar day and night periods are illustrated in Fig.[9]and
[T0} respectively.

During a lunar day, a rise in indoor air temperature is observed due to the high temperature of the interior wall
surface, which is at 30 °C, as illustrated in Fig.[9] Once the temperature surpasses the upper dead band set at 26 °C,
the ECLSS initiates the temperature regulation until it decreases to 24 °C. The indoor pressure correlates with the
temperature due to the two-way coupling of temperature and pressure. The cooling system comprises two adjustable
elements: a compressor and fans, each dedicated to a zone. Furthermore, it operates as a Variable Air Volume (VAV)
system that manages multiple zones by controlling air flows through a single heat pump loop. This cooling system
design gradually minimizes the temperature variation between zones, even when the simulation starts with distinct initial
temperature conditions for each zone. While indoor air temperatures converge, indoor air pressures act independently.
This is because there is no air mass flow to or from the zones, indicating closed control volumes and thus maintaining
independent behaviors. The average cooling load upon activation is approximately 4 kW, with a total power consumption
rate of approximately 1.2 kW. These results yield a coefficient of performance (COP) of approximately 4.2, which is a

typical value for heat pump systems.
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Fig. 10 Habitat behaviors (state variables) during a lunar day.

Fig. [I0]illustrates habitat performances during a lunar night, where the initial temperature and pressure conditions
are the same as those employed for simulating a lunar day, but with modified boundary conditions. In this case, the
interior wall surface temperature is set to 20 °C, leading to a decrease in temperature. To compensate for this drop,
a heater with a capacity of 2.5 kW is installed in each zone. In contrast to the cooling system, which comprises two
adjustable components, the two heaters function as independent components, resulting in a continuous temperature
differential between two zones. As the heaters are assumed to operate with 100 % efficiency, the maximum power

consumption rate of the heating system is 5 kW.
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C. A micrometeorite impact scenario

One of the primary disruption scenarios hypothetically designed in HabSim is a micrometeorite impact. Users
have the flexibility to select several key parameters, including the IL of the impact, its location, and the time at which
it occurs. Impacts with IL at four or five, representing two extreme cases, are designed to penetrate the SPL and ST,
directly hitting systems within the habitat depending on the impact location. The radius of penetration is determined
depending on the IL and is assumed to remain constant over time until the AG repairs it. The air leak flow rate resulting
in penetration is determined by both the radius of the hole and the difference between the current interior pressure and
the constant exterior pressure. This air leak causes a rapid drop in the indoor air pressure along with the interior air

temperature as they are coupled.
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Fig. 11 Damage propagation and cascading effects due to a micrometeorite impact at ECLSS.

The ECLSS in HabSim has seven damageable components in the habitat, which are modeled to experience
performance degradation to a specific degree depending on the IL of the disruption. The impact can have different types
of performance reduction effect on each component. In Ref. [40]], detailed explanation of the effects of initial damage is
provided. The effect can propagate to other components, subsystems and, eventually, the habitat’s performance based
on physics-laws; a faulty compressor, for instance, will result in a decrease in the flow rate of the refrigerant while
consuming the same amount of power. The damage propagation triggered by the initial damage from the impact is
illustrated in Fig.[T1]

In this case study, the optimal sequence is investigated to repair damaged ECLSS components, which are divided
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into three categories: cooling systems, heating systems, and IPCS. To determine the repair sequence of the components
within each category, simulations are performed to assess the impact of each component on the corresponding system
performance, as shown in Fig. [I2] Notably, the heating system consists only of an electric resistance heater, thus
our focus shifts primarily to the cooling system and IPCS. The evaluation involves experiments under predetermined
conditions: a starting indoor air temperature of 35 °C for the cooling system and an initial indoor air pressure of
100.3 kPa for the IPCS. In these tests, each component is individually subjected to a uniform performance reduction and
the efficiency of the system is assessed based on its ability to regulate indoor air temperature and pressure. The results
dictate that the cooling system should be repaired in the sequence of compressor, fan, evaporator, and condenser, while
the IPCS repair should follow the order of air supply valve and then storage tank, optimizing the efficient restoration of
system functionality. Based on these predefined orders, six combinations of repair sequences, consisting of cooling and

heating systems, and IPCS, will be explored.
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Fig. 12 Comparative analysis depicting the importance of each component.

To understand the effect of the micrometeorite impact on the habitat, it is important to investigate the response of
the habitat in the absence of any repair actions. For the purposes of this study, the IE air temperature and pressure
are mainly discussed. The micrometeorite impact is assumed to occur 10 minutes after the simulation begins, with an
IL at five, indicating the most extreme case. The impact with IL at five is designed to create a penetration in the SPL.
and ST with a radius of 7cm. The AG is called immediately after impact and completely repairs the penetration at 14
minutes. Before the impact occurs, the interior air temperature and pressure are regulated by ATCS and IPCS in ECLSS
at 25 °C and 101.3 kPa, respectively. When the impact occurs, the air temperature and pressure drop rapidly due to air
leakage and the corresponding loss of mass and heat from the interior to the exterior, as illustrated in Fig.[I3] The
indoor air pressure decreases until the AG fully repairs the penetration. Then, it gradually increases due to the increase
in temperature and the air supply by the IPCS. Once indoor air temperature stops increasing, the pressure increase rate
is much slower due to damaged components in IPCS. Similarly, the indoor temperature decreases right after the impact,
but increases even before the penetration is fixed, and returns to around the ATCS setpoint temperature. This is because
after losing air pressure, the air capacity within the habitat is so low that the small heating load from damaged ATCS

can quickly change the air temperature [40]. Therefore, despite the reduced performance of the heating system, the air
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temperature returns to its nominal conditions, which is not a truly healthy condition.
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Fig. 13 Habitat behaviors (state variables) under a micrometeorite impact scenario.

D. Resilience assessment

To evaluate and identify an optimal repair sequence strategy, indoor air temperature and pressure behaviors are
generated with six different repair sequences for damaged components of ECLSS, as illustrated in Fig.[T4] The simulation
results indicate that the AG completes the repair of the hole caused by the impact at 15 minutes. It resumes the repair
action for damaged ECLSS components from 25 minutes. Before the AG begins to repair the ECLSS, the ECLSS begins
to regulate the temperature and pressure with reduced efficiency as a result of damage. The time after the AG completely
repairs the hole but before starting to repair the ECLSS, the air temperature and pressure behaviors across various
repair sequences are identical. During the time of 15 to 25 minutes, the indoor temperature already returns to its initial
conditions. This fast recovery occurs with the reduced efficiency of the ECLSS due to the low thermal capacity of the air
resulting from the low air pressure. Variations in behavior occur when the AG starts its work. Variations in air pressure
are more noticeable compared to the variation in air temperature across different repair sequences. This is because
the air temperature returns to the setpoint even before the heating system is repaired and requires a small amount of
thermal load to compensate for either heat loss or gain generated by heat and mass transfer with the interior wall surface
temperature and supplied air. Since the required thermal load can be produced by damaged ECLSS, specifically cooling
and heating systems, the variation is not dramatic. On the contrary, it takes a relatively longer time to regulate and return
the air pressure to the setpoint, the bounceback duration in the air pressure varies depending on the repair sequence.

Performance curves of the air temperature and pressure can be generated using the temperature and pressure dataset.
Fig.[15]and[I6]illustrate two sets of performance curves based on specific habitat condition requirements for unmanned
and manned mission periods, respectively. It is observed that variations in performance curves can occur even when
using the same data set, as the curves are generated with different values of performance weight factors w, based on
the specified conditions provided in Table[2] The refined indoor air temperature and pressure criteria during manned
missions, characterized by narrow acceptable temperature and pressure ranges, lead to more noticeable performance
reductions compared to the curves during unmanned missions. Consequently, the minimum pressure performance

value is zero during manned missions, while it is around 0.6 during unmanned missions. Conversely, the minimum
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Fig. 14 Habitat behaviors (state variables) across six different repair sequences (C: cooling system; H: heating
system; P: IPCS).

temperature performance values drop to zero as the indoor air temperature falls below the lower limit of the warning
range in both mission scenarios. Additionally, due to the low thermal capacity induced by the low pressure, the
temperature performance rebounds to one before the AG initiates repairs to the damaged cooling and heating systems.
Only small variations are observed across different repair sequences between 25 minutes and 60 minutes of simulation
time during manned missions, as illustrated in Fig.[I6] Consequently, the decrease in temperature performance is
relatively less significant than the decrease in pressure performance. However, it is crucial to emphasize that this
minor loss in temperature performance alone does not necessarily indicate that overall habitat conditions are within the
acceptable range.

The final step in assessing resilience involves quantifying resilience values using different metrics and comparing
the results to identify the most effective solution. In this case study, two resilience metrics are used: recovery resilience
R; and resilience loss Rjoss. Ry represents the time taken for the system to return to its normal state after being damaged
by a disruptive event, while Rjoss indicates the overall performance loss during the disruption duration, encompassing
transient disruption, outage, and recovery periods. The results of each metric calculated during both unmanned and
manned mission periods are shown in Figures[T7]and[T8] respectively. It is important to note that a more resilient system

will exhibit lower values for both types of resilience metrics; a system is resilient if it can quickly recover from damage
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Habitat performance states across six different repair sequences during an unmanned mission.
with minimal overall performance loss over the evaluation period by involving repair actions.

Fig. [I7]illustrates that the resilience value based on pressure performance is dominant in both types of metrics during
unmanned mission periods, while the resilience of the temperature performance remains constant across different repair
sequences. Furthermore, there is an inverse relationship between recovery resilience and resilience loss. The recovery
resilience is at its lowest value with the "P-C-H" and "P-H-C" sequences, whereas the resilience loss is minimized with
the "C-H-P" sequence. Since this analysis pertains to unmanned mission periods without a crew present in the habitat, it
is preferable to have minimal performance loss (Rjess) over an extended duration (R;). Therefore, the sequence "C-H-P"

can be identified as the optimal solution for unmanned mission periods.
The results depicted in Fig. [I§] exhibit more dynamic patterns. Resilience values for pressure and temperature

demonstrate contrasting behaviors in both types of analyses. Additionally, the results of each analysis show opposite
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Fig. 16 Habitat performance states across six different repair sequences during a manned mission.

trends. When determining the most suitable repair action based on these complex analysis results, it is essential to
take into account the characteristics and requirements of the mission period. In manned mission periods, the primary
consideration is the habitat conditions to ensure the well-being of the crew, with a focus on the crew’s safety. In this
context, pressure conditions take precedence over temperature conditions due to their immediate potential harm to the
crew. Therefore, the resilience loss and recovery resilience of the pressure performance are of primary importance,
while the resilience values of the temperature performance can serve as additional information for decision making.
Moreover, a less pressure performance loss over an extended period is preferable to a sudden significant performance
loss to ensure the crew’s safety. Consequently, the potential optimal solutions are narrowed down to "C-H-P" and
"H-C-P". Interestingly, these two candidates share the same values for recovery resilience R, and resilience loss Rjoss

for temperature performance. This finding suggests that these two sequences could be considered the optimal repair
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sequence during manned mission periods, necessitating additional quantification metrics involving other performance

variables to determine the final optimal solution.
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Fig. 18 Resilience analysis during manned missions.

E. Discussion

In this section, a resilience-based investigation is carried out to determine the most effective sequence of the repair
action for the damaged ECLSS components caused by a micrometeorite impact, showcasing the capabilities of the
simulation model. Two state variables, indoor air temperature and pressure, are involved to assess different repair
sequences based on the resilience quantification of habitat performances. The assessment considers two types of the

mission periods, unmanned and manned, each with distinct habitat condition criteria. Through analyses of recovery
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resilience and resilience loss, the "C-H-P" sequence is identified as the optimal solution for unmanned missions, whereas
both the "C-H-P" and "H-C-P" sequences were considered suitable for manned mission periods.

This case study showcases the capability of HabSim to estimate complex dynamical behaviors of the lunar habitat
at the component-, subsystem-, and habitat-level under the given conditions. The generated data set by HabSim with
different repair sequences is used to conduct the resilience-based comparative analysis. Based on the measured resilience
metrics, the optimal repair sequence is determined, which can reduce the overall risk to the habitat when it faces
disruptive events, specifically a meteorite impact.

The case study demonstrates the potential contributions of HabSim to the proposed resilience evaluation framework
that aims to support the resilience-oriented habitat design process. Accomplishing resilience analysis with different
optimization objectives, such as system configurations and operating control strategies, under various disruptive events,
decision-makers can design future resilient deep space habitats appropriately and prepare them for expected or unforeseen
changes and disruptive events by reducing the risk rather than avoiding system failures. Additionally, it is shown that
involving a multitude of state variables and various resilience metrics can enhance the rationality of the resilience

assessment for deep space habitats.

V. Conclusion and Future Work

The importance of resilient deep space habitats for prolonged space exploration is widely acknowledged; however,
detailed exploration of the design evaluation of the habitats, including their system configurations and operating
strategies, remains limited. To address these gaps and challenges, this paper introduces a resilience-oriented habitat
design evaluation framework. The evaluation framework consists of a deterministic structural-based deep space habitat
simulator, which is developed by RETHi, and a resilience assessment based on habitat performances. An illustrative case
study demonstrates the capabilities of the framework, specifically evaluating and identifying an optimal repair sequence
for damaged ECLSS components based on resilience quantification. This case study shows that the proposed framework
allows decision-makers to effectively analyze and assess habitat behaviors and performance under challenging space
environment conditions and in response to disruptive events. Additionally, this research offers guidance for enhancing
the resilient design of habitats during the early design phase.

The capability of the habitat simulator, which generates sufficiently realistic habitat behaviors, allows researchers to
understand and investigate the performance of future habitats even before their deployment. However, the simulator
also encompasses hypothetically designed disturbances (e.g., micrometeorite impacts, internal fire, etc.) which rely
on strong assumptions. Calibrating the effects of these disturbances with experimental results or historical data from
spacecrafts and the ISS can improve the reliability of the simulation results. Furthermore, resilience quantification is
highly application-oriented; while various well-known generic resilience metrics exist, evaluations using these metrics

may not adequately capture the unique characteristics of space habitats and their requirements. Thus, tailoring resilience
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quantification to reflect the distinct features of space conditions and the requirements of space habitats can further

enhance the credibility of the evaluation results.
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