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Abstract

In human spaceflight, the ECLSS is an essential part of a mission, as it pro-

vides the necessary conditions for sustaining life within space habitats. Designing a

long-duration human spaceflight mission requires developing a highly reliable and

complex ECLSS, which must be integrated into the overall mission architecture.

The traditional document-centric systems engineering approach might be inade-

quate for managing this level of complexity. In contrast, a Model-Based Systems

Engineering (MBSE) methodology could significantly improve the design, manage-

ment, and traceability of such a complex system. The ECLSS design process is

highly iterative and recursive, involving the evaluation of technologies and system

configurations through simulations, analysis tools, and hardware/software testing.

To support the process, this thesis proposes an integrated MBSE approach that

connects the system model to engineering analysis tools, enabling continuous per-

formance assessment and iterative model refinement throughout the design phases.

The main research contributions of this work are: (i) the development of a method

that integrates a standard MBSE methodology with an arbitrary set of analysis or

simulation tools while ensuring consistency and enabling automated system evalua-

tion, and (ii) the demonstration of how an integrated MBSE approach can support

the design of an ECLSS architecture. The effectiveness of this approach in sup-

porting the design process is explored through its application to the preliminary

design of an ECLSS for an Analog Habitat. The system model is developed using

the Arcadia methodology implemented in the Capella modeling tool and is con-

nected to an Equivalent System Mass (ESM) and reliability analysis tool, as well as

to Virtual Habitat (V-HAB), a MATLAB-based simulation tool developed at the

Technical University of Munich (TUM), specifically designed for the simulation of

life support systems. As the design process progresses, more advanced engineering

analyses can be integrated using the same method. This work highlights how an

integrated MBSE approach can facilitate early validation and verification, enhance

the detection and resolution of design issues, accelerate design iterations, reduce er-

rors, and enable the rapid assessment of design changes. These capabilities enhance

the overall efficiency and robustness of the ECLSS design process.

Keywords: Analog Habitat, Arcadia, Capella, Environmental Control and Life

Support System, Human Spaceflight, Model Based System Engineering
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Abbreviations

2BMS 2 Bed Molecular Sieve

4BMS 4 Bed Molecular Sieve

ACRS Advanced Carbon-Formation Reactor System

ACS Atmosphere Control and Supply

AES Air Evaporation Systems

AMCM Advanced Missions Cost Model

APC Air Polarized Concentrators

APCOS Aqueous Phase Catalytic Oxidation Post-Treatment System

AR Atmosphere Revitalization

ARCADIA ARchitecture Analysis and Design Integrated Approach

ASI Italian Space Agency

BPA Brine Processor Assembly

CAMRAS Carbon Dioxide and Moisture Removal Amine Swing-Bed System

CCAA Common Cabin Air Assembly

CDH Command and Data Handling

CDRA Carbon Dioxide Removal Assembly

CDF Poisson Cumulative Distribution Function

CELSS Controlled Ecological Life Support System

CHX Condensing Heat Exchanger

CFR Carbon Formation Reactor

CMS Carbon Molecular Sieve

COL Columbus Laboratory

CSA Canadian Space Agency

DDTE Design, Development, Test, and Evaluation

EDC Electrochemical Depolarization Concentration

ECLSS Environmental Control and Life Support System

ECLS Environmental Control and Life Support

EPBS End Product Breakdown Structure

ESA European Space Agency

ESM Equivalent System Mass

EVA Extravehicular Activity

FAI Federation Aeronautique Internationale

F2F Flow-to-Flow

FDS Fire Detection and Suppression

FoM Figures of Merit

FSP Food Storage and Preparation
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GCRs Galactic Cosmic Rays

HEPA High Efficiency Particulate Atmosphere

HERA Human Exploration Research Analog

HESTIA Human Exploration Spacecraft Test-bed for Integration & Advancement

HLS Human Landing System

INCOSE International Council on Systems Engineering

ISS International Space Station

ITCS Internal Thermal Control System

KDPs Key Decision Points

LCC Life Cycle Cost

LEO Low Earth Orbit

LiOH Lithium Hydroxide

LSS Life Support Systems

MBSE Model-Based Systems Engineering

MCA Major Constituent Analyzer

MF Multifiltration

MS Modeling and Simulation

MSM Mass Spectrometer

NASDA National Space Development Agency

OGA Oxygen Generation Assembly

ORUs Orbital Replacement Units

P2F Phase-to-Flow

P2P Phase-to-Phase

PAB Physical Architecture Blank

PCA Pressure Control Assembly

PCBD Physical Components Breakdown Diagram

PCWQM Process Control and Water Quality Monitor

PDFB Physical Dataflow Blank

PFBD Physical Functions Breakdown Diagram

PID Proportional-Integral-Derivative

Pr(LOC) Probability of Loss Of Crew

PVMT Property Values Management Tools

RAX Radio Aurora Explorer

RH Relative Humidity

RO Reverse Osmosis

RSA Russia Space Agency

SAWD Solid Amine Water Desorption
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SCWO Super Critical Water Oxidation

SCRA Sabatier Carbon Dioxide Reduction Assembly

SE Systems Engineering

SFWE Static Feed Water Electrolysis

SH Lunar Surface Habitat

SLS Space Launch System

SM Russian Service Module

SPWE Solid Polymer Water Electrolysis

SPE Solar Particle Events

TCCS Trace Contaminant Control Subassembly

TCCV Temperature Control and Check Valve

THC Temperature and Humidity Control

TIMES Thermoelectric Integrated Membrane Evaporation System

TOC Total Organic Carbon

TUM Technical University of Munich

TRL Technology Readiness Level

UPA Urine Processing Assembly

VAPCAR Vapor Phase Catalytic Ammonia Removal

VCD Vapor Compression Distillation

V-HAB Virtual Habitat

VV Verification and Validation

WM Waste Management

WM-WS Waste Management - Water Systems

WPA Water Processing Assembly

WRM Water Recovery and Management

WVE Water Vapor Electrolysis
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Definitions

Ptotal Total atmospheric pressure [Pa]

pX Partial pressure of component X [Pa]

RH(T ) Relative humidity at temperature T [%]

pH2O(T ) Partial pressure of water vapor at temperature T [Pa]

p◦H2O
(T ) Saturated vapor pressure at temperature T [Pa]

mwater vapor Mass of water vapor in the air [kg]

mdry air Mass of dry air [kg]

Mtech,i Total mass of technology i [kg]

Mhw,i Hardware mass of technology i [kg]

Mchg,i Initial resource charge mass of technology i [kg]

Mcons,i Mass of consumable resources of technology i [kg]

Mexp,i Mass of process expendables of technology i [kg]

Mspare,i Mass of spare parts of technology i [kg]

Vtech,i Total volume of technology i [m3]

Vhw,i Hardware volume of technology i [m3]

Vcons,i Volume of consumable resources of technology i [m3]

Vexp,i Volume of process expendables of technology i [m3]

Vspare,i Volume of spare parts of technology i [m3]

Ptech,i Power consumption of technology i [kW]

THLtech,i Thermal heat load of technology i [kW]

CTtech,i Crew time of technology i [h]

MECLSS Total mass of the ECLSS [kg]

VECLSS Total volume of the ECLSS [m3]

PECLSS Total power consumption of the ECLSS [kW]

THLECLSS Total thermal load of the ECLSS [kW]

CTECLSS Total crew time required by the ECLSS [h]

CFVOL Conversion factor for volume [kg/m3]

CFPWR Conversion factor for power [kg/kW]

CFTCS Conversion factor for thermal control system [kg/kW]

CFCT Conversion factor for crew time [kg/h]

ESM Equivalent System Mass [kg]

λi Failure rate of component i [1/day]

MTBFi Mean Time Between Failures for component i [day]

Ri(t) Reliability of component i at time t [–]

Fi(t) Failure probability of component i at time t [–]

λECLSS Total failure rate of the ECLSS [1/day]

RECLSS(t) Reliability of the ECLSS at time t [–]

Pr(LOC)(t) Probability of Loss of Crew at time t [–]

CMmission Number of crew members in the reference mission [–]

CMtechnology Number of crew members the technology was designed for [–]

Mmol,i Molar mass of gas i [kg/mol]

V Cabin volume [m3]

R Ideal gas constant [J/(mol·K)]

T Cabin temperature [K]

SF Safety factor [–]

massO2,leak Mass of oxygen required to compensate leakage [kg]

massN2,leak Mass of nitrogen required to compensate leakage [kg]
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massO2,repress Mass of oxygen required for repressurization [kg]

massN2,repress Mass of nitrogen required for repressurization [kg]

Total massN2 Total storage mass of nitrogen [kg]

Total massO2 Total storage mass of oxygen [kg]

tank ratio Ratio of tank mass to stored mass [kg/kg]

Total tank mass Total tank mass (structure + stored fluid) [kg]

VolumehighPressure Volume of high-pressure tank [m3]

Volumecryogenic Volume of cryogenic tank [m3]

ρcryogenic Density of cryogenic liquid [kg/m3]

mstore,day Stored mass per day (excluding O2/N2) [kg/day]

Volumeother tank Volume of storage tank (excluding O2/N2) [m3]

ρ Density of stored substance (excluding O2/N2) [kg/m3]

ESMspares,i Equivalent System Mass including spares for technology i [kg]

V I Value Index [–]
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1 Introduction

Human spaceflight is one of the most significant achievements of the modern era. Since the

20th century, humanity has gradually gained experience in space flight, aiming to exploit

the unique conditions of space for scientific, technological, and exploratory purposes.

Figure 1 illustrates the duration of NASA missions and reveals a clear trend: as expe-

rience in spaceflight has increased, missions have become progressively longer and more

complex. NASA’s programs have evolved from surviving in space to living in space, then

working in space, and performing in space. This progress reflects the improvement of

spaceflight technology and understanding, as well as growing ambitions in space explo-

ration [1]. Following the Skylab missions, the development of the International Space

Station (ISS) and the Chinese Space Station (Tiangong) began a new era of a permanent

human presence in space.

Figure 1: Duration of the NASA missions [1].

In the 21st century, ambitious goals of space exploration include establishing a permanent

human presence on the Moon and sending humans to Mars [2]. As human spaceflights

become longer, the missions become more complex and require greater reliability from

all systems involved [3].

In human spaceflight, Environmental Control and Life Support System (ECLSS) is an

essential part of the mission. This system provides a healthy, productive living and

working environment inside spacecraft, space stations, and planetary habitats [4].

The ECLSS provides humans with essential resources and controls their environment. It

is responsible for managing the atmosphere, water, waste, and food. Figure 2 illustrates

the main functions and relationships among the ECLSS subsystems and their integration
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with other systems within the habitat. The diagram illustrates the system’s overall

complexity.

Figure 2: ECLSS functions and relationship [5].

Due to the critical functions performed by the ECLSS, designing a long-duration human

spaceflight mission necessitates developing a complex, highly reliable system that is fully

integrated into the broader mission structure [3].

As mission durations increase, the design of such complex systems becomes increasingly

difficult to manage using the traditional document-centric systems engineering approach.

This approach generates a large number of documents throughout the system’s life cycle

that present data without establishing explicit dependencies. The limitations of this

approach become especially evident as the complexity of the system increases. The

main challenges include a lack of traceability, difficult communication, high maintenance

efforts, and limited scalability. For systems as complex as the ECLSS, this approach can

be inefficient and error-prone [6, 7].

This thesis work investigates how Model-Based Systems Engineering (MBSE) can be used

to overcome these limitations and enhance the management of complex systems. MBSE

offers several potential benefits, including enhancing communication among stakeholders,
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improving understanding of the impacts of design changes, improving overall system

comprehension, and facilitating early verification and validation. It also supports the

early detection of design defects and helps resolve inconsistencies and discrepancies within

the system design. Furthermore, MBSE can reduce costs and errors while saving time

compared to the traditional document-centric approach [8].

The ECLSS design is recursive and iterative. It involves evaluating various system con-

figurations, assessing alternative technologies, analyzing and simulating the system, and

testing hardware and software [4]. The final architecture of the ECLSS depends heavily on

the specific mission requirements and must be fully integrated with all of the spacecraft’s

or habitat’s other systems.

This thesis proposes an integrated MBSE approach to support the design process of an

ECLSS. This approach involves developing the ECLSS model in a modeling environment

that accurately reflects the current state of the system architecture. The system model

is connected to analysis and simulation tools, enabling continuous assessment of system

performance and iterative refinement of the architecture throughout all design phases.

This work presents a method for integrating various types of analysis and simulation tools

within an MBSE environment. The potential benefits of this integrated MBSE approach

in supporting the ECLSS design process are illustrated through the preliminary design

of the ECLSS for an Analog Habitat.

The system model is developed using the ARchitecture Analysis and Design Integrated

Approach (ARCADIA) methodology and the Capella modeling tool. It is connected to

analysis and simulation tools that are relevant for evaluating the performance and char-

acteristics of the ECLSS during the preliminary design phase. Specifically, the model is

linked to an Equivalent System Mass (ESM) and reliability analysis tool, as well as to Vir-

tual Habitat (V-HAB), a life support system simulation tool developed at the Technical

University of Munich (TUM) [9,10]. The information obtained through these integrated

analysis and simulation tools enables improvement and refinement of the system archi-

tecture. This approach can be extended to subsequent design phases by integrating more

advanced engineering tools into the model using the same method. This work illustrates

the potential of the proposed approach to improve the ECLSS design process by managing

its complexity more effectively.

The thesis is structured as follows: Section 2 (Background and Context) provides an

overview of the main concepts explored in this work. These include the history, future

trends, and benefits of human spaceflight; human factors in spaceflight; analog habitats;

and a detailed description of the Environmental Control and Life Support System, in-

cluding its main functions and key design considerations. The section also introduces the

Equivalent System Mass and the reliability analysis considered in this work, as well as the

Virtual Habitat tool. Finally, the section provides background on systems engineering,

Model-Based Systems Engineering, and the ARCADIA methodology.

Section 3 (Research Problem) outlines the challenges of the traditional document-centric

systems engineering approach for designing the ECLSS, especially for long-duration mis-

sions. The section also describes the main advantages and limitations of integrating an
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MBSE approach with engineering analysis tools. Based on this overview, the research

questions that guide this work are presented.

Section 4 (Proposed Integrated MBSE Approach for ECLSS Design Process) presents the

proposed integrated MBSE approach to support the ECLSS design process. It offers a

detailed description of how each tool is integrated into Capella, as well as how these tools

enable the evaluation and iterative refinement of the system architecture.

Section 5 (ECLSS Design for an Analog Habitat) presents the application of the proposed

approach to the preliminary design of the ECLSS for an Analog Habitat, with the aim

of illustrating its main potential benefits.

Section 6 (Conclusions and Future Work) summarizes the work’s key outcomes and sug-

gests possible future research directions.
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2 Background and Context

This chapter aims to present a comprehensive overview of the context of this work,

by providing a brief description of the main concepts explored throughout the thesis.

This includes an overview of the challenges and opportunities related to human space

exploration, with a particular focus on the ECLSS, and analog habitat simulators. The

chapter also discusses the advantages and limitations of MBSE to support the design,

analysis and verification of complex and integrated systems.

2.1 Human Spaceflight

”Human spaceflight include any space missions with humans as passengers or as on-board,

active participants in spacecraft control or science” [3]. Since April 1961, when cosmonaut

Yuri Gagarin became the first human to be launched into space, more than six hundred

individuals have traveled beyond an altitude of 100 kilometers (where space begins, as

arbitrarily chosen by the Federation Aeronautique Internationale (FAI)). Despite this

number, only three countries have independently launched humans into space: Soviet

Union/Russia, the United States, and China. In each of these nations, the development

of human spaceflight has evolved progressively, with each successful mission building

on the experience and lessons learned from previous flights [1]. Today, as spaceflights

must be both safe and cost-effective, it is extremely important to understand how these

countries achieved their goals, how missions are designed and executed, what major

technical challenges must be overcome, and how to effectively organize the development

and operation of such missions [3].

2.1.1 History of Human Spaceflight

The Soviet Union and Russia’s Human Spaceflight Program

The first human spaceflight program was the Soviet Union’s Vostok program started in

1961, which resulted in the first human in space, the first orbital flight around Earth,

and the first full day spent in space by a human [11].

Building on Vostok’s historic successes, in 1964 the Soviet Union initiated the Voskhod

program, which consisted of two missions that carried multi-person crews into space and

performed the first Extravehicular Activity (EVA) in human history.

An important milestone in Soviet human spaceflight came in 1967 with the introduction

of the Soyuz spacecraft. Soyuz supported the operations of the Salyut and Mir space

stations, and continues to play a key role today in servicing the ISS [11].

In 1971, the Soviet Union launched the Salyut program, a series of single-module space

stations designed to host crews conducting military and scientific experiments. Building

on the successes of Salyut, the Soviet Union developed Mir (shown in Figure 3), which

was the first long-term space station composed of different modules. Operational from
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1986 to 2001, Mir enabled a nearly continuous human presence in space for almost a

decade [11].

Figure 3: Mir space station [12].

The United States Human Spaceflight Program

The first U.S. human spaceflight program was Mercury, which included 25 missions, six

of which carried astronauts between 1961 and 1963. Its primary objectives were to suc-

cessfully place a human spacecraft into Earth orbit, evaluate the astronaut’s ability to

operate in space, and ensure the safe recovery of both the crew and the vehicle. Mercury

was succeeded by the Gemini program, whose purpose was to prepare for future lunar

missions by testing long-duration flights, performing orbital rendezvous and docking, re-

fining re-entry techniques, and studying the physiological impacts of extended spaceflight

on humans [13].

From 1961 to 1972, the US developed the Apollo program, the largest US program con-

sisting of successful lunar landings and the safe return of astronauts to Earth. Apollo

contributed to the advancement of technologies in support of national objectives in space,

enabled the scientific exploration of the Moon, and enhanced humanity’s ability to oper-

ate in the extraterrestrial environment [13]. Figure 4 shows the historic Apollo 11 Lunar

Module docking with the Command Module before returning to Earth.

In 1973, the Skylab program marked America’s first space station efforts, focusing heavily

on solar observations and long-duration human missions. Meanwhile, the intense U.S.

- Soviet competition, that had characterized the space race, evolved into cooperation,

beginning with the Apollo-Soyuz Test Project in 1975. This collaborative effort became
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even more pronounced in the following decades, especially during the Space Shuttle era

and the subsequent development of the ISS.

NASA’s shuttle program, operational for over 30 years, completed 135 missions with

five orbiters: Columbia, Challenger, Discovery, Atlantis, and Endeavour; and carried 355

individuals to space. As the first reusable spacecraft, the shuttle enabled routine access to

Low Earth Orbit (LEO), deployed and repaired satellites, supported scientific research,

and contributed substantially to the construction of the ISS [13].

Built between 1998 and 2011, the ISS is an unprecedented collaboration between the

United States, the Canadian Space Agency (CSA), European Space Agency (ESA),

Italian Space Agency (ASI), National Space Development Agency (NASDA), and the

Russia Space Agency (RSA) [5]. It is a symbol of international collaboration, enabling

not only research in microgravity, but also the advent of commercial activities in LEO

and the advancement of technologies for future deep space exploration [13].

Figure 4: Apollo lunar module [13].

The Chinese Human Spaceflight Program

In 1992, the Chinese government initiated its human spaceflight program following a

strategy composed of three steps [14]. The first step aimed to launch crewed space-

craft and develop fundamental human spaceflight technologies. The second focused on

deploying space laboratories to achieve key technological breakthrough in EVA, orbital

rendezvous and docking, and supporting short-term human habitation. The final stage

involves the construction and long-term operation of a permanently crewed space station

to enable a sustained human presence in space [14].

China successfully launched its first unmanned spacecraft, Shenzhou 1, in November 1999.

On October 15, 2003, it reached a major milestone with the launch of Shenzhou 5, its

first manned spaceflight [15]. With this achievement, China became the third country

in the world to independently send humans into space, after the Soviet Union and the
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United States. The mission, which lasted 21 hours and 22 minutes, marked the beginning

of China’s human spaceflight program [15].

Continuing its advancements, China launched its first prototype space station, Tiangong-

1, in 2011 to test rendezvous, docking, and short-term crewed habitation. This was

followed by Tiangong-2 in 2016, where two astronauts spent 30 days aboard during the

Shenzhou-11 mission, successfully validating life support technologies essential for long-

duration missions, setting the basis for a permanent space station [16].

In April 2021, China launched the Tianhe core module of its Tiangong modular space sta-

tion, marking the start of the third stage of its human spaceflight roadmap. Additional

modules were added in the following months, and the station reached full operational

capacity in 2022. The Tiangong space station, shown in Figure 5, now supports a con-

tinuous human presence in LEO, hosting rotating crews and enabling a wide range of

scientific experiments. With Tiangong, China has become the second nation after Rus-

sia/US to maintain a long-term human station in space, and has expressed interest in

future international cooperation aboard the station [17].

Figure 5: China’s Tiangong space station [18].

The Future of Human Spaceflight and Space Commercialization

The centralized government-led approach that defined human space activities since the

1960s has gradually shifted over the past two decades. Today, government space agen-

cies have been increasingly collaborating with private companies and engaging in in-

ternational partnerships, reflecting a more collaborative and diversified model of space

exploration [19]. Indeed, agencies such as NASA and ESA are moving towards partner-

ships with private companies such as SpaceX, Blue Origin, Northrop Grumman Systems

Corporation and Axiom Space. The primary goal of these partnerships is to enhance

collective capabilities in human spaceflight, to promote scientific innovation, to expand

14



access to space, to reduce the cost of access to space, to foster innovation and to expand

commercial activity beyond Earth orbit [20,21].

NASA’s Artemis program is an example of this new model of space exploration. The

program aims to return humans to the moon, establishing the first long-term human

presence. This will support scientific discovery, drive technological innovation, and pro-

vide critical experience for future human missions to Mars. Key mission objectives of

Artemis program include: equality, technology, partnerships, long-term presence, knowl-

edge and resources [22].

The Artemis program is based on four major elements: the Orion spacecraft, designed

to carry astronauts through space; the Lunar Gateway, a space station that will orbit

the Moon; the Human Landing System (HLS), intended to transport astronauts and

equipment from the Gateway to the lunar surface; and the Space Launch System (SLS)

[23].

The moon is a treasure of science, understanding its geological structure and history can

reveal insights into planetary processes, the Earth-Moon system, and even the history of

our Sun. Artemis astronauts will collect new data to deepen this understanding [23]. The

target landing site for the Artemis missions is the lunar South Pole, a region characterized

by deep craters, areas of constant sunlight, and permanent shadow. This location is

particularly important because is known to contain deposits of water ice. In the future,

these ice deposits could be integrated into the ECLSS of lunar habitats, supporting the

establishment of a sustained human presence on the Moon [23]. Beyond the scientific,

political and economic objectives, Artemis program aims to inspire the next generation of

professionals and innovators, just as the Apollo missions inspired the current generation.

While the United States is leading the way toward establishing a long term human pres-

ence on the Moon through the Artemis program, other major nations are also shaping

their own long-term visions for space exploration. Unlike U.S, Russia currently has no

immediate plans to send cosmonauts to the Moon. In September 2022, however, Russia

and China declared their intention to build a joint lunar base by the mid-2030s [11].

Over the past decade, emerging space nations such as India, with its Gaganyaan human

spaceflight program [24], and the United Arab Emirates, which launched the Hope Probe

to Mars in 2020 [25], have positioned themselves as serious players in space exploration,

with ambitions for future human missions to the Moon and Mars.

2.1.2 Benefits of Human Spaceflight

Planning a space mission with humans on board, compared to a robotic mission, dramat-

ically changes how the mission is designed, managed, and financed. Every element of the

mission is heavily influenced by the presence of humans. Sending people into space intro-

duces significant risks, higher costs, and increased complexity across the entire system.

However, human presence add flexibility and adaptability impossible in robotic missions.

Designing for human presence in space is more complex mainly due to safety and relia-

bility, pressurized structures and dedicated subsystems, human factors and logistics [3].

15



Even though humans have been exploring space for over 60 years, the question remains:

is it worth continuing to send humans into space, considering the significant risks, com-

plexities, and costs involved [26]?

While geopolitical motivations were once the primary driver of human space exploration,

today’s justification is increasingly based on the broader benefits such missions can bring.

The benefits of human spaceflight can be grouped into three categories: scientific benefits,

practical non-scientific benefits, and intangible non-scientific benefits [26].

Scientific benefits: One of the main reasons for sending humans into space is to con-

duct scientific research. It is generally accepted that the benefits of such research outweigh

the inherent risks and dangers [26]. Nevertheless, like human missions, robotic missions

have provided an incredible return on scientific research, with notable examples including

the Mars Rovers and the Pioneer and Voyager probes. However, the scientific value of

human spaceflight lies in the ability to respond in real time to changing environments

and unforeseen problems that can arise in space. The human presence brings flexibility,

adaptability and manual skills that current unmanned technologies cannot match. This

often results in complex tasks being completed more efficiently and in less time [27].

Beyond the advantages of human adaptability, the presence of astronauts in space is also

essential for investigating the human body in microgravity, leading to the discovery of

physiological processes and medical insights that cannot be observed on Earth, as well

as fostering the development of new technologies aimed at improving quality of life. As

stated in Bond and Wilson [28]: ”the human presence in space is a key factor in enabling

new technologies to be tested in microgravity, leading to advanced solutions that provide

benefits for power generation, transportation, safety and standard of living”. Examples of

important research and benefits arising from human spaceflight include advances in cancer

research, osteoporosis studies, investigations into the decline in muscle performance due

to prolonged inactivity and ageing, and microRNA research (other examples are discussed

in [28].)

Practical non-scientific benefits: In addition to the scientific benefits, investing in

human spaceflight offers significant practical non-scientific benefits, including the promo-

tion of international cooperation and the enhancement of national prestige [26].

As presented in previous sections, since the Cold War human spaceflight has been seen as

an instrument of ”soft power” [29], capable of promoting national pride. The success of

complex missions, such as the Apollo program, serves to enhance a nation’s international

reputation.

As well as enhancing national prestige, human space exploration is a natural focus for

international cooperation. The Artemis program, for example, demonstrates this: ”54

countries have joined the accords and are committed to establishing a peaceful, prosperous

future in space” [22]. It provides a visible and powerful means of promoting global

solidarity and building a more stable geopolitical environment. The involvement of several

countries in human space exploration enhances cooperation, reduces risks, shares costs

and facilitates technological exchange [27].

16



Intangible non-scientific benefits: Human space exploration is not only a demon-

stration of technological power, but also a testament to a nation’s ability to mobilize

resources and achieve ambitious collective goals, exemplifying ”the best of our abilities”,

as President Kennedy once remarked.

Space exploration plays a crucial role in stimulating intellectual curiosity and promoting

critical thinking throughout society. Not only does it address unprecedented scientific

challenges, it also builds optimism and inspires the development of innovative solutions

to complex societal problems [27]. One of the most important intangible benefits of

human spaceflight, particularly evident in the Apollo program, is the inspiration of a new

generation of engineers and scientists.

Programs such as Apollo have ignited a passion for science, engineering and exploration

that has influenced the careers of countless individuals, including pioneers such as the

founder of Amazon, who cited his fascination with Apollo as a major motivation [26]. In

fact, one of the greatest benefits of human spaceflight is the challenge and complexity

of carrying out such missions, which serves as a powerful source of inspiration for future

generations.
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2.1.3 Human Factors in Spaceflight

”The high costs and constraints involved in placing humans in space make people the

most important ”subsystem” within a mission” [3]. As discussed in the previous sections,

planning a mission with humans on board adds significant complexity to the overall

system. Therefore, human factors greatly affect the final system configuration.

Leaving Earth for space requires humans to adapt to entirely different environmental

conditions. The main environmental factors to be considered in mission design to en-

sure human survival are: habitat atmosphere, radiation, acceleration, noise, vibration,

metabolic parameters, microgravity and psychological effects [3]. The environmental con-

text of a space mission is summarized in Figure 6.

Figure 6: Overview of environmental factors [30].

Habitat atmosphere: Human spaceflight relies on pressurized structures and dedi-

cated subsystems to provide life support and environmental protection. To sustain life,

the system must continuously maintain appropriate atmospheric composition and tem-

perature conditions. As stated by Wieland [4], ”The term atmosphere refers to the gas

either surrounding a planet or contained within a sealed vessel, such as a space habitat”

and can be defined by the partial pressure p of its basic components:

Ptotal = pO2 + pN2 + pCO2 + pH2O + pX1 + pX2 + · · ·+ pXn (1)

where Ptotal is the total pressure of the atmosphere. The primary atmospheric require-

ments for the mission are to maintain adequate total pressure and oxygen partial pressure.

In addition, temperature and humidity must be maintained within appropriate ranges,

while carbon dioxide and trace contaminant levels must remain sufficiently low.

To support human health, the partial pressure of O2 in the atmosphere must remain

sufficiently high, typically around 21.4 kPa at sea level, to prevent various physiological
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problems. However, excessively high O2 partial pressures can also be harmful, leading to

conditions such as lung irritation and oxygen toxicity [4]. Figure 7 shows a NASA dia-

gram illustrating the relationship between oxygen concentration, total pressure, and the

physiological effects on humans when breathing the corresponding atmosphere. Mission

designers must select and maintain oxygen partial pressure and total pressure values that

fall within the light shaded area of the diagram to meet human physiological require-

ments. As shown in the diagram, the range of atmospheric conditions compatible with

human survival extends from a total pressure of 103.1 kPa at 21% oxygen to a total pres-

sure of 25 kPa at 100% oxygen (based on the sea level equivalent curve in the diagram).

Figure 7: Physiological effects of oxygen concentrations [4].

Early US spacecraft used pure oxygen atmospheres to simplify life support systems and

avoid the complexity of a two-gas system. However, after the Apollo 1 accident, in which

an electrical spark caused a fatal fire that killed all three astronauts, the US switched to a

nitrogen-oxygen atmosphere [4]. In fact, nitrogen is essential to inhibit the flammability

of oxygen.

Based on these safety considerations, mission designers must carefully select atmospheric

pressure and composition to meet both physiological and technical requirements. There

are several advantages and disadvantages in using either a sea level atmosphere or a

reduced pressure atmosphere in the cabin. Therefore, in addition to human physiological

needs, the following factors must be taken into account when determining the total cabin

pressure:

• Maintaining a total sea level pressure results in greater atmospheric losses caused

by leakage, requires more structural mass to resist the higher pressure differential

between the inside and outside of the habitat, and may complicate EVA prepara-

tions.
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• Alternatively, lowering the total pressure below sea level causes voice communica-

tion over distances to become more challenging, increases the risk of fire due to

the higher oxygen concentration, creates different conditions for mission experi-

ments compared to Earth, increases material off-gassing and reduces heat transfer

efficiency [3].

In addition to maintaining appropriate oxygen levels and total pressure, controlling car-

bon dioxide levels is critical for crew safety and mission success. In the habitat at-

mosphere, it is essential to keep CO2 at a very low concentration to prevent adverse

physiological effects. As CO2 is produced by normal metabolic respiration, its levels

would quickly rise to unacceptable concentrations in a confined environment unless some

method of removal was employed. On Earth, the atmospheric concentration of CO2 is

about 0.0318 kPa, whereas in space habitats, acceptable levels range from 1.01 kPa for

short-duration missions to 0.4 kPa for long-duration missions [3, 4].

In a habitat atmosphere, controlling the temperature and humidity is essential to pro-

viding a comfortable environment for the crew and preventing condensation on electronic

components. In addition, moisture accumulation in any area can create favourable condi-

tions for microbial growth [4]. The cabin’s temperature and humidity are directly affected

by sensible and latent heat. The mass of water vapor that must be condensed from the

air is represented by latent heat, which is produced mainly by human metabolism and

hygiene activities, while human metabolism and powered equipment generate sensible

heat [31]. Temperature and Relative Humidity (RH) are closely related in their effect on

human comfort: if the humidity is too low, crew members may experience drying of the

nose, throat and other respiratory issues, while if the humidity is too high, a more com-

mon problem in space habitats, perspiration doesn’t cool the crew properly, condensation

on surfaces may occur and micro-organisms may grow more rapidly [3]. Historically, tem-

perature and RH requirements have generally been the same for all space habitats, with

temperatures typically ranging from 18.3 °C to 26.7 °C and RH between 25% and 75%.

At high temperatures, a low relative humidity (RH) is required to facilitate evaporative

cooling. On the other hand, at low temperatures, a high RH is preferred to minimize

heat loss through evaporation and maintain comfortable conditions [4]. Figure 8 depicts

the relationship between temperature, relative humidity1, and humidity ratio2.

1Relative humidity (RH) is the ratio of the amount of water vapor in the atmosphere to the maximum

amount that the atmosphere can hold at a particular temperature. At a temperature T, the relative

humidity can be defined as the ratio of the partial pressure of water vapor to the saturated vapor pressure:

RH(T ) =
pH2O(T )

p◦H2O
(T )

× 100

where pH2O(T ) is the partial pressure of water vapor at temperature T and p◦H2O
(T ) is the saturated

vapor pressure at the same temperature. The saturated vapor pressure corresponds to the partial pressure

of water when the air–water mixture is at equilibrium, meaning that the rate of evaporation equals the

rate of condensation. When the air cannot hold any more water vapor, it is said to have reached

saturation [32].
2The humidity ratio is the ratio of the mass of water vapor in the air mwater vapor to the mass of dry

air mdry air:

Humidity ratio =
mwater vapor

mdry air
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The comfort box, highlighted in the Figure 8, represents the optimal environmental con-

ditions for maintaining a stable and comfortable atmosphere suitable for human life.

Figure 8: Temperature and RH ranges [4].

In addition, specific surface temperature limits must be maintained to prevent conden-

sation and to avoid discomfort or injury to crew members. The acceptable temperature

range for continuous contact with bare skin is approximately 4 °C to 45 °C [3].

In a microgravity environment, thermal convection and buoyancy are significantly re-

duced. This can result in the localized accumulation of carbon dioxide and airborne

contaminants within the cabin. Effective ventilation is therefore essential to promote air

mixing within and between modules, reduce thermal gradients and prevent the formation

of stagnant zones. To ensure a safe and habitable environment, contaminant levels in

the atmosphere must be kept below acceptable limits. The most critical contaminant

to control is carbon dioxide, which is continuously produced by the crew. In addition,

the system must remove micro-organisms, airborne particles, and trace chemical contam-

inants generated by both human activities and on-board equipment or materials [3, 4].

Another important atmospheric consideration for lunar or planetary missions is the pres-

ence of dust. Effective protection against dust is essential for both the health of the crew

and the proper functioning of on-board equipment [30].

Radiation: As humans venture to the Moon and beyond, they will need reliable and

effective protection against the serious threat of space radiation. The most hazardous

aspect of the radiation is the effect of charged particles. In space, the main sources of

these particles are [31]:

• Solar Particle Events (SPE): energetic protons released during coronal mass ejec-

tions from the Sun.

• Galactic Cosmic Rays (GCRs): high-energy atomic nuclei, mostly protons, originat-

ing outside the Solar System, probably produced by nova or supernova explosions.
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• Van Allen radiation belts, which are areas of energetic particles that are confined

to moving around the Earth’s magnetic field lines.

Beyond the ozone layer, humans would be directly exposed to high levels of radiation.

Therefore, radiation shielding is essential for future spacecraft and habitats to prevent

health problems [30].

Acceleration: When planning a mission, designers must carefully consider the accel-

eration environment in relation to human tolerance. In particular, the focus is on linear

acceleration, rotational acceleration, and impact. When analyzing acceleration effects, it

is important to consider the direction of the force relative to the human body. Assuming

the person is sitting upright, the x-axis corresponds to chest to back, the y-axis to side to

side and the z-axis to head to seat [30]. Humans have the greatest tolerance to ± gx ac-

celeration, so most high-g systems are designed to align crews along this axis. According

to NASA-STD-3000, the acceleration during an emergency reentry should not be greater

than ±4 gx, ±1 gy or ±0.5 gz [3]. For rotational acceleration, untrained individuals

can typically tolerate up to 6 rpm in any direction, although training can significantly

increase this limit. Human tolerance to impact acceleration depends not only on the peak

g-forces experienced, but also on the rate of application to reach the peak g.

Noise: As in Earth-like environments, noise reduction in the habitat is essential to pre-

serve hearing, facilitate communication and ensure crew comfort. Therefore, typical noise

sources such as motors, fans, pumps, valves, regulators and other equipment, including

thrusters, must be considered by the mission designers [3].

Vibration: Vibration is typically classified as either whole-body or hand-arm, depend-

ing on the part of the body to which it is applied. Whole-body vibration over long periods

of time causes the most severe physiological effects. It has a significant negative impact

on human performance, particularly accuracy, which decreases with increasing frequency,

intensity and duration of vibration [30]. Vibrations can combine with noise to cause

problems such as stress, fatigue and reduced crew performance. This problem can be

reduced by design choices such as adjusting equipment operating parameters, selecting

alternative materials, applying lubrication or incorporating damping systems [3].

Metabolic parameters: From a thermodynamic perspective, humans are open sys-

tems that continuously interact with their environment by exchanging matter and en-

ergy. The main inputs are food, water, and oxygen, while the main outputs are heat and

metabolic byproducts, such as carbon dioxide, sweat, urine, and feces. To sustain life,

certain basic needs must be consistently met: an atmosphere of appropriate composition

and temperature, access to clean water every few hours, and sufficient food. Figure 9

illustrates the typical values of the human metabolic input and output. These values are

based on an average metabolic rate of 136.7 W per person and a respiratory quotient of
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0.87 3. These values will increase with higher levels of physical activity [4]. As shown

Figure 9: Human metabolic input and output per person per day [4].

in Figure 9, nominal oxygen (O2) consumption per person is approximately 0.84 kg per

day, although it can vary between 0.5 and 1.4 kg depending on individual factors and

activity levels. Similarly, carbon dioxide (CO2) production typically averages about 1 kg

per person per day, but can vary from 0.65 to 1.5 kg [3]. In addition to metabolic needs,

people also need potable water for hygiene, washing clothes and dishes. As shown in

Figure 9, the daily water needs per person is significant (about 26.99 kg, 90% of the total

resource needs). For long-duration missions, the design of an efficient water recycling sys-

tem is essential, otherwise the total mass of consumables required would be prohibitively

high. Humans also generate heat as a byproduct of metabolism, and the rate of this heat

production varies depending on the individual and their level of physical activity. For

example, the typical metabolic heat output of a resting astronaut is approximately 105

watts [3].

Microgravity: In space, microgravity poses serious challenges to human physiology,

causing three main types of adverse effects: a reduced hydrostatic gradient leading to

fluid redistribution, disturbances in vestibular functions leading to motion sickness, and a

reduced load on weight-bearing tissues such as muscles and bones. Under Earth’s gravity,

body fluids are pulled downwards, resulting in higher blood pressure in the lower body and

lower pressure in the upper body. In microgravity, this hydrostatic gradient disappears

and fluids are redistributed evenly throughout the body, a phenomenon known as fluid

shift. The kidneys interpret this redistribution as an excess of fluid and respond with

increased urination, which can lead to dehydration. In addition, the heart experiences

less resistance when pumping blood, leading to an increased and irregular heart rate and

a gradual loss of heart muscle mass [31]. Vestibular function, or the capacity to perceive

movement, is also impacted. The vestibular system is calibrated to work in a constant

3The respiration quotient is the ratio of the volume of carbon dioxide produced to the volume of

oxygen consumed [33].

23



1-g environment on Earth. However, in space, this calibration is disrupted by the free-

fall environment [30,31]. Prolonged exposure to microgravity also weakens both muscles,

through loss of muscle mass, and bones, through significant calcium loss [30, 31]. These

changes may not be a problem while the individual is in microgravity, but may become

harmful when the individual returns to a higher-gravity environment. For short-term

missions, experience has shown that regular exercise in microgravity is generally sufficient

to prevent physiological changes from becoming operationally significant. However, it

remains unclear how severe these effects could be on long-term missions, such as a journey

to Mars. Some mission designers propose introducing artificial gravity in the range of 0.5

to 0.8 g to mitigate these problems. According to NASA-STD-3000, crew members on

missions lasting more than 10 days in microgravity should perform physical activities to

counteract these effects [3].

Psychological effects: When planning and designing space missions, especially long-

duration missions, it is essential to consider the psychological effects on the crew. Exces-

sive workloads can lead to physical exhaustion and moral fatigue. In addition, the extreme

isolation of space can increase stress levels and, over time, lead to feelings of loneliness

or depression. Living with the same people every day can further strain interpersonal

relationships and negatively affect mental well-being [31]. Long-duration missions, such

as those to Mars, will require careful attention to the psychological well-being of the

crew and the development of effective support strategies. As human space missions ex-

tend over longer periods of time, the need for more stable, complex and human-center

living and working environments will become increasingly important. Designers will be

challenged to create habitats that not only support the crew’s professional activities and

social interactions, but also address a wider range of human needs [3].
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2.2 Analog Habitats: Historical Review

Space habitats are advanced technological structures designed to support human life in

extremely hostile and remote environments. The development of space habitats is a key

project focus in the planning of long-term missions to the Moon or Mars. Sustaining hu-

man life in such a hostile environment requires precise design, careful planning and strict

management protocols. Effective management of space habitats is therefore essential to

ensure sustainability, crew safety and overall mission success. Habitat management in-

cludes life support systems, resource utilization, crew interactions, mental health, and

operational protocols [34]. An example of a future space habitat is the Lunar Surface

Habitat (SH) of the Artemis program, as shown in Figure 10.

Figure 10: Lunar Surface Habitat of the Artemis program [23].

The design and management of space habitats relies heavily on experience, data and

research gained from Analog Missions. “An Analog Mission is a research method focused

on investigating one or several aspects of crewed space missions using earthly real-life

situations as an analogue to an off-world scenario” [35]. These missions are typically

conducted in terrestrial environments that closely simulate the physical and operational

challenges of space. Before systems are implemented in actual space conditions, space

agencies and their partners work with academic, industrial, and government institutions

to test technologies and procedures in extreme terrestrial environments. Analog Missions

therefore provide valuable insights into the strengths and limitations of proposed human

exploration strategies [36]. Since the early days of space exploration, analog missions

have played a key role in preparing for planetary surface operations, first for the Moon,

and now for future deep space destinations such as an asteroid or Mars [36, 37]. The

main element of an Analog Mission is the Analog Habitat: ”Analog habitat is a space

adapted or designed to support analog missions and add more simulation and testing

capabilities” [35]. Over the past few decades, around twenty analogue habitats have been

built around the world, allowing researchers to study habitat management strategies and

evaluate technologies in a controlled environment [38]. Analog Habitats are therefore a
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powerful tool for studying and testing systems, human factors and strategies essential

to the design of space habitats for future deep space missions. The knowledge gained

from Analog Habitat studies not only improves the understanding of critical systems and

human factors, but also significantly enhances the ability to mitigate risk during long

duration space missions [34].

The benefits of Analog Missions for space exploration can be summarized as follows:

• Realistic simulation: Analog missions allow researchers to test technologies, pro-

tocols, and human factors in realistic scenarios that simulate actual space missions.

These simulations help identify potential problems and refine solutions before they

are implemented in space [34]. Therefore, Analog Habitat provide a platform to test

operational procedures and determine the most effective combinations of procedures

and team dynamics to successfully complete mission tasks [37].

• Cost: Analog Missions provide significant cost savings by facilitating low-budget

testing and validation [34].

• Risk reduction: Analog Missions help reduce the risks of spaceflight by identifying

and addressing potential problems in controlled environments. By testing hardware,

procedures and human responses in these environments before flight, researchers

improve mission safety and reliability [34].

• Technological development: Analog Missions facilitate the development of space

habitat technologies. These missions help to increase their Technology Readiness

Level (TRL)4 through realistic testing [34, 37]. Analog Habitats are particularly

essential for testing and validating ECLSS technologies. The development of future

ECLSS relies on Analog Mission studies that investigate novel physico-chemical and

bioregenerative technologies and their integration into habitat designs [38].

• Human Factors: As described in the previous section, the assessment of human

factors is relevant in space exploration. To prevent cognitive or behavioural prob-

lems during these missions, it’s important to take preventative measures [40]. By

studying crew interactions and stressors in analog habitats, Analog Missions pro-

vide important insights into the social, physiological and psychological effects of

long-duration spaceflight. These studies also allow the evaluation of psychological

and interpersonal monitoring methods, many of which have been proven effective

in actual flight operations [34,37].

Many Analog Habitats have been built in recent decades, each with unique characteristics

and specific mission objectives. These include the Antarctic research stations, Human

Exploration Research Analog (HERA), the Mars-500 isolation experiment and Human

Exploration Spacecraft Test-bed for Integration & Advancement (HESTIA), which will

be used as an example in the following paragraphs. A comprehensive overview of Analog

Habitats can be found in [38].

4”Technology Readiness Level (TRL) are a type of measurement system used to assess the maturity

level of a particular technology. Each technology project is evaluated against the parameters for each tech-

nology level and is then assigned a TRL rating based on the projects progress. There are nine technology

readiness levels. TRL 1 is the lowest and TRL 9 is the highest” [39].
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Antarctica’s climate, terrain and deep isolation closely mimics the conditions astronauts

will encounter during long-duration space missions. It provides an ideal, accessible

testbed for development and validation of prototype systems and technologies for lu-

nar and Martian environments, as well as a natural analogue for behavioural health

research, reflecting the psychological challenges of isolation. Antarctica is the location of

various research stations, such as the American McMurdo Station and the Italian-French

Concordia Research Station, shown in figures 11 and 12, respectively [41,42].

Figure 11: McMurdo Station [43].

Figure 12: Concordia Research Station [44].

Human Exploration Research Analog (HERA) is a NASA analogue mission programme

conducted in a habitat at the Johnson Space Center. The habitat, shown in Figure

13, is about 650 ft2 (about 60 m2), consisting of two floors and a loft. The HERA

program simulates the isolation experienced during a space mission. The program’s

primary objectives are to study crew health, human factors, and communication [45].
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Figure 13: Human Exploration Research Analog [46].

Mars-500 was a collaborative project between the European Space Agency (ESA) and the

Russian Space Agency that simulated a journey to Mars within a habitat at the Institute

of Biomedical Problems in Moscow, shown in Figure 14. The aim was to gather data

and insights for future human missions to Mars by studying how long-term confinement

affects humans, both psychologically and physically. Throughout the study, participants

were subjected to a series of tests to assess the effects of isolation on stress levels, hor-

monal balance, immune function, sleep quality, mood, and the effectiveness of nutritional

supplements [47].

Figure 14: Mars 500 habitat [48].
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Human Exploration Spacecraft Test-bed for Integration & Advancement (HESTIA) is

a facility developed in support of the Gemini, Apollo, and SkyLab programs, shown in

Figure 15. In the 1990s, HESTIA conducted several closed-loop tests of human ECLSS

technology to advance the technology for the ISS [49]. HESTIA in the Gemini era,

was necessary for testing environmental control and life support system, and evaluating

concepts for human spaceflight habitation and structural designs. The facility provides

capabilities for diverse research needs, such as data acquisition, monitoring and control

systems, power distribution, fluid handling and atmospheric pressure management, and

is now being prepared for reuse in support of future planetary deep space missions [38].

Figure 15: Human Exploration Spacecraft Test-bed for Integration & Advancement [38].

Analog conclusion

As the above-mentioned examples show, Analog Habitats have long been - and are fore-

seen to continue to be - excellent platforms for testing, research and validation in support

of deep space mission design. As stated by Mane [34]”Analog habitats are essential instru-

ments for improving space research and establishing a sustained human presence beyond

Earth because they encourage innovation, international collaboration, and public partic-

ipation”. The lessons learned from these analogue environments will directly influence

the development of future space habitat architectures.
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2.3 Environmental Control and Life Support System (ECLSS)

As stated in the European Cooperation for Space Standardization, the ECLS is an:

”Engineering discipline dealing with the physical, chemical and biological func-

tions to provide humans and other life forms with suitable environmental con-

ditions. The objective of ECLS is to create a suitable environment by control-

ling the environmental parameters, providing resources, and managing waste

products. It must also support special operations such as EVA, respond to

environmental contingencies and provide health related services” [50].

The Environmental Control and Life Support System (ECLSS) is ”a system that includes

the hardware and software to perform the ECLS functions” [50].

In human spaceflight, the ECLSS is an essential part of the mission, providing appropri-

ate conditions for a physiologically acceptable environment for spacecraft, space stations

or planetary habitat. As described in Section 2.1.3, the human being is an open system,

exchanging matter and energy with the environment and naturally living within a life

support system known as the ”biosphere5” [52]. In space, the ECLSS ensures the bio-

logical autonomy of humans when separated from their original biosphere by attempting

to replicate the critical functions of the complex, interconnected processes that occur on

Earth [4].

Therefore, the system must provide humans with the resources they need and manage

their output while maintaining an environment that is appropriate for them (see Section

2.1.3). It must also provide resources for activities such as hygiene, medical procedures,

and scientific experiments [3]. To meet the requirements, the ECLSS must manage the

atmosphere, water, waste and food.

The ECLSS is typically divided into five main functional areas [3, 52]:

• Atmosphere management, including atmospheric composition control, temper-

ature and humidity control, pressure control, atmosphere regeneration, contamina-

tion control and ventilation;

• Water management, including the provision of potable and hygiene water, as

well as the recovery and processing of waste water;

• Food production and storage, which includes the production and storage of

food;

• Waste management, covering the collection, storage, and processing of human

waste and other refuse;

• Crew safety, involving fire detection and suppression, and radiation shielding.

5”Biosphere is a relatively thin life-supporting stratum of Earth’s surface, extending from a few kilo-

metres into the atmosphere to the deep-sea vents of the ocean. The biosphere is a global ecosystem

composed of living organisms (biota) and the abiotic (nonliving) factors from which they derive energy

and nutrients [51].”
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Figure 16: ECLSS flow diagram [53].

Figure 16 shows an ECLSS flow diagram illustrating the main functional areas of the

system and the interactions between them. These functions can be divided into non-

regenerative functions, which refer to processes that do not involve recycling, and regen-

erative functions, which are associated with the recycling of life support resources [52].

The following section examines the main functions of ECLSS in more detail, along with

the technology options available to realize each function.

Beyond the primary purpose of sustaining human life in space, the configuration of an

environmental control and life support system is heavily influenced by several require-

ments, including technological capabilities, human factors, mission scenarios, safety con-

siderations, and cost constraints [52]. For example, an ECLSS configuration that works

exceptionally well for a specific mission, such as a short-duration LEO mission where life

support resources required are minimal, may be completely inappropriate for a different

context, such as a long-duration lunar habitat that requires high autonomy, long-term

reliability, and minimal resupply capabilities. Therefore, developing an ECLSS architec-

ture is an iterative process that involves evaluating and comparing different technologies

and system configurations based on specific mission requirements.

An ECLSS architecture based only on stored resources and without recycling processes

is referred to as an open loop system, while an architecture that integrates recycling is

referred to as a closed loop system.

In an open loop system, all the resources necessary for the mission are stored. There

are two approaches that can be considered: launching all the necessary supplies at the

beginning of the mission, or resupplying during the flight. An open loop ECLSS archi-

tecture is simpler and more reliable than a closed loop architecture, but the mass and

volume of consumables increases linearly with mission duration and crew size, reaching a

large system mass for long duration missions. Therefore an open loop system is ideal for

short duration missions, avoiding the complexity and cost of recycling technology [4,52].

A closed loop system is based on recycling an initial supply of life support resources.

The closure level refers to how much of the total resources are provided by recycling.
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Increasing the closure level reduces the need for resupply. The main advantage of this

architecture is that, as the mission’s duration and crew size increase, the increase in

the total mass of the system is relatively small compared to the one of the open loop.

However, this architecture is less reliable, more complex, more expensive and has higher

thermal and power requirements than the open loop. For long duration missions, it is

necessary to opt for a closed loop system to reduce its overall mass and volume [4, 52].

For example, the habitats of the Apollo spacecraft operated as open loop systems, while

the International Space Station relies on a closed loop system [4].

Table 1: Reduction of relative supply mass by successive loop closure [52].

Step Method Relative supply mass

0 Open loop 100 %

1 Waste water recycling 45 %

2 Regenerative carbondioxide-absorption 30 %

3 Oxygen recycling from carbondioxide 20 %

4 Food production from recycled wastes 10 %

5 Elimination of leakage 5 %

As regenerative technologies are gradually introduced into the life support system, the

need for resupply mass decreases significantly. This is shown clearly in Table 1, which

outlines the relative resupply mass at different closure levels. It is evident that a system

incorporating waste water recycling reduces the relative supply mass by more than 50%

compared to an open-loop system. This substantial decrease is a consequence of the

significant daily water requirements for human needs, as outlined in Section 2.1.3. For the

other regenerative technologies, the reduction in supply mass is in the range of 5% to 15%.

Increasing the closure level, decrease the resupply mass but also increases complexity,

costs, energy consumption and reduces the overall reliability of the system.
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2.3.1 ECLSS Functions

According to the NASA standard, the ECLSS is divided into several subsystems, which

are listed in the Table 2:

Table 2: ECLSS subsystems [5, 54].

Subsystem Function included

Temperature and Humidity

Control (THC)

- Atmospheric Temperature Control

- Atmospheric Humidity Control

- Ventilation

- Microorganisms and Airborne

Particulate Contaminants Control

- Equipment Cooling

- Thermally Conditioned Storage

Atmosphere Control and

Supply (ACS)

- Total Atmospheric Pressure control

- Oxygen Partial Pressure Control

- Atmosphere Constituents Storage

- Relieve Overpressure

- Respond to Rapid Decompression

Atmosphere

Revitalization (AR)

- CO2 Removal

- CO2 Reduction

- O2 Generation

- Gaseous Contaminants Control

- Monitoring Major Constituents

Water Recovery and

Management (WRM)

- Hygiene Water Supply

- Potable Water Supply

- Water Storage

- Urine Processing

- Waste Water Processing

- Water Quality Monitoring

Waste Management (WM)

- Metabolic Waste Management

- Other Solid Waste Management

- Liquid/Gaseous Waste Management

Fire Detection and

Suppression (FDS)
- Fire Detection and Suppression

EVA Support - Extravehicular Activity Support
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The ECLSS also includes functions such as food storage and preparation, radiation pro-

tection, external dust removal, and gas distribution to user payloads [4].

Therefore, the ECLSS is made up of subsystems consisting of hardware and software,

which together perform the ECLSS functions. As shown in Figure 17, non-regenerative

functions are mainly found in four of the main subsystems: Atmosphere Control and

Supply (ACS), Temperature and Humidity Control (THC), Fire Detection and Suppres-

sion (FDS) and Waste Management (WM)6. The regenerative functions, which represent

the greatest technological challenge, are found in the Atmosphere Revitalization (AR)

and Water Recovery and Management (WRM) subsystems [54].

Figure 17: Regenerative and non-regenerative subsystems [54].

The following pages describe the main ECLSS functions for each subsystem. It is impor-

tant to understand that the specific functions of the system are highly dependent on the

mission scenario. Therefore, the ECLSS architecture definition will be different for each

mission [4].

6In future deep space missions, advanced ECLSS could use technologies to recover products from

waste. In this case, the WM will also perform regenerative functions.
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Temperature and Humidity Control (THC) subsystem

The Temperature and Humidity Control (THC) subsystem is responsible for maintaining

appropriate thermal and humidity conditions (see section 2.1.3) by regulating atmospheric

temperature, controlling humidity, providing ventilation, cooling on-board equipment and

ensuring thermally conditioned storage [52]. The subsystem is also in charge of controlling

microorganisms and airborne particulate contaminants.

Atmospheric Temperature Control: Heat is removed from the cabin through ven-

tilation, which circulates air through condensing heat exchangers. The heat is then

dissipated into the outside environment through radiation or evaporation of a liquid [4].

Atmospheric Humidity Control: Maintaining appropriate levels of water vapor in

the atmosphere is essential to prevent adverse physiological effects (see section 2.1.3),

to avoid condensation on electronic components, and to prevent the accumulation of

moisture, which provides an environment for microbial proliferation. A common problem

in space habitats is excess humidity, which must be removed by condensation, absorption

or adsorption [3, 4].

Ventilation: Ventilation is essential to ensure proper mixing of atmospheric constituents,

allowing effective removal of CO2, trace contaminants and heat. It also prevents the for-

mation of stagnant regions, where oxygen can reach very low levels or carbon dioxide

concentrations can become too high. Ventilation therefore plays a critical role in main-

taining crew safety and comfort by circulating air both within and between modules [3,4].

Microorganisms and Airborne Particulate Contaminants Control: On Earth,

airborne particulate contaminants are removed by gravity. In space, however, where grav-

ity is negligible, such particles remain suspended and must be actively removed by filters

integrated into the ventilation system (other methods include electrostatic precipitation

and surface wiping). Similarly, microorganisms can spread rapidly in space habitats due

to microgravity and continuous air circulation, so filters are also used to capture and

control microbial contamination [3, 4].

Equipment Cooling: Electrical equipment generates heat that must be removed, ei-

ther by forced convection of the atmosphere over the equipment or by conduction to a

liquid-cooled surface [4].

Thermally Conditioned Storage: The THC subsystem also manages refrigerators

and freezers, which are essential in space habitats for storing food, photographic film and

experimental materials [4].
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Atmosphere Control and Supply (ACS) subsystem

The composition of the atmosphere in a space habitat is planned during the design

process based on several requirements (see section 2.1.3). The ACS must control the

composition and pressure of gases in the atmosphere to ensure optimal crew and equip-

ment performance. In a space habitat, oxygen is consumed by human metabolism and

other processes, and cabin atmosphere is lost through leakage, airlock operation or use

in experiments. It is therefore necessary to supply O2 and N2 to restore the cabin atmo-

sphere to nominal conditions. The ACS is also responsible for relieving overpressure and

responding to rapid decompression events [3, 4, 52].

Total Atmospheric Pressure Control and Oxygen Partial Pressure Control

subsystem: Based on measurements of the cabin atmosphere’s total pressure and O2

partial pressure, the control system adds oxygen and nitrogen to reduce the difference

between the actual pressure and the desired pressure. Control system can be either

automatic or manual, or a combination of both, with the capacity to operate through

pneumatic, mechanical, or electromechanical mechanisms [4].

Atmosphere Constituents Storage: Both open-loop and closed-loop ECLSS archi-

tectures require on-board storage of oxygen and nitrogen to regulate cabin pressure and

composition. Even in closed-loop systems, reserves of O2 and N2 are essential to com-

pensate for leakage and provide an emergency supply.

Relieve Overpressure: The system must ensure that the internal to external differ-

ential pressure remains below a specified limit. If overpressure occurs, the ACS will vent

the cabin atmosphere to reduce the internal pressure.

Respond to Rapid Decompression: The ACS employs pressure sensor measure-

ments to detect rapid atmospheric decompression events, such as those caused by mete-

oroid impacts [5]. The ACS is then required to restore the atmosphere using gas storage.
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Atmosphere Revitalization (AR) subsystem

The objective of the Atmosphere Revitalization (AR) subsystem is to provide a breath-

able atmosphere for the crew by continuously controlling and regenerating the cabin

atmosphere as needed. It must remove CO2, reduce CO2, generate oxygen, remove harm-

ful trace contaminants generated by the crew and equipment, and monitor the major

constituents of the atmosphere [5, 55].

CO2 Removal: As discussed in section 2.1.3, carbon dioxide is the primary metabolic

contaminant of a cabin atmosphere. Depending on the internal volume of the cabin and

the number of crew members, high levels of CO2 can accumulate quickly, so a method to

remove it is necessary to avoid adverse physiological effects. The methods for removing

CO2 are based on absorption, adsorption, membrane separation or biological consumption

[3, 4, 55].

CO2 Reduction: For long duration missions, the system must reduce the CO2 removed

from the atmosphere to minimize the need for storage. There are several methods for

reducing CO2: electrochemical O2 separation, biological methods, and methods based on

the reaction of carbon dioxide and hydrogen at high temperature in the presence of a

catalyst to produce H2O. The reduction of carbon dioxide increase the closure level of

the system [4].

O2 Generation: For short-duration missions, the oxygen required by the crew is typ-

ically stored on board. For longer missions, however, the mass penalty of storing all the

oxygen needed can be excessive, and oxygen generation is necessary. Available methods

include water electrolysis, carbon dioxide electrolysis, and biological processes. Oxygen

recovery from CO2 can produce up to 0.74 O2 kg per person per day, based on an average

of 1 kg of exhaled CO2 per crew member per day. Thus, oxygen recovery from CO2 closes

a large portion of the oxygen loop, limiting the need for storage for leak compensation

and emergency use [4, 52].

Gaseous Contaminants Control: The AR subsystem must remove gaseous contam-

inants from the atmosphere. These contaminants include off-gassing materials, crew

metabolic by-products, food preparation, housekeeping cleaners, and scientific experi-

ments. Although the amounts of these contaminants may be small, they cannot be

neglected for the safety of the crew. Passive contaminant control, such as material selec-

tion to reduce off-gassing, can reduce the amount of contaminants, but for long missions

an active control system is required to remove these gases from the atmosphere [4, 52].

Monitoring Major Constituents: The primary components of a space habitat at-

mosphere are: N2,O2, H2O and CO2. Other gases, present in small amounts but also

considered ”major” because of their potential toxicity to the crew, are: H2, CH4, and

CO. To maintain safe and stable environmental conditions, the AR subsystem must con-

tinuously monitor atmospheric major constituents and provide gas partial pressures to

the control logic of other subsystems.
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Water Recovery and Management (WRM) subsystem

The Water Recovery and Management (WRM) subsystem provides water for crew con-

sumption, hygiene, and other on-board activities. For short-duration missions, water

is typically stored in tanks; however, for long-duration missions, the volume and mass

needed make this solution unfeasible. Because of the high cost of resupplying and the

requirement of high purity for human consumption, water management is a critical tech-

nology for long-duration human spaceflight. Potable water can be produced either by

fuel cells - where H2 and O2 are combined to produce electricity and water - or by waste

water purification. The system must also ensure continuous monitoring and maintenance

of water quality and distribute water to users [4, 52].

Hygiene and Potable Water Supply: The system must provide the crew with high

quality potable water for consumption and hygiene water with relaxed quality require-

ments for dishwashing, showering, hand washing, commode or urinals, and clothes wash-

ing. As discussed in section 2.1.3, the daily water requirements per crew member, espe-

cially for hygiene needs, are significant and heavily influence the sizing and design of the

ECLSS for long-duration missions. Water consumption also depends on mission char-

acteristics, especially for EVA, where consumption can vary greatly depending on the

design of the spacesuit [3].

Water Storage: Water storage must be designed to maintain potability throughout

the mission. Water can be stored in tanks, but when gravity is too low to direct water

to the outlet, the design requires alternative solutions. In microgravity, it is also hard to

determine the amount of water remaining in the tank and to detect leaks [3, 4].

Urine Processing: Recovering water from urine increases the closure level of the sys-

tem and reduces the amount of water that must be launched for the mission. Several

technologies are available to recover water from urine, most of which are based on distil-

lation methods. The recovered waste water is then further purified to produce potable

water [52].

Waste Water Processing: Waste water to be treated includes condensate collected

from cabin humidity, hygiene water, water processed from urine, and water from crew

activities. The waste water is typically collected and treated to produce potable water.

There are several purification methods available. The method selected depends on the

origin of the wastewater and the required quality for the intended application [3, 4, 52].

Water Quality Monitoring: Monitoring water quality is essential to verify that the

water purification process delivers acceptable quality water. Commonly monitored pa-

rameters include pH, ammonia content, total organic carbon, electrical conductivity, and

microbial concentration. Less frequently monitored parameters include color, odor, tur-

bidity, foaming, and heavy metal concentration [4, 52].
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Waste Management (WM) subsystem

The Waste Management (WM) subsystem is responsible for the collection, treatment and

storage of wastes generated on a space habitat. Waste includes metabolic wastes, other

solid wastes, liquid wastes and gaseous wastes. For short-duration missions, these wastes

are collected and stored or vented into space. For long-duration missions, however, the

mass and volume required for storing all waste becomes excessive, and waste degradation

may contaminate the habitat. Therefore, methods to recover useful products are needed

[4, 52].

Metabolic Waste Management: For deep space missions, recovery of metabolic

waste may be necessary to reduce the mass and volume of the system. Water from

metabolic waste can be recovered by dehydration, and the solid portion can be converted

to fertilizer for plants that would provide food for the crew. There are also processes to

convert metabolic waste to carbon dioxide and water, which are then processed by the

AR and WRM subsystems [4].

Other Solid Waste Management: Other solid waste consists mainly of paper and

plastics, the recovery of this mass is essential for long-term missions [4].

Liquid/GaseousWaste Management: Liquid waste includes urine and brine residues

from the WRM processes. Oxidation processes exist to convert these wastes into usable

products. Gaseous wastes include mainly CH4, H2S, H2, CO, CO2 and can be removed

or converted to water and carbon dioxide [4].
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Fire Detection and Suppression (FDS) subsystem

Fire is one of the most dangerous problems aboard any space habitat. As missions become

longer, the probability of fire increases, so the potential for fire must be minimized. The

FDS subsystem must detect the fire as soon as possible; detection methods include: smoke

detectors and flame detectors. In the event of a fire, appropriate suppression methods

must be provided. The fire will produce byproducts which may be hazardous for the crew,

therefore it is essential that these byproducts are removed from the atmosphere [4, 52].

EVA Support

During EVA operations, crew members move from a high pressure environment (the

cabin) to a much lower pressure environment (the suit). This change poses a potential

risk because dissolved N2 can form bubbles in body tissues and the blood stream, resulting

in decompression sickness. To prevent this, crew members breathe pure O2 in a hyperbaric

chamber before EVA operations, which allows ”washout” of N2 from the body with each

exhalation, reducing the risk of N2 bubbles. The ECLSS must support EVA operations

by providing the necessary environmental conditions for their execution [3, 4].

Other Functions

Food storage and preparation: The ECLSS is also responsible for food reserve man-

agement. Throughout the mission, food must be preserved until consumed, typically by

dehydration, refrigeration, or freezing [4].

Radiation Protection: Crew radiation protection is considered part of the ECLSS.

For long-duration missions, multiple strategies are required to provide adequate radiation

shielding [4].

External Dust Removal: In planetary surface missions, dust poses a serious threat to

both crew health and habitat hardware by reducing system reliability. Effective methods

are needed to remove dust from spacesuits and clean hardware surfaces inside the habitat

[4].

Gases Distribution to User Payloads: The ECLSS must supply oxygen and ni-

trogen, at the desired temperature, pressure, and flow rates, to the systems, crew, and

payload interfaces [5].
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2.3.2 ECLSS Technologies

ECLSS technologies may rely on physicochemical processes, biological processes, or a

combination of both. Systems that include both types of processes are referred to as

Controlled Ecological Life Support System (CELSS) [52].

Physicochemical technologies, which include fans, filters, physical or chemical separations,

etc., have traditionally been used for life support. They are well understood, compact,

have a fast response time, but typically have high energy demands and cannot contribute

to food production. Biological technologies use living organisms, such as plants or mi-

crobes, to produce or break down organic molecules. While these technologies offer the

potential for food production, they are less well understood, require more space and

energy, require more maintenance, and have slow response times [3, 52].

In future space habitats, the integration of biological processes with physicochemical

technologies can lead to a completely closed ecosystem, with closed loops for air, water,

and carbon. Figure 18 shows an example of a gradual implementation of biological

components into a physico-chemical life support system.

Figure 18: From a ECLSS to a CELSS [52].

Appendix A describes the main physicochemical and biological technologies associated

with the ECLSS, which are designed to perform essential life support functions. For each

function, there are often multiple technology options available. As a result, trade studies

are typically conducted to compare candidate technologies based on factors such as power

consumption, mass, volume, thermal load, TRL, reliability, safety, complexity, cost, and

system integration considerations.
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2.3.3 ECLSS Design Considerations, Constraints and Requirements

The development of an ECLSS is an iterative process that involves evaluations of technolo-

gies and system configurations, analysis and simulations of the system, and the testing of

both hardware and software. During the design phase, several requirements, constraints,

and considerations will affect the final system architecture. As shown in Figure 19, these

include: technology considerations, human requirements, mission requirements, safety

and reliability requirements, test requirements, flight requirements, cost requirements,

system requirements and integration factors [4].

Figure 19: ECLSS design considerations.

Technology considerations: As described in the previous section, different technolo-

gies can perform the same ECLSS function. Therefore, it is necessary to identify the

most suitable technologies by conducting top-level trade studies from the early design

phases. Information on existing technologies in terms of mass, volume, power, thermal

load, performance, safety, TRL, resupply, etc., is necessary to evaluate preliminary sys-

tem configurations. The designer must comprehend the limitations of each technology,

assess its ability to meet the specified requirements, and consider its impact on the overall

system.

Human requirements: The basic purpose of any life support system is to sustain

human life. Therefore, human requirements are the main factor in designing an ECLSS.

These requirements can be grouped into three main categories: the need for an adequate

environment, the supply of essential consumables and the management of human waste

products [52]. Additional details on human factors relevant to ECLSS design are provided
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in the section 2.1.3. During the design phase, it is also important to consider ”human-

system” requirements, which relate to how the crew interacts with the hardware inside

the habitat [4]. A well-designed interface for hardware that requires crew operation can

facilitate maintenance tasks and enhance operational safety.

Mission Requirements: The mission profile (crew size, mission duration and loca-

tion, habitat, etc.) is an important aspect that influences the architecture of an ECLSS.

Crew size is one of the most important factors because it affects the system’s metabolic

requirements. However, the impact on mass, volume, power consumption, and thermal

load does not necessarily increase linearly with the number of crew members. As mission

duration increases, the need for consumables increases, while reliability and maintain-

ability become more important. For long-duration missions, technologies that reduce the

need for expendables and ensure high reliability become significantly more attractive.

In addition, longer missions generally require a higher closure level, in order to reduce

the need for resupply. Mission location is another key factor affecting ECLSS design.

Habitats in LEO, on the Moon, or on Mars introduce different environmental conditions

that affect hardware configuration. For example, the presence of gravity can simplify

certain system components (such as liquid/gas separator) and improve reliability, but

may also require more powerful pumps. Additionally, the design of an ECLSS for plan-

etary habitats must consider the protection of the ECLSS hardware from dust. Habitat

design aspects - such as module volume, leak rates, and EVA frequency - also have a

direct impact on ECLSS performance and configuration. In addition to environmental

and operational factors, mission requirements include payload requirements, logistics re-

quirements, and requirements for growth. Payload requirements relate to the need for

the ECLSS to support scientific or technical activities within the habitat during the mis-

sion. Logistics requirements relate to supply and maintenance. The system should be

designed to minimize the number of components that require periodic replacement, as

well as to standardize parts to minimize the number of spare units that must be stored.

Finally, growth requirements address the need for the system to be adaptable to changes

in configuration. Over time, the habitat may be expanded by adding modules or inte-

grating new technologies. Therefore, the initial ECLSS architecture must be adaptable.

It should have hardware and software interfaces that allow for future upgrades. Table 3

summarizes the major impacts on ECLSS design from the mission characteristics [3,4,52].

Safety and Reliability requirements: For human spaceflight missions, safety is one

of the primary system design drivers. Potential safety risks and the consequences of

component and operational failures must be identified and evaluated during the design

process [4]. Some technologies are safer than others, and the selection process should

prefer those that reduce risk. Equally important is the management of redundancy and

spare units of the ECLSS technologies in order to ensure that the system maintains an

acceptable level of safety throughout the mission.
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Table 3: Impact on ECLSS design [52].

Mission Characteristics Impact on ECLSS Design

Crew Size Increasing the crew size increases

the amount of consumables required.

Mission Duration
Increasing mission duration increases

the amount of consumables and reliability required.

Cabin Leakage
An increase in cabin leakage necessitates

an increase in the required resupply.

Resupply Capability
The more difficult the resupply,

the greater the need for storage and reliability.

Power Availability
Due to limited power availability,

passive or low-energy technologies are preferred.

Volume Availability
Space limitations require

more compact technologies.

Transportation Costs
The high cost of transportation

requires a decrease in system weight.

Gravity
Technologies must be designed to

operate under the expected gravity conditions.

Contamination Source
Contamination requires implementing

countermeasures and increasing system robustness.

In-Situ Resource Utilization It decreases resupply needs.

Test Requirements: Throughout the development process, the performance of the

ECLSS is validated by testing all the system assemblies in dedicated facilities [4]. In

cases where testing involves humans, rigorous safety standards and procedures must be

implemented. In this context, analog habitats play a key role in providing a means to sim-

ulate ECLSS operations and evaluate technologies under realistic, mission-like conditions,

as discussed in the section 2.2.

Flight Requirements: After developmental testing, the design must be qualified for

flight. This phase requires compliance with a wide range of specifications, including

NASA and military related to design, manufacturing, testing, electronics, software, and

other critical aspects of the system [4].

Cost Considerations: When selecting technologies, it is important to consider both

development and operational costs. Development costs refer to the expenses required

to make a technology ready for flight, while operational costs refer to the expenses of

maintaining and operating the technology, including the costs of spare parts. The total
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investment required to develop a system is categorized as Design, Development, Test, and

Evaluation (DDTE) costs. In addition, life cycle costs is the sum of DDTE, production

costs, launch costs and the costs required to operate the system throughout its life [4].

System requirements and integration factors: In addition to the above require-

ments, ECLSS requirements must be addressed during the design process. These include

total mass, volume, power consumption, thermal load, consumable and supply require-

ments, maintenance requirements, and interface requirements [4]. Interface requirements

concern both the integration of the ECLSS subsystem and the integration with other

habitat systems. It is essential to accurately define the interfaces between subsystems

and between different technologies in order to develop a system capable of meeting all

requirements. The selected technologies have a significant impact on system integration,

which is an important design choice. Figure 20 shows an example of ECLS subsystem

integration.

The ECLSS must also interact with the other systems of the habitat depending on the

mission scenario. Therefore, it is also necessary to address the interface requirements of

the ECLSS with the electrical power system, the thermal control system, the EVA system,

the data and command processing system, the communications system, the guidance,

navigation, and control system and the crew systems.

Figure 20: Integration of ECLS subsystems [4].
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2.3.4 Equivalent System Mass, Reliability and Cost Analysis

In the early design phase of an ECLSS for a specific mission, trade studies of multiple sys-

tem configurations are conducted to identify the optimal system architecture that meets

all requirements. As shown in Figure 21, the conventional approach for a preliminary

ECLSS design process involves defining a set of candidate system concepts. Each con-

cept represents a possible system configuration aimed at providing an optimal solution

based on the given requirements. These concepts are then analyzed, and the results are

compared to identify the best evaluated design [56].

Figure 21: Convectional approach for a preliminary ECLSS design process [56].

System concepts are evaluated according to key criteria such as performance, safety,

reliability, mass, cost and TRL.

To compare different system configurations or technologies, three important metrics can

be considered from the beginning of the design process:

• Equivalent System Mass.

• Probability of Loss Of Crew.

• Life Cycle Cost

As discussed in Jones [57], The best life support system ensures the required performance

and reliability level throughout the mission duration with the minimum ESM and Life

Cycle Cost (LCC). Performance refers to how efficiently the system performs its intended

functions and also the possible system’s operational problems.
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Equivalent System Mass (ESM)

As stated in Levri and Vaccari [58] ”The Equivalent System Mass (ESM) evaluates the

mass of a system or subsystem and associated infrastructure costs, given a specific mission

location, duration, and crew size. Determination of the ESM of a system or subsystem has

five components: the actual system mass, the equivalent mass of the volume occupied, the

equivalent mass of the power requirement, the equivalent mass of the cooling requirement,

and the equivalent mass of the demands on crew time.”

Traditionally, ESM has been used to compare different system configurations or tech-

nologies. The metric is simple to compute and easy to understand, but requires detailed

information about the technologies [58].

To compute the ESM of an ECLSS, it is necessary to determine the physical and opera-

tional characteristics of each component of the system [3]. Physical characteristics include

mass and volume of the specific technology while operational characteristics include power

consumption, thermal heat load and crew time.

The following equation indicate that the total mass of a technology include an initial

mass and a time-dependent mass:

Mtech1 = Mhw1 +Mchg1 + (Mcons1 +Mexp1 +Mspare1) ·mission duration (2)

Initial mass includes hardware mass Mhw1 and initial resource charge Mchg1 (such as

the mass of oxygen inside the tank). While time-dependent mass include consumable

resources Mcons1, process expendables Mexp1 and spare parts Mspare1 [3, 58]. The total

mass of an ECLSS is:

MECLSS = Mtech1 +Mtech2 + · · ·+MtechN (3)

The equations for calculating volume are similar to those for mass, except that there is

no equivalent volume to mass charge term, and the time-dependent volume is a function

of the resupply interval rather than the mission duration [3, 58]:

Vtech1 = Vhw1 + (Vcons1 + Vexp1 + Vspare1) · resupply interval (4)

VECLSS = Vtech1 + Vtech2 + · · ·+ VtechN (5)

While the total power consumption PECLSS in kW and the total thermal heat load

THLECLSS in kW can be calculated using the following equations:

PECLSS = Ptech1 + Ptech2 + · · ·+ PtechN (6)

THLECLSS = THLtech1 + THLtech2 + · · ·+ THLtechN (7)

Another important operational characteristics is crew time, which is the total number

of hours required for nominal operation and maintenance of the system [3]. Time is a

valuable resource for the mission, and any time spent operating and maintaining the

ECLSS subtracts from time available for primary mission activities. In the early design
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phases it is important to make an initial estimate of crew time based on the selected

technologies, but in the ESM metric it is a minor contributor compared to the other

characteristics [59]. Therefore, in addition to minimizing ESM and providing the required

reliability, the designer should consider crew time during the design process to increase

the total work time available for the mission purpose. Crew time can be calculated with

the following equation:

CTECLSS = (CTtech1 + CTtech2 + · · ·+ CTtechN) ·mission duration (8)

where CTECLSS is the total number of hours per day of crew time for a specific technology.

To calculate the total system ESM, the physical and operational characteristics described

for each technology must be converted to an equivalent mass. Each mission has specific

conversion factors that depend on the selected power and thermal control systems, as well

as the habitat design. The ESM concept establishes mass as a shared unit for the major

characteristics of the system, the idea is to determine what portion of the supporting

systems, such as power and thermal control, are required to operate the ECLSS [3, 58].

The conversion factor for volume CFVOL is expressed in kg
m3 , for power CFPWR in kg

kW
, for

thermal heat load CFTCS in kg
kW

, and for crew time CFCT in kg
hour

.

Finally, the ESM can be calculated using the following equation:

ESM = MECLSS + (VECLSS · CFVOL)

+ (PECLSS · CFPWR) + (THLECLSS · CFTCS) + (CTECLSS · CFCT)
(9)

This metric allows different ECLSS configurations to be compared by plotting each ESM

value against mission duration, providing valuable insight into the selection of a specific

configuration. An example of this analysis is shown in Figure 22, which compares four

ECLSS architectures: a non-regenerable physico-chemical (P/C) configuration, a regen-

erable (P/C) configuration, a hybrid P/C-biological configuration, and a CELSS [3, 52].

Figure 22: ESM vs mission duration [3].
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These four approaches include ECLSS architectures that range from an open mass loop

to closed water, oxygen, and food loops. It can be seen that as the mission duration

increases, the ESM increases due to the time-dependent equivalent mass of the system.

The initial mass of the four configurations is represented by the black points intersecting

the y-axis. The white circles are the ”break-even points” that represent the intersection

of the two lines and indicate that as the mission duration increases, less mass is required

to achieve a higher level of closure [52].

ESM analysis can be a valuable tool during the conceptual design of an ECLSS; however,

it should not be used as the only metric for evaluating system configurations because it

does not fully capture aspects such as safety, reliability, costs and performance capabilities

[59].

Probability of Loss Of Crew (Pr(LOC))

Reliability is one of the most important factors in the design of an ECLSS. System

design must includes reliability prediction, failure modes, effects analysis, risk analysis,

and maintenance strategies in order to meet the safety requirements described above. De-

signers should minimize risk by incorporating safety and warning devices and establishing

procedures [3]. Reliability also affects maintainability, probability of system failure, and

ESM.

The components of an ECLSS are subject to frequent failures; in fact, the ECLSS on

the ISS requires periodic replacement of subsystems using on-board Orbital Replacement

Units (ORUs) to ensure uninterrupted operation [5].

Therefore, in the early design phases, it is important to predict the reliability of the

system using reliability prediction models based on statistical methods. These models

are used to compare design alternatives, evaluate design feasibility, identify potential

failure areas and track reliability improvement [60].

To address the safety level of a system, it is necessary to estimate the failure rate of its

technologies.

The failure rate λi is the number of failures per unit time period, given that the technology

is operating at the beginning of the time period [61]. The failure rate is the inverse of

the Mean Time Between Failure (the average time between critical failures):

λi =
1

MTBFi

(10)

The reliability model provides designers with an estimate of the failure probability of the

system based on the failure rates of each technology within the system. It also allows

evaluation of how ESM and failure probability change when spares or redundancies are

added. The reliability model considered in this work is based on the approach described by

Jones [57], which assumes that adding a set of spare units for a given technology reduces

its failure rate by one order of magnitude and increases its ESM by 50%. Redundancy

is modeled using a Poisson distribution. More details on the reliability model and its

implementation are given in the following sections.

49



As discussed in Jones [62], the reliability Ri(t) is the probability that a technology will

not fail before time t. Assuming the failure rate is constant, reliability is an exponential

function:

Ri(t) = e−λit (11)

A low failure rate of a technology is associated with a high MTBF, which leads to high

reliability.

The failure probability Fi(t) is the probability that a technology will fail before time t.

Fi(t) = 1−Ri(t) (12)

The total system failure rate is calculated as the sum of the failure rates of all subsystems,

each determined by the sum of the failure rates of the individual technologies constituting

the subsystem.

λECLSS =
nX

i=1

λi (13)

where n is the number of the system technologies. While the reliability of the ECLSS is

the product of all the subsystem reliabilities7:

RECLSS(t) =
nY

i=1

Ri(t) (14)

The failure probability of the system, also known as Probability of Loss Of Crew(t) is

the probability that the ECLSS will fail before time t.

Pr(LOC)(t) = 1−RECLSS(t) = 1−
nY

i=1

Ri(t) (15)

Using equation 12, the Probability of Loss Of Crew (Pr(LOC)) can also be expressed as

follows:

Pr(LOC)(t) = 1−
nY

i=1

(1− Fi(t)) (16)

To avoid risks and ensure acceptable safety levels, the Pr(LOC) must be less than a

specified value. A reasonable Pr(LOC) is less than 0.001 for the all mission duration

[57]. While achieving the required Pr(LOC) is generally less complex for short-duration

missions, it becomes significantly more challenging as mission duration increases. The

most effective ECLSS achieve the required Pr(LOC) while minimizing the Equivalent

System Mass.

ECLSS technologies tend to have high failure rates, which means that achieving the

required Probability of Loss Of Crew requires the integration of redundancy and spare

parts into the system. While this strategy significantly improves reliability over the life

of the mission, it also increases the ESM.

7This equation is correct if the system is composed of technologies in series. In other terms, the

system operates if all of the technologies operate.
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The Figures 23 - 24 show the ESM and Pr(LOC) plotted against mission duration for

five different ECLSS architectures. The plots show the differences in mass and reliability

of different system configurations based on storage, recycling, and various levels of re-

dundancy and spares. It is clear that storage-based systems are inherently more reliable

than recycling-based systems, especially for shorter missions. However, they have higher

ESM as mission duration increases. In contrast, recycling-based systems reduce ESM for

longer missions, but typically have higher failure rates, thus increasing Pr(LOC). The

figures also show that adding redundancy and spares to recycling-based systems signif-

icantly improves reliability (reducing Pr(LOC)) but increases ESM [57]. These results

highlight the importance of balancing mass constraints with reliability requirements in

the initial design of life support systems for long-duration missions.

Figure 23: ESM versus duration for different ECLSS architectures [57].

Figure 24: Pr(LOC) versus duration for different ECLSS architectures [57].
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Therefore, this analysis provides valuable insights that support trade-offs between alter-

native system architectures. By using only the failure rates of individual technologies and

a reliability model, designers can evaluate system reliability and maintenance demands

early in the design process.

Life Cycle Cost (LCC)

The Life cycle cost includes the cost of ”Development of hardware and software, produc-

tion, logistics support and personnel costs through development, acquisition, operation,

support and where applicable, disposal” [4].

As described in the previous section, the Life Cycle Cost is the sum of Design, Develop-

ment, Test, and Evaluation costs, production costs, launch costs and operation costs.

It is evident that, increasing system reliability through redundancy and spares also in-

creases overall system cost. For this reason, it is important to include cost analysis in the

conceptual design phase of a system. Although ESM is often used as a measure of cost,

given its direct relationship to launch costs, it does not take into account DDTE costs or

operational costs [63].

In a conceptual design, DDTE and production costs can be estimated using the Johnson

Space Center Advanced Missions Cost Model (AMCM) [63]. The AMCM cost in millions

of 1999 dollars is:

Cost = 5.65 · 10−4Q0.59M0.6680.6T (3.81 · 10−55)
1

Y −1900G−0.361.57D (17)

Where [63]:

• Q = Total quantity of development and production units.

• M = System dry mass in pounds.

• T = Mission type (2.13 for human habitat; 2.46 for crewed planetary lander).

• Y = Year of initial operation.

• G = The hardware generation (1 for a new design and 2 for a second generation).

• D = The estimated difficulty (0 for average and 2.5 for extremely difficult, and -2.5

for extremely easy).

Launch costs can be estimated at $25,000 per kilogram for LEO, and approximately

$300,000 per kilogram for delivery to the Martian surface [63]. Based on ISS data,

operational costs can be approximated as 11% of the DDTE cost per year [63].

These equations are useful in the early phases of the design process because they provide

preliminary cost estimations that support initial trade-off decisions and system architec-

ture. However, as the design progresses, more detailed and accurate cost analyses are

required and must be integrated into the overall mission budget.
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2.3.5 Virtual Habitat (V-HAB)

V-HAB is simulation tool which ”simulates on a system level the dynamics of entire

mission scenarios for any given life support system including a dynamic representation

of the crew” [64]. The V-HAB project has been developed at the Technical University of

Munich and is programmed in MATLAB using an object-oriented approach [65].

During the ECLSS design process, this tool allows designers to analyze the robustness

and performance of a system configuration. These dynamic simulations offer insight into

the system’s behavior and the interactions between its subsystems. V-HAB also supports

evaluations of the system based on criteria such as reliability, stability, and controllabil-

ity, which are difficult or impossible to analyze using the traditional methods described

in the previous section [64]. V-HAB is especially useful during the early design phases

because it provides insights into how a system performs under different conditions, such

as changes in environmental parameters or crew planners. It can also identify the poten-

tial impacts of integrating new technologies into systems, verify subsystem integration

strategies, assist in operational planning by simulating EVAs and planning crew proce-

dures [65]. Furthermore, V-HAB enables the simulation of subsystem and technology

failures to evaluate the system’s stability and robustness [64]. In addition to supporting

system design, V-HAB can be used to analyze the feasibility of specific mission scenar-

ios by verifying whether a given ECLSS architecture can meet the mission’s operational

requirements [65].

To validate the V-HAB tool, a model of the ISS was created and the simulation results

were compared with flight data from the Columbus Laboratory (COL) and the Russian

Service Module (SM), demonstrating excellent accuracy [66].

V-HAB is defined in a modular fashion so that any life support system architecture can

be modeled and simulated. The modules of a Virtual Habitat simulation are: the Closed

Environment Module, the Crew Module, the P/C Module and the Biological Module [64].

Closed Environment Module: As shown in Figure 25, this module includes all the

simulation settings related to the mission and environment that need to be controlled.

The module is divided into two main sections: boundary conditions and environment

control.

Boundary conditions include mission planning parameters, such as mission duration and

start conditions (the initial fill levels of consumable resources, like oxygen, water, and

food). Boundary conditions also include habitat initialization, which defines the number

and names of compartments of the habitat, as well as crew initialization, which specifies

the number of crew members for each mission phase (depending on the mission scenario,

crew members may change) [64].

Instead, Environment Control include Habitat layout, Life Support Systems (LSS) lay-

out and LSS control. In the simulation, each habitat compartment is defined by its

volume, temperature, pressure, and atmospheric composition. After the compartments

are defined, connections between them are established. Then, life support systems (LSS)
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technologies and consumable storage tanks are assigned to each compartment and in-

terconnected to define the overall system configuration. V-HAB also implements control

systems that are designed to regulate key parameters, ensuring proper environmental and

life support conditions throughout the mission [64].

Figure 25: Closed Environment Module V-HAB [64].

Crew Module: The crew module includes the human model and the crew controller.

Given that the crew continuously interacts with and affects the environmental conditions

being simulated, the human model is a fundamental component of any life support system

simulations. The human model is composed of layers, each corresponding to a specific

physiological function of a human body as shown in Figure 26. The crew controller assigns

each crew member a crew planner, which is a list of tasks to be performed at specific

times during the mission [64].

Figure 26: Crew Module V-HAB [64].
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P/C Module: As shown in Figure 27, this module includes the four main ECLSS

subsystems. The P/C module contains a library of models of specific ECLSS technologies

that have been validated against test data. The crew and biological modules were also

validated [64]. It is also possible to define a model of a new technology using the basic

V-HAB components (tanks, pumps, valves, heaters, etc.).

Figure 27: P/C module V-HAB [64].

Biological Module: As shown in Figure 28, V-HAB includes plant and algae models

to simulate a CELSS.

Figure 28: Biological Module V-HAB [64].
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The MATLAB-based architecture of the V-HAB tool is shown in Figure 29. His structure

consists of several layers, with each layer building upon the one below it. These layers

are the infrastructure, the physical domains, a library of predefined models, and the

user-defined ECLSS model [65].

Figure 29: Basic structure of V-HAB [65].

The infrastructure layer establishes the basic framework for all V-HAB simulations. It

provides an object-oriented structure that serves as the foundation for the other lev-

els. This layer includes a timer that controls the execution and time progression of the

simulation, monitors consisting of debugging observers and loggers for data collection, a

matter table containing a database of the physical properties of various substances (for

example, specific heat capacity, thermal conductivity, and density.), and tools consisting

of functions that ease implementation of programming tasks [65].

The Domains layer contains the necessary classes for the three V-HAB physical domains:

matter, thermal, and electric. Each domain has a similar structure consisting of stores

(mass, thermal energy, or charge) and flows (mass flow, heat flow, or current). In the

matter domain, the basic components used to store matter are called stores, which contain

child objects called phases. Matter flows are the properties of moving matter inside the

simulated system, and matter processors are the objects that can manipulate the matter

content of other objects. There are three types of matter processors: Flow-to-Flow (F2F),

Phase-to-Phase (P2P), and flow-to-phase/phase-to-flow. F2F processors can change the

properties of a matter flow. P2P processors are used inside stores to transfer matter from

one phase to another. Phase-to-Flow (P2F) processors are the interface between phases

and flows [10]. In order to increase code maintainability and reduce bugs, the thermal

and electric domains have a similar structure of the matter domain [65].

Together, the infrastructure and domain layers provide the framework necessary to model

any physical process. For instance, a matter store could represent an oxygen tank, and

the oxygen inside could be modeled as a phase. A F2F processor could model a fan that

increases the pressure and temperature of a flow. P2P processor could model chemical

reactions within a phase or phase transitions, such as condensation or adsorption [10].
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In V-HAB, a branch is the framework for a link between two phases in the matter domain.

Each branch of the model requires a numerical solver to perform the calculation of the

flow rate given the current boundary conditions. There are different solvers in V-HAB,

more information can be found in [9]. Thermal solvers are based on Peclet and Fourier

laws and calculate the overall thermal resistance of thermal branches with conductors. In

the electrical domain, solvers create and solve systems of linear equations that describe

voltage drops across components in electrical branches and energy balances of electrical

nodes [65].

The next layer is the V-HAB library, which contains predefined models of specific com-

ponents, processes, and entire subsystems. The final layer is the user-defined ECLSS

model.

With this structure, users can develop models to dynamically simulate the ECLSS at

the desired level of detail with an arbitrary combination of library and/or user-defined

models [65].
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2.4 System Engineering

The International Council on Systems Engineering (INCOSE) define Systems Engineering

”a transdisciplinary and integrative approach to enable the successful realization, use, and

retirement of engineered systems, using systems principles and concepts, and scientific,

technological, and management methods” [67].

The Systems Engineering (SE) discipline was developed to manage and understand com-

plexity, therefore is a fundamental approach to the design of complex aerospace systems.

A system is composed of elements, including people, hardware, software, facilities, poli-

cies, and documents, as well as the relationships among them. These elements interact

with one another to accomplish specific functions that satisfy identified needs [68,69].

Systems Engineering can be defined as the scientific discipline of developing an operable

system that meets requirements by balancing all engineering fields and ensuring that the

design is not dominated by the perspective of a single one [69].

SE aims to design, develop, and operate a system in a way that achieves its intended

purpose safely, while balancing performance, cost, schedule, and risk to achieve the most

cost-effective outcome [69].

According to the Systems Engineering Handbook [69], the NASA SE approach consists

mainly in three technical processes: system design, product realization and technical

management. These processes are depicted in Figure 30, which shows the Systems Engi-

neering engine, used to develop and realize the end products.

Figure 30: The Systems Engineering engine [69].
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The system design processes include defining stakeholder expectations, creating technical

requirements, and translating those requirements into a design that meets those expec-

tations. These processes are employed for each product within the system architecture,

from the highest to the lowest level. Because each product must be integrated into the

overall system, designers define requirements that enable each product to operate within

it.

Product realization processes include design realization, which involves the implementa-

tion and integration of the product, as well as verification and validation. These processes

are applied at every level of system design, and products that meet expectations advance

to the next level.

Technical management processes include developing technical plans for projects and man-

aging requirements, interfaces, technical risks, configurations, and technical data. These

processes also involve technical assessments and decision analysis [69].

These processes are used iteratively during system design to correct discrepancies by

applying the same process to the same product. They are also used recursively through

repeatedly applying them to design lower-level products or realize higher-level products

within the system [69].

One of the fundamental concepts of systems engineering for managing complex systems

is the project life cycle. It involves dividing a project into different phases, such as sys-

tem conception, design and development, production and/or construction, distribution,

operation, maintenance and support, and retirement. The life cycle consists of organizing

all the steps required to complete a project into different phases [70]. Although the spe-

cific phases may vary between organizations such as NASA and ESA, the basic concept

remains the same. Figure 31 shows the phases of the NASA project life cycle.

Figure 31: Project Life Cycle NASA [69].

Each phase is separated by Key Decision Points (KDPs). These are events at which

decision authority determines if a program is ready to advance to the next life cycle

phase. From Pre-Phase A to Phase C, the left side of the SE engine (design processes) is

used iteratively and recursively to finalize all requirements and develop the final design.

Phase D uses the right side of the SE engine (product realization processes) for the fi-

nal implementation, integration, verification, and validation. Phases E and F employ the

technical management processes of the SE engine to monitor performance, control config-

uration, sustain operations, and closeout the system. To ensure proper planning, control,

assessment, and decision-making, these processes are also used in previous phases [69]. A

detailed description of each phase can be found in the System Engineering Handbook [69].
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The project life cycle can also be represented using the V model. Figure 32 illustrates

the V model, which is a visual representation of the system development life cycle. It

shows how the steps should be structured and describes the main activities that should

be performed during the life cycle. The left side of the V represents the initialization and

decomposition of requirements, as well as the creation of the system design. The base of

the graph represents the implementation of the system, and the right side represents the

integration of parts, system verification and validation, and operation and disposal [71].

Figure 32: V model [72].

2.4.1 Model Based System Engineering (MBSE)

The International Council on Systems Engineering (INCOSE) define Model-Based Sys-

tems Engineering (MBSE) ”a formalized application of modeling to support system re-

quirements, design, analysis, verification and validation activities beginning in the concep-

tual design phase and continuing throughout development and later life cycle phases” [73].

According to Ramos et al. [74] ”a model is a representation of a selected part of the world,

the domain of interest, that captures the important aspects, from a certain point of view,

simplifying or omitting the irrelevant features”. In MBSE, the model reflect the state of

system development.

The MBSE approach is based on the definition of models for requirements elicitation,

trade studies, design, analysis, verification, and validation of systems throughout their

entire life cycle [6]. This approach aims to facilitate SE activities by developing a unified

coherent model [74]. This approach uses models as a central element of the system

development process.

Unlike MBSE, the traditional approach to systems engineering is document-centric. This

approach produces a large number of documents throughout the system’s life cycle. The

data in these documents does not have explicit dependencies. This means that any

change made to one document must be manually updated in all related documents. This
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manual process is error-prone and inefficient, especially for complex systems, which makes

the document-centric approach too challenging [75]. For this reason, many engineering

organizations are transitioning from document-centric to model-based approaches. Figure

33 depicts the differences between traditional document-centric systems engineering and

model-based systems engineering.

Figure 33: Document-centric system engineering (left); model-based system engineering

(right) [75].

The MBSE methodology involves storing and managing all system-related data within

the model. Unlike the traditional approach, the connections between elements in the

model ensure consistency and enable automated propagation of design changes [75]. This

approach helps engineering teams understand the impacts of design changes more readily,

reducing errors and improving system understanding.

However, the objective is not to eliminate the use of documents; rather, it is to employ

models to generate and validate data and information utilized in different viewpoints and

artifacts, such as documents [8]. Therefore, a key objective of MBSE is to overcome the

drawbacks of traditional document-centric systems engineering approach [8].

Moreover, a significant disadvantage of the traditional systems engineering approach is

that errors in the initial requirements definition or decomposition are discovered late. This

is because the requirements are defined on the left side of the V model (described in the

previous section), while integration, Verification and Validation (VV)8 are conducted on

the right side of the V model. In contrast, each iteration of an MBSE model undergoes

model validation, which checks that the model accurately describes the system, and

model verification, which ensures that the model is precise enough to trust its predicted

results [6]. This approach enables the earlier detection of defects, reducing time and

costs [76].

A MBSE approach involves developing the model in a modeling language, which is avail-

able in a modeling tool. This model is depicted on graphical diagrams and contained in

a model repository. This integrated model contains all relevant system information and

8”Verification assures that a system is built correctly by assessing requirement compliance”.

”Validation assures system goals have been achieved by comparing a system’s behavior to its needed or

expected behavior”. [6]
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is composed of interconnected modeling elements representing key system aspects [74].

With this structure, the engineering teams must ’speak’ the same language and work on

the same ’matter’ corresponding to the system model [74]. The model is an abstract rep-

resentation of reality at the start of the design process. Certain features can be ignored if

they are irrelevant or not immediately important. As the design of the system progresses,

these abstract models become increasingly concrete [6].

Figure 34: Model integration [76].

As depicted in Figure 34, this model can be integrated with other engineering tools (such

as simulation, analysis, and hardware models) to address multiple aspects of systems.

Linking these tools with the model provides insight into key characteristics of the system

that would not be evident through the traditional approach alone. Integrated tools allow

engineers to analyze a large number of system configurations against mission scenarios.

This helps them identify key requirements and the most cost-effective design alternatives

[74,76].

The potential benefits of using MBSE can be summarized as follows:

• Improve communication among model designers and stakeholders [8, 74, 76].

• Increase the capacity to effectively manage system complexity [6, 8, 76].

• Improve the quality of the product and more understand of design change impacts

[8, 76].

• Enhance knowledge capture and system understanding [8, 76].

• Facilitate early system verification and validation, and support early detection of

design defects [8, 76].

• Provide mechanisms to enable deeper systems engineering without increasing costs

[8, 76].

• Reduce costs, errors, ambiguity, and save time and resources [6].

• Resolve discrepancies and inconsistencies in system design [76].

• Ensure consistent and complete system model representation across missions and

project phases [74].
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2.4.2 ARChitecture Analysis and Design Integrated Approach (ARCADIA)

ARCADIA is a model-based engineering method developed by Thales for designing the

architecture of systems, hardware, and software [77]. The ARCADIA method can be

applied to complex systems to help identify customer needs, develop and share the prod-

uct architecture with engineering stakeholders, validate and justify designs quickly, and

facilitate integration, validation, and verification [78].

ARCADIA defines different perspectives/layers, depicted in Figure 35, that structure the

implementation of an architecture: these include Operational Analysis, System Anal-

ysis, Logical Architecture, Physical Architecture, and End Product Breakdown Struc-

ture (EPBS).

To promote consistency, the ARCADIA method establishes an ontology9 that captures

concepts and their relationships. These relationships are essential for ensuring traceability

and consistency in the system model. Each ARCADIA layer and its model elements

are linked to the corresponding elements in the preceding and succeeding layers. This

structured connection guarantees traceability between model elements and consistency

between architectural views [79].

Figure 35: ARCADIA method [80].

9”An ontology is a formal explicit conceptualization of a problem domain shared by stakeholders; it

presents a controlled vocabulary that comprises a set of agreed upon terms (semantic domain) and rules

for using and interpreting them within the domain” [6].
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As shown in Figure 35, the first two layers focus on understanding and formalizing needs,

while the last three focus on developing the solution (i.e., the architectural design) [81].

Operational Analysis: What the users of the system need to accomplish.

The first layer involves examining customer needs, goals, and intended missions and ac-

tivities. This analysis identifies the actors who will interact with the system and their

respective goals, activities, and constraints. The required high-level operational capa-

bilities can be modeled through this layer, and an operational needs analysis can be

performed without the system being defined [79,80].

System Analysis: What the system must achieve for the users.

This layer focuses on how the system, considered as a black box, can satisfy operational

needs and determine the feasibility of the customer requirements. This involves carrying

out an external functional analysis of the system in order to identify the system functions

required [80,82].

Logical Architecture: How the system will work to meet expectations.

This phase involves an internal functional analysis of the system to identify the subfunc-

tions necessary for carrying out the chosen system functions from the previous phase. Log-

ical components are identified to allocate the defined subfunctions. This layer implements

the major decisions of the solution and ways to meet stakeholder expectations [82, 83].

Physical Architecture: How the system will be built.

This layer establishes the system’s final architecture and how it should be implemented

and integrated. Two types of physical components can be created to define the system

architecture: a Behavior Physical Component, which is associated with physical functions

and carries out part of the system’s behavior (e.g., software components and data servers),

and a Node, which is a Physical Component that provides the necessary material resources

for one or more Behavior Components (e.g., processors, routers, and operating systems)

[83,84].

EPBS: What is expected from the provider of each component.

The goal of this level is to determine the specifications that each component must fulfill

in order to meet the architectural design constraints and choices identified in previous

phases [83].
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In order to support the ARCADIA method, the operational engineering experts at Thales

have developed the associated toolbox Capella [83]. Capella is a tool that provides the

necessary notation and diagrams for creating models based on the ARCADIA method

[79]. As shown in Figure 36, ARCADIA provides a modeling language and a modeling

approach, and Capella is a tool designed to support this method and language.

Figure 36: MBSE with ARCADIA Capella [77].

Capella offers various add-ons created to exploit the potential of MBSE [80]. Some of

the most important are:

• Property Values Management Tools (PVMT) add-on: It allows end users to easily

create data that can be addressed to the elements model.

• Requirements viewpoint add-on: It allows for requirements definitions and the im-

porting of a set of requirements from a ReqIF file.

• Python4Capella add-on: This add-on enables interaction with the Capella model

using Python. It is possible to create Python scripts to read and write from the

Capella model.

Several other add-ons are described in [80].
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3 Research Problem

As presented in Section 2.3, developing an Environmental Control and Life Support Sys-

tem is a complex, iterative process based on evaluating technologies and system configu-

rations using simulation and analysis tools, as well as testing hardware and software [4].

The ECLSS is one of many systems designed for space habitats. However, it requires

special attention because of its many critical functions.

Figure 37 shows the typical NASA spacecraft ECLSS development process. This process

corresponds with the life cycle described in previous sections. The figure shows how the

ECLSS design process is divided into distinct phases and clearly indicates the associated

documentation and key review milestones.

Figure 37: Typical NASA spacecraft ECLSS development process [4].

Phase A, also referred to as the Concept Study and Preliminary Analysis, involves early

mission definition, preliminary identification of ECLSS requirements, and a project fea-

sibility study. During this phase, concepts are created and preliminary analyses are

performed to evaluate options.

Phase B, also referred to as the preliminary definition and design phase, involves revis-

iting and analyzing the preliminary concepts developed in Phase A through an iterative

process. Trade study techniques are employed to compare each concept’s capabilities to

the system requirements.

Phases C and D involve design, development, and operational tasks.
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The overall system configuration and interfaces are identified during the preliminary

design process. This phase involves conducting trade studies of candidate technologies

and their combinations to determine the most suitable architecture based on mission

requirements.

Figure 38: Conventional (left) and new (right) approach for a preliminary ECLSS design

process [56].

The conventional approach for a top level trade studies of an ECLSS architecture per-

formed in the preliminary definition and design process is shown in the left hand side

in Figure 38. The mission defines the requirements and constraints through which ap-

propriate technologies can be identified and implemented. A few candidate concepts are

selected for examination and comparison. Each concept is evaluated based on ESM, re-

liability, and cost. The comparison process results in the selection of the best-evaluated

concepts.

This approach can be a time-consuming, iterative process and since only a few candidate

concepts are evaluated, it is uncertain whether the actual optimum is considered. There-

fore, Binder et al. [56] proposed a new approach in their work, shown on the right-hand

side of Figure 38, which compares a large number of component combinations at the

system level with a short execution time in order to select the best options.

As shown in NASA life cycle (see Figure 37), these top-level trade studies may be con-

ducted multiple times throughout the preliminary definition and design process since it

is inherently iterative.

This traditional ECLSS development process is based on a document-centric approach.

It involves documenting technical and programmatic requirements, design architecture,
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interface requirements, safety and reliability requirements, and verification requirements

[4].

Section 2.4.1 discussed the main disadvantages of the document-centric systems engineer-

ing approach, which presents significant challenges when applied to complex systems.

Designing an ECLSS for a long-duration mission requires greater system complexity and

more stringent reliability requirements than existing ECLSS architectures. In such cases,

a document-centric system engineering approach can be too challenging to manage effec-

tively. As outlined in Section 2.4.1, the main drawbacks of the document-centric approach

are a lack of traceability, difficulty integrating documents, and the need for manual up-

dates to reflect design changes. As systems become more complex, these issues can lead

to longer development times, an increased risk of errors, and higher overall costs.

Additionally, in the context of the project life cycle of typical NASA systems, Bajaj’s

work [85] identifies two major limitations of the traditional approach. The first involves

the discontinuity of system analysis and simulation tools from the early design phases to

the later phases. With the traditional approach, it is difficult to ensure that the analysis

and simulation tools defined in different phases consistently represent the same system.

The second refers to the lack of connection between the design and analysis/simulation

models used in different phases. For example, between conceptual system design models

and mathematical analysis models in the early phases, as well as between CAD and CAE

models in the later phases.

These limitations highlight the need for a more integrated, model-centered approach to

support the development of complex systems, such as the ECLSS, especially for long-

duration missions. A MBSE approach enhances the ability to manage system complexity

by improving communications, facilitating a quicker understanding of the impact of design

changes, and increasing overall system comprehension. Additionally, MBSE supports

early system verification and validation, enables the early detection of design errors, and

ensures a consistent system representation throughout all phases of the project life cycle.

In order to exploit the benefits of the MBSE approach for the ECLSS development pro-

cess, it is necessary to extend the system model to support connections with engineering

analysis by means of Modeling and Simulation (MS) [86].

Simulation is a complex digital product that relies on simulation models, simulation tools,

and computing hardware [87]. Since modeling is an essential part of a simulation, it is

accurate to refer to simulations as Modeling and Simulation [88]. Engineering analysis

through MS allows for the assessment of system performance during the design process,

which supports decision-making.

Integrating a system model with MS tools presents several challenges. These include

ensuring consistency between MBSE models and MS data, guaranteeing traceability be-

tween models and engineering analyses and system requirements, and ensuring tool com-

patibility throughout the entire process, since the model can be integrated with various

engineering analysis tools [86].

However, the integration of system models with MS tools offers several key advantages in

the system development process. These benefits include ensuring that simulations always
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reflect the latest system model version and enabling the automatic generation of analysis

models from system models. This integration supports the early detection and resolution

of design issues, reducing costs and effort when changes are inexpensive to implement.

Furthermore, linking the model to simulations leads to more complete, unambiguous, and

verifiable definitions of requirements [89]. As illustrated in Figure 39, engineers can use

engineering analysis tools to assess whether a system meets requirements or if changes

must be implemented.

Figure 39: MBSE integration. Adapted from [90].

The connection between the system model and simulations enables the immediate evalu-

ation of the impact of changes to the system. Additionally, integration reduces errors in

the system development process and improves quality of design by increasing traceability

between requirements, system architecture, and engineering analysis [89]. This integrated

environment ensures the continuity of analysis and simulation tools across the different

phases of the design process and maintains a consistent connection between the system

model and its corresponding analysis and simulation models.

The benefits of integrating MBSE with MS tools have been documented by many projects:

• Lockheed Martin Space used an integrated MBSE approach to simulate the OSIRIS-

REx spacecraft’s mission trajectory. By integrating simulations into the system

model, the team could quickly identify potential issues resulting from changes in

mission requirements. They could also verify requirements and mission design pa-

rameters continuously throughout the spacecraft’s life cycle. This approach resulted

in a development process seven times faster than their previous methodology [91].

• Northrop Grumman Corp. implemented an integrated MBSE approach to design

and optimize a Phased Array Antenna system. This methodology eliminated tran-

scription errors, improved technical communication, and enhanced design quality

and engineering productivity. It also reduced design and execution risks [92].

• In the work of Kaslow et al. [93], a model integrated with STK and MATLAB was

69



developed for the design of a Radio Aurora Explorer (RAX) Cubesat. The objective

of this work is to demonstrate the power, scalability, and utility of MBSE tools and

methods in supporting CubeSat mission design. Trade studies were performed

using simulations and analyses to evaluate how design parameters impact mission

performance, as well as to understand the system’s behavior and how its components

interact.

Considering the potential advantages of MBSE when integrated with analysis and simu-

lation tools, this thesis proposes an integrated MBSE approach to support the design of

an Environmental Control and Life Support System architecture.

To guide the development and assessment of this integrated MBSE approach, this thesis

addresses the following research questions:

1. What method can be adopted to integrate a standard MBSE methodology with an

arbitrary set of analysis or simulation tools while ensuring consistency and enabling

automated system evaluation?

2. How can an integrated MBSE approach support the design process of an ECLSS

architecture?

This work proposes a generalized approach for connecting a standard MBSE methodol-

ogy with any engineering analysis tool. The proposed approach involves the extraction

of system data and its architectural structure from the MBSE model. The extracted

information can be used to perform system evaluation by providing the data as input to

engineering analysis tools, or by converting the system model into an executable simula-

tion model compatible with a target simulation environment.

The thesis aims to illustrate that, once all the necessary model data has been extracted,

any required engineering analysis can be performed using this information. Additionally,

this work aims to demonstrate the advantages of using an integrated MBSE approach

to support the design of complex systems, such as the Environmental Control and Life

Support System.
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4 Proposed Integrated MBSE Approach for ECLSS

Design Process

Designing an Environmental Control and Life Support System is a highly complex and

iterative process. As discusssed in Section 2.3, the final architecture of the system is af-

fected by several requirements, constraints, and considerations, which involve evaluating

technologies and system configurations through analysis, simulation, and testing. The

planning of a long duration human spaceflight mission to the Moon or Mars necessitates

the design of a highly complex and reliable ECLSS, which must be integrated with a

complex overall mission architecture. A traditional, document-centric systems engineer-

ing approach may be inadequate for handling this level of complexity. In contrast, a

MBSE approach significantly improves the ability to manage and coordinate complex

system architectures throughout the design process.

This section presents an integrated Model Based Systems Engineering approach to sup-

port the design of an ECLSS throughout the entire system life cycle. The proposed in-

tegrated approach involves connecting the ECLSS architecture model with analysis and

simulation tools in order to evaluate system performance and iteratively refine the model

itself. The effectiveness of this approach in supporting the design process is explored

through an end-to-end case study design of an ECLSS for an Analog habitat.

In the integration process detailed in this section, the system model is integrated with

engineering analysis tools, which are particularly relevant for supporting the early phases

of the ECLSS design. As the design process progresses, more advanced analyses can be

integrated using the same method. Thus, as presented in the following of this section, this

integrated environment could effectively support the ECLSS design process throughout its

entire life cycle. This environment enables engineers to perform analyses and simulations

of the system automatically and directly from the model. These capabilities support

early validation and verification, accelerate design iterations, reduce errors, and enable

immediate assessment of the impact of changes on the system.

As discussed in Section 3, there are several challenges to effectively connecting engineer-

ing analysis tools with MBSE models. This work addresses these challenges and seeks

to define an integrated model that mitigates them. The integration process involves ex-

tracting data from the system model and processing it to perform system analysis and

simulation. It is designed to be independent of any MBSE methodology or analysis and

simulation tool.

The following section provides a detailed description of the integration process devel-

oped to connect the MBSE model with engineering analysis tools. Subsequently, the

methodology is applied to designing the ECLSS for an Analog Habitat, which proves its

effectiveness in a realistic mission context.

During this work, the main benefits of the proposed approach will be discussed, as well

as how it could support and enhance the ECLSS design process.
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4.1 Integration Process

Figure 40 provides an overview of the proposed integration process, which defines an

integrated MBSE model designed to support the development of an ECLSS throughout

all phases of the design process. The integration process employs an iterative approach,

whereby the ECLSS model is progressively defined by evaluating system characteristics

through analysis and simulation tools. Based on the results, the requirements are reviewed

and the system architecture is continuously refined.

Figure 40: Integration process.

The main steps depicted in Figure 40 are the following:

1. The ECLSS model is developed using the ARCADIA methodology and implemented

with the Capella modeling tool. As described in Section 2.4.2, ARCADIA is based

on functional analysis and the allocation of functions to architectural components.

This method aims to define and validate the system architecture iteratively. In

Capella, diagrams represent specific views or extracts of the system model, allow-

ing users to visually edit the model. A Capella diagram is a graphical represen-

tation of model elements, such as functions, logical or physical components, and

functional/component exchanges [83]. This modeling environment accurately re-

flects the current state of the system architecture, which is progressively defined

throughout the process. As discussed in Section 2.3, several high level requirements

influence the ECLSS architecture, and the MBSE approach supports the elicita-

tion of system requirements throughout the design process. Capella allows users

to create requirement elements in the model and specify their status, relationships,

and classifications. These elements can then be linked to model elements to ensure
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traceability and consistency [94]. System simulation can be used to assess the sta-

tus of requirements during the process. One of the most important parts of the

integration process is the PVMT. The PVMT is a Capella add-on that allows users

to define specific Property Values for model elements. These Property Values en-

rich the system architecture with additional information and support analysis and

simulation of the system.

2. The connection between the ECLSS model in Capella and the analysis and simula-

tion tools is established through a parser, which extracts necessary information from

the model to perform system analyses and simulations. In this work, the parser is

implemented in Python using the Python Capella MBSE Tools library [95]. This

library enables access to model diagrams and elements, and supports the extraction

and manipulation of the PVMT. Once the desired information has been extracted,

it is possible to create the data structures required to establish the link between

the system model and the analysis or simulation tools.

3. The data structure obtained from the model provides designers with all the infor-

mation necessary to conduct any kind of analysis or simulation. The results provide

insight into the system’s key characteristics and address various aspects of its be-

havior. For this work, an ESM and reliability analysis tool was developed in Python

to assess key metrics related to the system architecture. As described in Section 2.3,

this analysis supports the assessment and selection of alternative system architec-

tures. To evaluate the system performance, a Python tool has been developed that

converts the system model into a V-HAB ECLSS model using the data extracted

from the model. This tool enables automated evaluation of the system through

dynamic simulation using V-HAB. The engineering analysis tools developed in this

thesis are appropriate for the preliminary phases of the ECLSS design process. As

the process progresses, more advanced simulations can be connected using the same

approach.

4. Each analysis or simulation tool developed can be integrated into Capella using

the Python4Capella add-on [96], which enables users to interact with the Capella

model through Python. Uploaded scripts can be executed directly within Capella,

enabling easy, automated system evaluation. After defining the system architecture,

designers can run these scripts in the modeling environment to perform system-level

analyses. By updating the system architecture, the proposed approach is capable

of automatically executing the analysis on the new defined system architecture,

ensuring consistency between the system model and the simulation environment.

Designers can use the results of these analyses to perform trade studies, verify sys-

tem requirements, evaluate the effects of design changes, and determine appropriate

technical solutions. These evaluations improve understanding of the system’s be-

havior and performance, allowing for more informed decisions throughout the design

process.

5. As discussed in Section 2.3, several requirements, constraints and considerations
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affects the final ECLSS architecture. These include: technology considerations, hu-

man requirements, mission requirements, safety and reliability requirements, test

requirements, flight requirements, cost requirements, system requirements and inte-

gration factors. Throughout the design process, all these elements must be carefully

considered by designers in order to properly define the system. To evaluate the

system architecture using analysis tools, it is essential to have detailed information

about the technologies that compose the system. In this work, a database of ECLSS

technologies has been created that includes key parameters such as mass, volume,

power consumption, thermal load, and resupply needs (see Appendix B.). These

parameters are assigned to the technologies within the model using the PVMT

add-on. The data are then extracted and used by the analysis tools to evaluate the

system architecture.

The integrated MBSE model has the potential to support the development of the ECLSS

throughout its entire life cycle. This approach allows designers to develop the system

model and immediately perform analyses and simulations based on the defined architec-

ture. Consequently, the system design can be refined continuously and iteratively.

The proposed integration process ensures that analysis and simulation reflect the latest

system model, supports early detection of design issues, contributes to requirements ver-

ification, facilitates the assessment of design changes, and ensures continuity of analysis

and simulation tools across the different phases of the design process.

Since this approach only involves extracting data from the model and processing it exter-

nally, it can be used to connect any MBSE methodology with any analysis or simulation

tool. The following sections provide a detailed description of each step in the proposed in-

tegration process. The following elements of the process will be described: requirements,

PVMT, parser, ESM and reliability analysis, and V-HAB dynamic simulation.

In Section 5, this process is applied to support the design of an ECLSS for an analog

habitat.
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4.1.1 Requirements

”A requirement is a statement that identifies a product or process operational, functional,

or design characteristic or constraint, which is unambiguous, testable or measurable, and

necessary for product or process acceptability” (ISO/IEC 2007) [97].

A MBSE approach facilitates the elicitation of requirements and supports their formal def-

inition. In a MBSE tool, requirements element can be allocated to other model element

enhancing consistency, traceability and early detection of requirement issues. Linking

requirements to model elements facilitates verifying the system’s correctness and com-

pleteness. Their validation is achieved through design verification and simulation [98].

Requirements can be created either directly within the modeling tool or imported from

a requirements management tool (e.g., IBM Doors) [99].

In Capella, requirement elements can be defined through different modules [99]:

• The module type is used to define the type of module, such as a stakeholder or

system requirement.

• The requirement type allows the category of the requirement to be defined. Re-

quirements can be classified into different categories: functional, mission, interface,

environmental, operational, human factor, logistics support, physical, product as-

surance induced, configuration, design and verification [100].

• The relation type is used to specify the relationship between one requirement

element and other elements within the model. The different types of relationships

between requirement and model elements are: trace, satisfy, copy, verify, validate,

derive and refine [99].

It is also possible to associate attributes to requirements, for example, priority (high,

medium, low) and status (draft, work-in-progress, reviewed). Each requirement is as-

signed a unique identifier according to the following format:

REQ-<TYPE>-<SYSTEM>-<SUBSYSTEM>-<NUMBER>

During the design process, engineering teams specify the modules that define the require-

ments and their priority attributes. The status of each requirement can be determined

through system analyses and simulations. The integration process enables continuous

verification of requirements, enhancing consistency and traceability while reducing er-

rors.

Figures 41 - 42 show an example of a requirement definition in the Capella modeling

environment. This example refers to a functional requirement related to the Atmosphere

Revitalization AR subsystem of the ECLSS. The requirement modules and its associated

attributes are defined as follows:

• ID: R-FUN-ECLSS-AR-001

• Name: CO2 reduced

• Text: The system shall reduce the CO2 to generate water.

• Type: Functional
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• Priority: High

• Status: Work in progress

• Relation type: Satisfy

As shown in Figure 41, the requirement is allocated to the Node Physical Component

Sabatier through a Satisfy relation. Additionally, Figure 42 shows a tabular represen-

tation of the requirements in Capella, which facilitates the review, management, and

validation of the requirements. In the proposed integration process, once a requirement

is defined, its status is assessed based on the results of the system’s dynamic simulations.

Figure 41: Requirement definition example.

Figure 42: Requirements definition table.

4.1.2 Property Values Management Tools

In order to perform a system analysis or simulation, the model must contain all the

necessary data. The Capella PVMT add-on was used to create and assign properties

to the model elements. PVMT enriches the model with the data and information for

defining the system architecture and enabling analyses and simulations. When defining

Property Values to support the model integration process, it is important to consider the

compatibility of the various analysis tools involved.

In Capella, Property Values can be created using the Configuration Property Values

model editor, as shown in Figure 43. Within this environment, it is possible to define do-

mains (represented by a blue notebook icon), which contain extensions (folder icon) and

enumeration definitions (three blue circles icon). As shown in Figure 43, for each anal-

ysis/simulation tool (ESM and reliability analysis, V-HAB system dynamic simulation),

a domain containing the necessary properties has been created.

Within a domain, multiple extensions can be created. Each extension defines a set of

Property Values that can be assigned to model elements. An ARCADIA layer must be

selected for each extension to determine where the associated properties can be applied.

This ensures that the defined properties are applied only to elements within the chosen
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Figure 43: Configuration Property Values model editor.

layer (e.g., Operational Analysis, System Analysis, Logical Architecture, Physical Archi-

tecture or EPBS). Users can also specify the types of model elements within the selected

layer to which the properties can be applied (e.g., Node Physical Component, Behavior

Physical Component, or Physical Link for Physical Architecture). Additionally, users

can specify property rules that restrict the application of the extension to elements that

satisfy the defined criteria. As a result, extensions remain consistent with the model’s

structural hierarchy, preventing the assignment of properties to incompatible elements.

An extension can contain the following property types: string, integer, float, boolean,

and enumeration. The enumeration property allows selection of a specific enumeration

literal defined within an enumeration definition.

Figure 44 shows an example of a domain definition created to better illustrate this con-

cept. The domain includes one enumeration definition and two extensions.

The first extension, named Storage Data, can only be applied to Node Physical Compo-

nents within the Physical Architecture layer (as defined by the scope and EClass rule).

This extension defines several properties, including a string property that represents the

storage name; an integer property that indicates the number of storage units; a float

property that specifies the volume; a boolean property that specifies whether the stor-

age is cryogenic; and an enumeration property that allows the selection of the storage

type from a predefined list of literals (gas, liquid, or solid) defined in the enumeration

definition called Storage Type.

The second extension, Storage Gas Data, can be applied to Node Physical Components

in the Physical Architecture when certain conditions are met. It can only be applied to

components when the value of the ”Storage Type” property in the Storage Data extension

is set to ”Gas”. In this case, the extension allows an additional float property representing

pressure to be assigned to the component.

Figure 45 shows the Property Values view of a Node Physical Component named Storage

example. In this view, the extensions created can be applied to different model elements.

With the defined example domain, once a Node Physical Component is created within

77



Figure 44: Example PVMT configuration.

the Physical Architecture layer, the Storage data extension can be applied to it. If the

user selects ”Gas” as the storage type, the Storage gas data extension can also be applied

to the same component. This example shows how to properly use the PVMT to enrich

the model with all the necessary information.

Figure 45: Storage Node Physical Component example.

The following sections detail the domains that were created to integrate the model with

the analysis and simulation tools involved in this work. As the ECLSS design progresses,

additional domains may be created to facilitate connections with other tools. During the

definition of the domains, it is crucial to ensure consistency and compatibility between

the model and the different tools.

In this work, all Property Values are applied to components in the Physical Architecture

layer. However, as previously explained, properties can be applied to elements in any

ARCADIA layer. All the Property Values created in this work to support the integration

of the analysis and simulation tools are present in Appendix C.

4.1.3 Parser

To connect the system model with the engineering analysis tools, a parser was developed

using the Python capellambse library [95]. The library allowed the extraction of all

model elements and their relationships, as well as the Property Values defined through
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PVMT. Having all the desired information of the model on Python enables the definition

of the necessary data structure to perform any analysis or simulation.

Figure 46: Parser and tools definition.

As shown in Figure 46, each Python code created and imported in Capella consists of

a parser that extracts the necessary data and a second part that enables analysis or

simulations. In this work, two different Python scripts have been defined:

• ECLSS system analysis.py: this script enables the execution of ESM and relia-

bility analysis of the system architecture. The first part of the code extracts data

from the model and creates the necessary data structure. The second part uses this

structure to compute the ESM and the probability of loss of crew Pr(LOC) over

time.

• ECLSS dynamic simulation.py: this script allows the conversion of the system

model into a V-HAB model and the execution of a dynamic simulation under defined

conditions. The first part of the code extracts and structures the data, and the

second part uses this structure to convert the system model and run the simulation.

Each script is based on parser code and successive data manipulation to perform analysis

or simulations. The following sections provide detailed descriptions of the ESM and

reliability analysis script, the dynamic simulation script, and their direct implementation

in Capella using the Python4Capella add-on.
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4.1.4 ESM and Reliability Analysis

As discussed in Section 2.3, during the early phases of the design process, various system

configurations and technologies are evaluated based on key criteria, such as performance,

reliability, mass, cost, and TRL.

Traditionally, several metrics have been used to evaluate key aspects of an ECLSS system

configuration. From the initial phases of the design process, it is essential to estimate the

ESM and Pr(LOC) of the system architecture. As stated by Jones [57], ”The best design

for a deep space life support system provides adequately for the crew, over the mission

duration, with the required Pr(LOC), for the minimum ESM”.

As described in Section 2.3.4, the ESM accounts for the system’s mass and associated

infrastructure costs. It has traditionally been used to compare different system configura-

tions or technologies. The probability that the ECLSS will fail before time t is represented

by Pr(LOC)(t). This metric can support trade-offs and provide an estimate of system

reliability.

This section details the tool developed in this work to calculate the ESM and the Pr(LOC)

over time for the system architecture modeled in Capella. This analysis tool is espe-

cially useful in the early design phases because it allows for the comparison of different

architectures, provides an initial system reliability assessment, and evaluates design fea-

sibility. Although this analysis provides a preliminary estimation of system reliability,

a comprehensive safety assessment is still necessary. As the design process progresses,

defining failure modes, performing effects analysis, conducting risk analysis, and devel-

oping maintenance strategies becomes essential. These steps are necessary to ensure the

system meets safety requirements.

To perform this analysis, the Python script ECLSS system analysis.py extracts the

data assigned to the various technologies that compose the system architecture. The

data is then used to calculate the ESM and the Pr(LOC) over time. The necessary input

parameters, which are allocated to the Node Physical Components of the ECLSS model

using the PVMT, include the crew size the technologies are designed for, as well as the

mass, volume, power consumption, thermal load, resupply interval, failure rate, number

of redundant units, and number of spare sets.

This analysis can be used to estimate the number of redundant units and spare sets needed

to ensure that the system achieves the required reliability while minimizing overall mass.

The other parameters for each ECLSS technology were collected from the literature and

organized in the ECLSS database in the Appendix B.

The database includes the number of crew members that each technology is designed to

support. For the purposes of this work, it is assumed that each technology scales linearly

with crew size. A scaling factor is defined as the ratio of the number of crew members

in the reference mission CMmission to the number of crew members that the technology is

designed to support CMtechnology.

Scaling factor =
CMmission

CMtechnology

(18)
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This analysis neglects the contribution of crew time to the ESM calculation for each

technology. However, as the design process progresses, it becomes crucial to evaluate

crew time simultaneously with the maintenance strategy to maximize the total available

work time for the mission’s objectives.

The data necessary to perform the analysis are created using the PVMT, following the

approach described in Section 4.1.2.

As shown in Figure 47, a constraint element has been created in the model to which

various extensions have been applied. These extensions contain the necessary properties

for analysis and simulation. Using this approach, users can input the required Property

Values to perform the specified analysis or simulation. The properties showed in Fig-

ure 48 allocated to the settings element necessary for the system analysis tool are the

desired total pressure in the cabin, desired O2 partial pressure, desired N2 partial pres-

sure, desired temperature, crew members, total habitat volume, CFVOL, CFPWR, CFTCS

and the mission duration considered in the analysis. The simulation tool described in

the following section also uses these properties. Special attention was given to ensuring

compatibility between the two tools during the definition of these extensions.

Figure 47: Settings (constraint model ele-

ment).

Figure 48: Settings data.

To apply the data to the different technologies necessary for the analysis, different exten-

sions has been created, depicted in Figures 49 and 50. The following properties can be

applied to all Node Physical Components: power consumption, thermal load, resupply

interval, failure rate, number of redundant units, and number of spare sets. Additionally,

the ComputeData enumeration property can be used to specify whether the physical com-

ponent is a technology or a tank. If user select to compute technology data, the following

properties can be applied: mass, volume and CMtechnology. Otherwise, it is possible to

select the tank type and specify the ratio between the tank mass and the mass of the
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phase contained within it. Then, based on the selected enumeration literal in Tank type

the corresponding phase properties can be defined.

Figure 49: PVMT system analysis (1). Figure 50: PVMT system analysis (2).

After allocating all properties to the components that compose the system, the data can

be extracted from the model and processed for analysis.

In ECLSS system analysis.py, after extracting the data, the code computes the ESM

for all physical components with system analysis properties associated.

The ESM for each technology is calculated using the following formula:

ESMtechi = massi · scaling factor

+ CFVOL · volumei · scaling factor

+ CFPWR · poweri · scaling factor

+ CFTCS · thermal loadi · scaling factor

+ supplyi · CMmission ·mission duration

(19)

The mission duration is a time vector that ranges from zero to the value specified in the

MissionDurationAnalysis property.

The ESM for a tank is calculated using the following formula:

ESMtanki = Total tank massi

+ CFVOL · volumei

+ CFPWR · poweri
+ CFTCS · thermal loadi

+ supplyi · CMmission ·mission duration

(20)
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The tank mass is calculated depending on the type of tank:

• High pressure O2/N2

• Cryogenic O2/N2

• Other tank

If the physical component under consideration is an oxygen or nitrogen tank, the code

computes the required storage mass to compensate for both leakage and repressuriza-

tion losses.

For this purpose, a cabin leakage rate of

0.23
kg

element · day

is considered, as reported by Wieland [4]. It is assumed that this leakage consists exclu-

sively of oxygen O2 and nitrogen N2, which reflect the cabin atmospheric composition of

21% O2 and 79% N2.

Based on these assumptions, the total mass required to compensate for leakage during

the mission is calculated as:

massO2,leak = 0.23 · 0.21 ·mission duration (21)

massN2,leak = 0.23 · 0.79 ·mission duration (22)

To estimate the total mass of O2 and N2 required for repressurization, the ideal gas law

is applied:

m =
Mmol · P · V

R · T
(23)

where:

• Mmol is the molar mass [kg/mol],

• P is the partial pressure of the gas [Pa],

• V is the cabin volume [m³],
• R = 8.314472 J/(mol·K) is the ideal gas constant,

• T is the cabin temperature [K].

The partial pressure, cabin volume, and cabin temperature values are taken from the

property associated with the setting constraint. The repressurization mass for each gas

is computed as:

massN2,repress =
Mmol,N2

· PN2 · Vcabin

R · Tcabin

(24)

massO2,repress =
Mmol,O2

· PO2 · Vcabin

R · Tcabin

(25)

83



The total storage mass, including leakage and repressurization compensation, is:

Total massN2 = (massN2,leak +massN2,repress) · SF (26)

Total massO2 = (massO2,leak +massO2,repress) · SF (27)

where SF is a safety factor assumed to be equal to 1.2, which accounts for uncertainties.

The total tank mass of oxygen or nitrogen is calculated using the tank ratio kg
kg
, which is

defined as the ratio of the tank’s mass to the mass of the stored phase.

Total tank mass = tank ratio · Total mass + Total mass (28)

The volume of a tank is calculated differently depending on whether it is high-pressure

or cryogenic.

VolumehighPressure =
Total mass ·R · T

Mmol · P
(1 + α) (29)

Volumecryogenic =
Total mass

ρcryogenic
(1 + α) (30)

where α is a factor assumed to be equal to 0.1 to account for the tank structure.

If the Node Physical Component is not a high-pressure or cryogenic storage system for

oxygen or nitrogen, then the user may provide the following information instead: the

mass of the stored material per day massstore,day and the volume of the tank per unit of

mass 1
ρ
. An example of this type of storage is the use of LiOH canisters for CO2 removal.

Therefore, the code compute the total mass and volume:

Total tank massother tank = tank ratio ·massstore,day ·mission duration

+ massstore,day ·mission duration (31)

Volumeother tank =
1

ρ
·massstore,day ·mission duration (32)

The ECLSS system analysis.py code uses these equations to compute the ESM for each

system component.

As described in Section 2.3.4, in order to estimate the system’s reliability and evaluate

the impact of redundancy and spare parts on the ESM, must be defined a reliability

model. Using the PVMT, users can assign a constant failure rate to each component.

This value enables the calculation of the technology’s reliability and failure probability.
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This analysis considers a reliability model based on Jones’s work [57], and is based on

the following points:

• It is assumed that adding a set of spares, denoted by s, for a specific technology

reduces its failure rate by a factor of ten. Therefore, assuming that the nine of ten

failures will be repaired:

λi,s =
λi

10
(33)

Adding a set of spares, increase also the ESM by 50%.

• Adding redundancy, denoted by r, to a specific technology increases its reliabil-

ity, and this can be evaluated using the Poisson Cumulative Distribution Func-

tion (CDF):

Ri(t) =
rX

k=0

(λt)k

k!
e−λt (34)

The CDF estimates the probability that the number of failures occurring during a

mission of duration t, with a failure rate of λ, will not exceed the number of available

units (r + 1). This equation enable to compute the reliability of a technology with

r reduntant units. Adding a redundant unit doubles the ESM of the technology,

including the spares. If the technology does not have redundancy, its reliability is

computed using the exponential function described in Section 2.3.4.

Using this reliability model, the ESM for each technology is calculated as follows:

ESMspares,i = ESMi · (1 + 0.5 · sparesi) (35)

where sparesi denotes the number of spare sets (either zero or one), while redundancyi
represents the number of redundant units.

ESMtotal,i = ESMsparesi + ESMsparesi · redundancyi (36)

Denoting n the number of the technologies which compose the ECLSS, the total ESM of

the system is:

ESMECLSS(t) =
nX

i=1

ESMtotal,i (37)

Using the reliability equations, is possible to compute the failure probability of each

technology Fi(t) and calculate the Pr(LOC) of the system.

Fi(t) = 1−Ri(t) (38)

Pr(LOC)(t) = 1−
nY

i=1

(1− Fi(t)) (39)

Once the system architecture model is defined in Capella, the code extracts the necessary

data and uses the described equations to compute the total ESM of the system and the
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Pr(LOC) over time. This analysis offers valuable insights regarding the system archi-

tecture under consideration. It supports trade-off evaluations and assists in defining the

system during the early stages of the design process.

Using the Python4Capella add-on, the script is imported in the Capella environment.

This enables the user to execute the script directly within Capella. Using this method,

designers can define the system model, perform the analysis, and obtain the results in

the same tool.

After executing the code from Capella, all outputs are automatically saved and the fol-

lowing figures are generated: Total ESM over time, ESM over time by subsystem, and

Probability of Loss Of Crew over time. Figures 51 - 52 - 53 show the results of the

analysis for an example system architecture.

Figure 51: System analysis: ESM over time.

Figure 52: System analysis: Pr(LOC) over time.
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Figure 53: System analysis: ESM by subsystem over time.

Figure 54 shows the Python code that was imported to create the integrated model,

as well as the console, which enables users to interact directly with Python within the

Capella environment during analysis or simulation.

Figure 54: Console: system analysis.

The integrated model described in this section provides an easy, automated, and con-

sistent way to analyze the system. It significantly reduces the time and effort required

while effectively supporting the design process. The next section provides details on the

system dynamics simulation tool and how it is integrated with the model. These sim-

ulations provide a more comprehensive view of system performance throughout mission

duration, which complements the static ESM and reliability evaluation.
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4.1.5 ECLSS Dynamic Simulation

The model is also integrated with V-HAB to continuously evaluate the performance of an

ECLSS architecture throughout the design process. V-HAB performs dynamic simula-

tions of the system for a specified mission scenario in order to investigate the robustness

and overall performance of the system. These simulations support evaluating the system

based on criteria such as reliability, stability, and controllability. They provide a deeper

understanding of the system’s behavior and the interactions between its subsystems.

Multiple simulations under varying conditions, such as crew planner, cabin atmosphere

composition, and other mission parameters, can be performed for the same system archi-

tecture to thoroughly assess system performance. For these reasons, these simulations,

together with the ESM and reliability analysis, provide a comprehensive understanding

of the system’s characteristics, especially in the early design phases, which effectively

supports the overall design process.

The model is integrated with V-HAB according to the method described in the previous

section. Through PVMT, specific properties are assigned to each Node Physical Com-

ponent of the model. The Python script ECLSS dynamic simulation.py extracts the

data necessary for converting the Capella system architecture into the ECLSS V-HAB

model. Then, it executes the simulation according to the specified mission scenario. This

tool provides an easy, automated, and consistent way to simulate any ECLSS modeled

in Capella. This integrated model enables designers to define the system architecture

and easily perform dynamic simulations based on the specified mission scenarios. This

approach facilitates the early detection of design issues and provides insight into the im-

pact of design changes, supporting the system architecture definition. It also allows for

continuous verification and validation throughout the design process, ensuring that the

system meets its requirements. These simulations are essential for determining the status

of the requirements defined in Capella.

Furthermore, since the V-HAB model is generated directly from the Capella model, this

approach ensures consistency between the tools used in different design phases. This

guarantees that the simulated model accurately reflects the defined system architecture.

Together with the ESM and reliability analysis tools, this tool demonstrates that any

type of simulation or analysis can be performed using the proposed approach.

To support the integration with the V-HAB tool, as well as the ESM and reliability

analysis, a PVMT domain called System simulation data was created in the Configuration

Property Values model editor. This domain contains the enumeration definitions and

extensions necessary to convert the system model in a V-HAB model.

As shown in Figure 48, the Simulation and analysis data extension allows users to input

all the necessary settings for the simulation and analysis tools. This includes key mission

scenario parameters such as the desired ratio of oxygen partial pressure to total cabin

pressure, desired total pressure, oxygen, nitrogen, and carbon dioxide partial pressures,

desired cabin temperature, number of crew members in the habitat, amount of stored

food, total habitat volume, and the mission duration to be simulated. In addition, the

settings constraint element is associated with the Crew data extension, which allows

specifying further parameters required by the V-HAB crew model. These include the
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average crew height and age, as well as the scheduled times for breakfast, lunch, and

dinner10. Designers can change this properties and performing different simulation of the

same system under different mission scenarios.

As shown in Figure 55, for each Node Physical Component (or Physical Actor for crew

member) in Capella, it is possible to define the type of V-HAB element it corresponds to.

These elements are: technology, component, storage and human. Depending on the type

of element, different properties and data can be added necessary to define the model in

V-HAB.

Figure 55: V-HAB element.

Human element: As shown in Figure 56, has been created a Physical Actor element

in Capella to represent each crew member involved in the simulation. A dedicated model

element can be defined for each crew member, to which specific properties are associated

using PVMT, as illustrated in Figure 57. Each crew member can be assigned to a

specific habitat module, and their activity schedule, referred to as the crew planner, can

be specified. This includes key parameters such as the start time and duration of physical

exercise and exercise intensity, as well as sleep start time and duration.

Figure 56: Crew member as Physical Ac-

tor.
Figure 57: Extensions human.

Technology element: As shown in Figure 58, if the user selects the V-HAB tech-

nology element for a physical component, both the V-HAB technology type and its

name can be specified. Available technologies that can be selected, based on those im-

plemented in V-HAB, include: Common Cabin Air Assembly (CCAA), Bosch, Brine

Processor Assembly, Carbon Dioxide and Moisture Removal Amine Swing-Bed Sys-

tem (CAMRAS), Carbon Dioxide Removal Assembly (CDRA), fuel cell, Oxygen Gen-

eration Assembly (OGA), Sabatier Carbon Dioxide Reduction Assembly (SCRA), Urine

10Since the habitat may consist of multiple modules, all of these data refer to the habitat as a whole.
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Processing Assembly (UPA), and Water Processing Assembly (WPA)11. When defining

the V-HAB model, it is also essential to provide the power consumption and CM prop-

erties for each technology. These values are specified within the System Analysis Data

domain and are necessary to ensure the correct behavior and sizing of each technology

V-HAB model. If the user selects CCAA as the technology, it is also possible to insert

the necessary Proportional-Integral-Derivative (PID) [101] gain values for temperature

control performed by the CCAA.

Figure 58: Extensions technology.

Component element: V-HAB includes also the implementation of basic ECLSS com-

ponents, such as pressure regulators, pumps, fans, and filters. As shown in Figure 59,

users can select these components directly within the model and specify their properties.

Figure 59: Extensions component.

11CDRA, OGA, SCRA, UPA, and WPA are the ISS technologies which refer respectively to 4 Bed

Molecular Sieve (4BMS), Solid Polymer Water Electrolysis (SPWE), Sabatier, Vapor Compression Dis-

tillation (VCD), and Multifiltration.
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Storage element: As shown in Figure 60, several properties can be assigned to storage

elements, including the storage type, storage name, phase type, number of substances in

the phase, volume, temperature, and humidity. The phase composition can also be defined

by specifying either the mass or the partial pressure of each substance.

In V-HAB, the cabin itself is modeled as storage. As depicted in Figure 61, when the

Store property is selected as a ”Cabin”, additional properties can be defined, including

the number of crew members located within the module, the module’s leakage rate, and

the associated heat sources. The ”Cabin” storage’s specified atmospheric composition

constitutes the initial condition for the dynamic simulation.

Figure 60: Extensions storage.

Figure 61: Extensions cabin.

Physical Path: In Capella, two Node Physical Component can be linked using the

Physical Link element. It is also possible to create a Physical Path, an organized succes-

sion of Physical Links. As depicted in Figure 62, each Physical Path can be assigned a

specific substance exchanged along that path. For example, oxygen is exchanged along the

Physical Path connecting the O2 tank and the cabin. Additionally, a constant flow rate

can be defined between two components, or a gas control system implemented in V-HAB

can be enabled for a given module. This control system is designed for regulating oxygen

and nitrogen levels in the cabin atmosphere.

Additionally, the following Property Values related to the Internal Thermal Control Sys-

tem (ITCS) can be allocated to a constraint element: coolant store volume, coolant store

temperature, coolant store mass, and coolant store pressure.
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Figure 62: Extensions physical path.

The Configuration Property Value model editor, in which all of these extensions and enu-

merations are defined, is provided in Appendix C. The ECLSS dynamic simulation.py

code extracts all the necessary PVMT data and model elements from the Capella archi-

tecture. The essential elements required to convert the system model into a V-HAB model

are the Node Physical Components and the links connecting them. Based on this infor-

mation, the code automatically generates the corresponding V-HAB model. Specifically,

the Python script produces a MATLAB file that contains the V-HAB implementation of

the system modeled in Capella. The simulation model is generated based on the known

structure of V-HAB by manipulating and translating the system model data extracted

from Capella.

Figure 63 illustrates the main elements of the system architecture and their equivalent

representations in the V-HAB model, based on the allocated properties.

This section demonstrates how, knowing the structure of the target simulation tool, it is

possible to create a code that can automatically convert a system architecture modeled

in Capella into a simulation model in the desired tool. The integrated model provides

significant support throughout the design process, especially in the early stages, by en-

abling rapid evaluation, early detection of design issues, and iterative refinement based

on defined requirements.

In the defined integrated model, the steps to perform a dynamic simulation of the system

are as follows:

1. Define the system architecture in Capella.

2. Use the Property Value view to assign Property Values to the Settings constraint

element to specify the simulation and analysis data. This step allows defining all

mission scenario parameters.

3. Assign the appropriate properties to each model element in Capella that corre-

sponds to a component in V-HAB, as previously described.

4. Execute the Python script ECLSS dynamic simulation.py directly within the Capella

environment.

After executing the Python script, the Capella console requests user interaction with the

tool. As shown in Figure 64, the user is first asked to provide a name for the system

model (e.g., example1). Then, the script then generates a corresponding MATLAB file

for the V-HAB simulation model using this name (e.g., example1.m). After creating the
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Figure 63: Model conversion.

model, the script asks if the system simulation should be executed. If the user confirms

with yes the simulation is automatically launched in MATLAB.

Figure 64: Console: dynamic simulation.

The dynamic simulation of the ECLSS for the specified mission scenario provides results

for all system variables over time, for example: module temperatures, total and partial

pressures, relative humidity, substance mass in storage tanks, flow rates between tech-

nologies, and power consumption. An example of the results that can be obtained from

a simulation is depicted in Figures 65 to 6912, which show the partial pressures of carbon

dioxide, oxygen, and nitrogen in the cabin, the total pressure, the relative humidity, and

the water mass inside the tank throughout the mission duration. These results offer a

comprehensive understanding of the system’s behavior and performance throughout the

mission scenario.

12The simulation results refers to an example ECLSS architecture.
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Figure 65: Simulation example: Partial Pressure CO2.

Figure 66: Simulation example: Partial Pressure O2.

Figure 67: Simulation example: Total Pressure.
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Figure 68: Simulation example: Relative Humidity.

Figure 69: Simulation example: Water Tank Mass.

4.1.6 Integration Process Conclusion

The integration process described in this chapter demonstrates the feasibility and effec-

tiveness of connecting a system architecture model to engineering analysis and simulation

tools. Integrating tools such as the ESM and reliability analysis, and the V-HAB dynamic

simulator illustrates how different evaluations can be performed using a single, consistent

system model. The following chapter describes the application of the proposed integra-

tion process to the design of the ECLSS for an analog habitat. This practical application

shows how integrated MBSE supports architectural definition, system evaluation, and

design refinement within a realistic mission scenario.
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5 ECLSS Design for an Analog Habitat

In this section, the integrated MBSE approach previously described will be applied to

support the preliminary design of the ECLSS for an Analog Habitat. This case study

will offer valuable insight into the potential advantages of the proposed approach.

5.1 Analog Habitat Design

The Analog Habitat involved in this work is a project of Politecnico di Torino. The

project aims to build an habitat for space analog simulations. It exploits Analog Missions

to test new technologies for human spaceflight, improve existing technologies and systems,

study the effects of human metabolic activities on systems, and evaluate human-system

interactions, among many other research objectives.

In the thesis of Perotti [102], a MBSE approach was adopted to support the design

process of the mentioned Analog Habitat. The Habitat model has been developed using

the ARCADIA method and implemented in Capella.

The first phase of this work involved defining the mission statement and primary ob-

jectives, conducting a stakeholder analysis, deriving secondary objectives, and defining

mission requirements. This phase was supported by the ARCADIA method’s Operational

Analysis workflow. In this ARCADIA layer have been defined all the actors that interact

with the system, their operational capabilities and activities, the interactions between the

actors and activities, operational scenarios that described the capabilities, mission modes

and states, and the definition of mission requirements. The requirements that have been

specified are as follows:

1. ”The mission shall provide a mobility system, enabling transferability, provide in-

dependent power generation, command, data handling, and communication capabil-

ities, and crew support facilities”.

2. ”The mission shall validate AI-assisted control systems, develop and validate in-

novative human-machine interface solutions, enable modularity and scalability for

systems”.

3. ”The mission shall test the impact of human metabolic activities on environmental

parameters and systems, evaluate the interaction between humans and the environ-

ment, develop and test new ECLS systems”.

Successively, the ARCADIA System Analysis has been performed in order to define what

the system must do and what are its external interfaces. This includes identifying sys-

tem actors, defining missions and capabilities, defining system functions and functional

exchanges, allocating functions to the system and its actors, describing capabilities using

scenarios, and defining mission requirements.

Figure 70 shows the system functions created in the System Analysis related to the

ECLSS. Perotti’s thesis [102] thoroughly covers the functions of the other systems of the

Analog Habitat, as well as the complete model.
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Figure 70: ECLSS functions System Analysis [102].

In the System Analysis layer, the system is considered a black box, while the Logical

Architecture layer begins to decompose the system using structural elements called logical

components. In the Logical Architecture layer, the system architecture is defined in

order to meet the needs described in the Operational and System Analysis. As in the

previous layer, a functional analysis is performed in the Logical Architecture to identify

the behavior of the Logical Components.

Therefore this layer includes the creation of logical functions and functional exchanges,

logical components with their allocated functions, and capabilities realizations have been

described using functional chains and scenarios. Figure 71 shows the ECLSS functional

tree while Figure 72 depicts a diagram including the logical components, the functions,

the functional exchanges, and the functional chain related to the ECLSS.

Perotti’s thesis [102] provides a thorough description of the Operational Analysis, System

Analysis, and Logical Architecture conducted to support the design process of the Analog

Habitat.

This work extends the Analog Habitat model described in Perotti’s thesis by performing

the Physical Architecture layer of the ARCADIA method for the ECLSS. The integrated

approach described in the previous section will support the definition of the ECLSS

architecture for the Analog Habitat. The ARCADIA method, integrated with analysis

and simulation tools, will be applied iteratively to accurately define and verify the system

architecture and associated requirements.

In the following sections, the application of the Physical Architecture layer of the ARCADIA

methodology to define the ECLSS architecture will be described, as well as the trade-offs

performed to choose between the different available technology options and the integrated

analysis and simulation tools to support the design process. After the proposed integrated

MBSE approach is presented to support the ECLSS design process, the developed archi-

tecture will be described, as it will be explained how to employ the proposed approach

to support the design in subsequent design phases. This will involve integrating in the

model more advanced engineering analysis tools and exploiting the full potential of the

ARCADIA method.
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Figure 71: ECLS Technologies Root Logical Function [102].
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Figure 72: ECLS Technologies Structure [102].
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5.2 ECLSS Model

The Logical Architecture layer of the Analog Habitat model, as defined in Perotti’s thesis

[102], involved the creation of structural elements called logical components, along with

their properties and relations, for the entire Habitat system. According to the ARCADIA

methodology, the Logical Architecture layer excludes all technological considerations or

implementation choices, which are the main focus of the subsequent layer [84]. The

Physical Architecture layer aims to define the real components that compose the system

and to break down its functions.

In this work, the Physical Architecture layer of the ARCADIA method will be employed

to define the architecture of the ECLSS. Figure 73, shows the main model elements of this

perspective, which define the final architecture of the system. In this layer, new functions

are added and allocated to Behaviour Components, which are physical components that

perform these functions. Node Physical Components can also be created which provide

the material resources needed for the Behavior Physical Components. A connection can

be created between two Node Physical Components using the Physical Link element. It

is also possible to create a Physical Path, which is a series of Physical Links [84].

Figure 73: Physical Architecture concepts [84].

The main activities that can be performed in this layer to define the system architecture

include defining new physical functions and functional exchanges, creating Node and

Behavior Physical Components, allocating functions to Behavior Physical Components,

defining Physical Links and Physical Paths, and realizing capabilities using functional

chains and scenarios.

Different Capella diagrams are created during the process to perform these activities,

easily edit the model, and provide a view of the system model.
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The main diagram that can be created in this layer are:

• The Physical Functions Breakdown Diagram (PFBD) is a functional tree that con-

tains all the functions created in the model. The concept is the same as the Func-

tions Breakdown Diagram of the previous layers. To visually identify the functions

related to the Physical Architecture, it is advised to change the color of the functions

created in the previous layers from green to white [84].

• The Physical Dataflow Blank (PDFB) is a diagram which contains all the functions

of the model with the related functional exchanges.

• The Physical Components Breakdown Diagram (PCBD) is a product tree related

to the Beaviour Physical Components or to the Node Physical Components.

• The Physical Architecture Blank (PAB) is a diagram that enables the allocation

of created functions to Behavior Physical Components, as well as the creation of

physical links and paths. This diagram provides a powerful overview of the system

architecture. Indeed, new physical functions, functional exchanges, and physical

components can be identified and captured [84]. An example of the PAB diagram

is showed in Figure 74.

• As in the previous layer, a capability realization can be described using functional

chains and scenarios in specific diagrams.

Figure 74: Physical Architecture Blank (PAB) example [80].

The Property Values previously specified necessary to perform simulations and analyses

are associated with the Node Physical Components, Physical Paths, and Actors defined

in the Physical Architecture layer.

With the integrated MBSE approach described in this work, the definition and verifi-

cation of the ECLSS architecture is performed iteratively. More specifically, the system

architecture is defined by carrying out activities related to the Physical Architecture

layer and by analyzing and simulating the system iteratively. As explained in the previ-
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ous section, requirement elements are also created during the system definition process

and verified through the use of the integrated analysis and simulation tools.

Through this case study, this work aims to explore the potential benefits of integrat-

ing the ARCADIA methodology with analysis and simulation tools to support system

architecture definition and verification.

5.2.1 Initial Design of the ECLSS Architecture

As discussed in Section 2.3, an ECLSS architecture is heavily influenced by several factors,

including mission characteristics, systems and integration, human requirements, cost and

technology considerations, safety and reliability, testing and flight requirements. During

the design process, it is crucial for designers to consider these factors in order to accu-

rately develop the ECLSS architecture. Among these factors, the mission characteristics

have a significant impact on the ECLSS design. In fact, the ECLSS for a mission of a

different duration, crew size, and location can have a completely different architecture.

The following section will show that the overall system configuration and the selection of

different technology options heavily depends on these mission factors.

The Analog Habitat considered in this work, consists of a single module, and one of the

main research objectives is to develop and test new ECLS systems for future deep space

missions. For this reason, the ECLSS architecture will be based on technologies that

are better suited for long mission durations with two or three crew members in a single

module, considering only physicochemical technologies13.

Workflow

After transitioning the model element between Logical and Physical Architecture, de-

velopment of the system could begin. Starting from the model element created in the

previous layer, the activities related to the Physical Architecture were conducted as pre-

viously described. The system architecture is defined by iteratively performing these

activities, mainly employing the Physical Functions Breakdown Diagram, the Physical

Components Breakdown Diagram, and the Physical Architecture Blank. As previously

discussed, in the ARCADIA method all the technology considerations and implementa-

tion choices are included in the Physical Architecture layer. As described in Appendix

A, different technology options exist that can perform the same ECLS function but have

different characteristics. Therefore, trade studies must be performed during the process

to select the most suitable technologies that perform that specific function. For example,

if the function ”To remove the CO2 from the cabin atmosphere” is created during the

process, it is necessary to define a technology that can provide that function. In this

case, the following step must be performed:

• Identify the technology alternatives.

• Perform a trade-off analysis.

13It is important to note that the proposed integrated MBSE approach can be applied to any ECLSS

architecture that includes both physicochemical and biological technologies.
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Therefore, in the first phase of the design process, during the development of the system

architecture with the ARCADIA method, trade off studies are conducted to identify the

best candidate technology for a specific function. Once the initial system configuration

has been defined, the system will be analyzed in depth through integrated analysis and

simulation tools. With this approach, once a first ECLSS architecture is proposed, the

system can be iteratively developed through the ARCADIA method integrated with the

ESM and reliability analyses, and the V-HAB simulations. These tools provide designers

with meaningful information about the system, enabling them to perform trade-offs,

define technical system solutions, allocate and verify system requirements, and assess

the impact of design changes. They also facilitate continuous model verification and

validation.

Trade Off Analysis

The main objective of a system engineer is to develop a system that performs its functions

safely and in the most cost-effective way possible [69]. Designers must seek a balance of

cost and effectiveness during the system development. Therefore, trade studies are a

critical part of the system design process in order to identify the optimal configuration.

In this work, different trade studies are performed to find the most cost-effectiveness

technologies in the overall ECLSS architecture. Figure 75 depicts the different steps

of the trade-off analysis considered in this thesis. A trade-off analysis is a method to

accomplish design trade studies.

Figure 75: Trade-off analysis.
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• The first step in a trade-off analysis is identifying the alternatives. For example,

there are several alternatives for storing oxygen: high-pressure tanks, cryogenic

tanks, and chemical compounds.

• The second step consists in choosing the Figures of Merit (FoM), which are the

parameters or characteristics that are significant to evaluate the alternatives. Ex-

amples of these FoM are: safety, performance, cost, complexity, maintainability,

and logistics support.

• The third step concern the definition of weight factors wi, which establish how much

each FoM is relevant in comparison with all others. For example, safety may be

considered more important than complexity when choosing between alternatives.

• The fourth step is to assign a score Pi to each FoM alternative. The judgment

criteria for this assignment should be as objective as possible. It is preferable that

this score is determined by mathematical relationships, statistics or data and is

elaborated on by the entire design team.

• The last step consists to calculate the Value Index V I for each alternatives using

the following formula:

V I =

Pnpos

i=1 P pos
i wpos

iPnneg

i=1 P neg
i wneg

i

(40)

Where npos is the number of FoM for which a higher value indicates a more desirable

or beneficial characteristic for the alternative, and nneg is the number of FoM for

which a higher value corresponds to a less desirable or negative characteristic. The

alternative with the highest Value Index will be selected.

During the development of the system configuration through the Physical Architect ac-

tivities, the described trade-off analysis is performed multiple times to select the best

technologies for the specified mission from the alternatives.

As specified in Appendix A, for a specific function exists different physicochemical tech-

nologies regenerative and non-regenerative. As previously described, the referenced mis-

sion is a long-duration mission. Therefore, all non-regenerative technologies that would

require a large amount of mass for a long-duration mission are excluded. Technologies

with a TRL lower than 4 are also not taken into account.

Table 4 shows the technologies identified during the Capella architecture definition pro-

cess that require trade studies, along with the options considered for each.

For all the trade-off analysis performed in this phase the following FoM has been consid-

ered: ESM, reliability, complexity, safety and TRL. In order to find the weight factors

related to these FoM has been used the method showed in Table 5. The table lists the

five defined FoM in both the first row and the first column. Each cell (excluding the

diagonal) is assigned a value of 1 if the FoM in the row is considered more important

than the FoM in the column and a value of 0 if otherwise. The diagonal elements are set

to 1 by definition. The number of the weight factors is showed in Table 6. The weight

factor associated with each FoM is calculated by dividing the number of cells set to 1

in its corresponding row by the total number of cells set to 1 in the entire matrix. As

can be seen, safety is the most relevant FoM, as it has been considered more important

than all the others. Following safety are TRL, ESM, complexity, and failure rate, which

is considered the least relevant of the five.
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Table 4: Trade studies.

Technology Options

O2 tank
- High pressure tank

- Cryogenic tank

N2 tank
- High pressure tank

- Cryogenic tank

CO2 removal

- 4 Bed Molecular Sieve (4BMS)

- Solid Amine Water Desorption (SAWD)

- Electrochemical Depolarization Concentration (EDC)

CO2 reduction
- Sabatier

- Bosch

O2 generation
- Static Feed Water Electrolysis (SFWE)

- Solid Polymer Water Electrolysis (SPWE)

Urine recovery

- Vapor Compression Distillation (VCD)

- Thermoelectric Integrated Membrane Evaporation System (TIMES)

- Air Evaporation Systems (AES)

Water process
- Multifiltration

- Reverse Osmosis (RO)

Table 5: FoM comparison matrix.

ESM Failure rate Complexity Safety TRL

ESM 1 1 1 0 0

Failure rate 0 1 0 0 0

Complexity 0 1 1 0 0

Safety 1 1 1 1 1

TRL 1 1 1 0 1

Table 6: Weight factors.

Parameter Weight factor

ESM 0.200

Failure rate 0.067

Complexity 0.133

Safety 0.333

TRL 0.267
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For each technology, the ESM is calculated with the formula described in the previous

section and using the values of mass, volume, power, thermal load and resupply for

each technology available in the database B. Each mission has specific conversion factors

that depend on the selected power and thermal control systems, as well as the habitat

design. In this preliminary phases of the design process of the Analog Habitat, is difficult

to estimate these parameters. Therefore, the value of the conversion factor used in the

lunar habitat mission example described in the book Human Spaceflight: Mission Analysis

and Design [3] has been considered. Furthermore, the ESM calculated for this trade-off

analysis was considered for each technology, excluding the contribution of a possible set

of spares or redundancy that could increase the system’s reliability. The FoM failure rate

of each technology provides information about its reliability. While the FoM safety is not

related to reliability, it is concerned with the potential hazards that such technologies can

pose, such as flammable materials and gas leakage, which can result in toxic or explosive

conditions.

After defining the weight factors, a score from 1 to 5 was assigned to each FoM for

all the alternatives. The FoM ESM score is defined after calculating the equivalent

mass for each alternative and is based on the difference between these values. The FoM

failure rate is assigned based on the values of the failure rate that are available in the

database (Appendix B) for each alternative. The FoM TRL score is assigned based on

the technology readiness level of each technology. While the aforementioned FoM scores

are based on mathematical relationships or technology data, the scores for the FoM

complexity and safety are based on technology considerations summarized in Appendix

A and described in detail in the literature. The final step in the trade-off analysis is to

calculate the Value Index for each alternative using the formula 40. The FoM considered

positive are the TRL and safety, while the negative are ESM, Failure rate and complexity.

Indeed, a high TRL and safety value is more desirable for the technology, while a high

FoM, failure rate, and complexity value is less attractive. For each trade-off analysis,

the option with the highest Value Index has been chosen and integrated into the model.

Tables 11 to 13 show the scores given to each technology in the various trade-off analyses.

The ”Value Index” column shows the resulting value for each alternative. The technology

with the highest value, highlighted in green, is selected for each analysis.

Table 7: Trade-off scores and Value Index for O2 tank options.

O2 tank ESM Failure rate Complexity Safety TRL Value Index

High pressure tank 2 2 1 3 5 3.5

Cryogenic tank 2 3 5 4 5 2.105

Table 8: Trade-off scores and Value Index for N2 tank options.

N2 tank ESM Failure rate Complexity Safety TRL Value Index

High pressure tank 3 2 1 3 5 2.692

Cryogenic tank 2 3 5 4 5 2.105
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Table 9: Trade-off scores and Value Index for CO2 removal options.

CO2 removal ESM Failure rate Complexity Safety TRL Value Index

4BMS 4 2 2 5 5 2.5

SAWD 3 2 3 3 4 1.824

EDC 2 3 3 2 3 1.467

Table 10: Trade-off scores and Value Index for CO2 reduction options.

CO2 reduction ESM Failure rate Complexity Safety TRL Value Index

Sabatier 2 2 4 3 5 2.188

Bosch 4 4 2 4 3 1.600

Table 11: Trade-off scores and Value Index for O2 generation options.

O2 generation ESM Failure rate Complexity Safety TRL Value Index

SFWE 4 2 2 4 4 2.000

SPWE 3 2 3 4 5 2.353

Table 12: Trade-off scores and Value Index for urine recovery options.

Urine recovery ESM Failure rate Complexity Safety TRL Value Index

VCD 3 2 3 5 5 2.647

TIMES 2 2 4 5 3 2.312

AES 4 1 2 4 2 1.647

Table 13: Trade-off scores and Value Index for water process options.

Water process ESM Failure rate Complexity Safety TRL Value Index

Multifiltration 4 2 1 5 5 2.812

RO 1 1 4 4 2 2.333

The technologies selected from these trade studies are: oxygen high pressure tank, ni-

trogen high pressure tank, 4BMS, Sabatier, SPWE, VCD and Multifiltration. After the

trade studies, the selected technologies are modeled in Capella and integrated into the

whole architecture, creating the related functions, functional exchanges, Physical Com-

ponents, Physical Links, and Physical Paths. Figure 76 shows a portion of the PAB

diagram related to the AR technologies. It is possible to note the functions, functional

exchanges, Physical Components, and Physical Links created to implement in the model
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the selected technologies. Each alternative considered in the trade studies is integrated

into the system differently. For example, the Sabatier process for CO2 reduction tech-

nology requires CH4 storage, while the Bosch process requires C storage. Therefore,

understanding how a specific technology is integrated into the system is key in the design

process. The following sections will describe the overall system configuration, providing

a clearer understanding of the technologies’ complete integration.

Figure 76: Part of the PAB diagram.

Therefore, after completing the various trade studies, activities related to Physical Ar-

chitecture are performed to define the initial configuration of the ECLSS. The following

section will describe all the diagrams created to support the process.

Because the design process is iterative by nature, configurations defined in the initial

phases may be modified as the process evolves. Later stages may include additional

trade studies that use more advanced analytical methods or simulation tools to refine the

design and support decision-making.

During the definition of the architecture, different system requirements elements are cre-

ated and allocated to different Node Physical Component. As shown in Figure 77, the

ECLSS requirements are divided into different folders, each one related to an ECLSS

subsystem: Atmosphere Control and Supply (ACS), Temperature and Humidity Con-

trol (THC), Atmosphere Revitalization (AR), Waste Management (WM), Food Storage
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and Preparation (FSP), Fire Detection and Suppression (FDS) and Water Recovery and

Management (WRM). The name, ID, text, requirement type, status, and priority have

been defined for each requirement. These characteristics can be modified during the de-

sign process. For example, the status of each requirement can be evaluated using the

V-HAB simulation or other simulation and analysis tools. Figures 78 and 79 show the

requirements created during the process.

Figure 77: Requirement element folders.

Figure 78: ACS and THC requirements.

Figure 79: AR, WM, FSP, FDS and WRM requirements.
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5.2.2 ESM and Reliability Analysis

After the initial system configuration is defined, the model is continuously refined using

integrated analysis and simulation tools, which provide valuable insights into the system

performance. This approach offers a simple, effective way to evaluate the system directly

from the model.

Therefore, the configuration of the system is updated and verified continuously using the

ARCADIA methodology, integrated with engineering analysis tools. These tools can also

be used to evaluate several system configurations, allowing designers to assess the most

effective one.

For the ECLSS model developed in this work, after defining the first system configuration,

the Property Values related to the data of each technology represented by the Physical

Node Component are added. Thus, all the necessary data for the implemented analysis

and simulation has been included in the model.

Figures 80 and 81 show examples of Property Values associated with two Physical Node

Components: the high-pressure O2 tank and the Sabatier. These values are required for

the ESM and reliability analyses. For each technology in the system configuration, the

necessary values for the analysis are assigned. The data used in the model are available

in the database (see Appendix B). Section 4.1.4 provides a detailed description of the

Property Values needed for the analysis, as well as the procedure to compute the ESM

and the Pr(LOC) over time for the Capella model.

Figure 80: High pressure O2 tank: system

analysis Property Values

Figure 81: Sabatier: system analysis Prop-

erty Values

As has been described in section 4.1.4, important information about the system can be

obtained by performing this kind of analysis of the system configuration defined in the

Physical Architecture. The analysis outputs are the ESM of the system and the Pr(LOC)

over time. During the initial phases of the ECLSS design process, it is important to

develop a system architecture that ensures the required performance and reliability levels

throughout the mission duration with the minimum ESM [57].

This analysis provided important estimates of system reliability during the initial design

phases. It can be used to determine design feasibility, evaluate different system configu-
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rations for trade studies, and determine the number of redundant units and sets of spare

parts for each technology.

Figures 82 and 83 depict the results of the ESM and reliability analyses performed directly

in Capella. These analyses are related to the system configuration defined in previous

steps. In the first configuration, the Property Values for the number of set of spares and

the number of redundant units are set to zero for all technologies.

Figure 82: ESM over time of the system configuration.

Figure 83: Pr(LOC)) over time of the system configuration.

As shown in Figure 82, the ESM of the system increases linearly with time due to the

consumables and expendables required by the system architecture. Since the defined

ECLSS is based on recycling technologies, the slope of the line is relatively small compared
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to an ECLSS relying on storage technologies, which require a great mass of the system

for a long duration mission. For this configuration, the ESM for a mission duration of ten

days is approximately 1400 kg, whereas for a mission duration14 of fifty days, the ESM

is around 1500 kg.

Figure 83 shows the variation of Pr(LOC) over time. Clearly, the probability of system

failure is relatively high, even for short missions. Indeed, after ten days, the Pr(LOC) of

the initial system configuration is 0.1748 (17.48%). As stated in Jones [57], a reasonable

value for Pr(LOC) over the course of the entire human spaceflight mission is 0.01, while

for the ECLSS it is 0.001. As the database (see Appendix B) clearly shows, ECLSS

recycling technologies have a high failure rate and are subject to frequent failures. For

this reason, the ECLSS on the ISS requires periodic replacement of subsystems with

onboard ORUs to ensure uninterrupted operation [5]. As indicated in Section 2.3.4, the

system’s reliability can be increased including a set of spare for the different technologies

and/or redundant units in the configuration. As described, this also increases the ESM of

the system. Another option is to include technologies with low failure rate in the system

architecture, or to incorporate highly reliable storage. However, adding storage increases

the ESM, especially for long mission durations. For example, in the work of Jones [57],

which focused on deep space human spaceflight missions, it was found that the most

effective way to achieve the required reliability for long-duration missions is to combine

storage and recycling technologies. Therefore, designers must conduct trade studies to

determine the appropriate system configuration, as well as the necessary set of spares and

redundant units, for each technology. The optimal system architecture depends heavily

on the duration and reliability requirements of the mission. In summary, this analysis

aims to identify a system configuration that ensures mission reliability while minimizing

ESM.

As discussed, the ECLSS of the Analog Habitat primarily relies on regenerative tech-

nologies, which are appropriate for long-duration missions. However, since the Analog

simulations are significantly shorter than actual space missions, the reliability require-

ments for the system are adjusted accordingly. Given that multiple Analog Missions will

be conducted to support different research objectives, each simulation will have a limited

duration. As a result, the reliability analysis in this study focuses on the first twenty

days of operation. As shown in Figure 83, Pr(LOC) increases over time. Therefore,

achieving a configuration that meets the reliability requirements for the Analog Missions

is more feasible. This also enables the selection of system configurations with relatively

low ESM. Additionally, the reliability requirements for the Analog Habitat are inten-

tionally less stringent than those for a deep space mission. This decision is motivated by

two factors: reducing the ESM and associated costs and the fact that, unlike in space, a

system failure on Earth results in an emergency scenario that can be mitigated through

an established evacuation plan. In such cases, the crew can be safely evacuated from the

habitat.

As shown in Figures 84 and 85, a further analysis of different system configurations has

been carried out. The figures compare the ESM and Pr(LOC) values over time for four

14As described in the previous section, it is possible to define the mission duration in days using the

settings in the Capella model for this analysis.
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configurations:

1. The initial configuration without any spare or redundant units.

2. One set of spares added to all technologies.

3. One redundant unit per technology.

4. One set of spares and one redundant unit are applied to all technologies15.

This comparison was conducted to understand the impact of spares and redundancy on

the ESM and reliability of the system. The figures show the value of these two metrics

up to 1,000 days to better understand the differences.

Figure 84: ESM over time for different configuration.

In the reliability model considered for this analysis, considering for a technology a set of

spare increase its ESM by half while a redundant unit double its ESM. Figure 84 shows

the ESM for the four configuration considered.

It is evident that including spares or redundancy in the model to increase the system’s re-

liability also increases its ESM. Including spares results in a smaller increase in ESM than

accounting for redundancy. Furthermore, the difference in ESM between configurations

increases over time.

As shown in Figure 85, the Pr(LOC) is high since the first days of the mission for

the initial system configuration. However, including redundancy or spares reduces the

probability of a system failure. For missions shorter than 76 days, it can be observed that

the configuration with redundancy results in a lower Pr(LOC) than the configuration

with spares. For longer missions, however, the probability of failure in the redundant

configuration increases significantly, reaching nearly 100% after 600 days. In contrast,

the configuration with spares exhibits a slower, less abrupt increase in Pr(LOC) over

time. For this reason, the Analog Mission, which lasts less than 76 days, may be better

15As described in Section 4.1.4, if a technology includes one redundant unit, then the full set of spares

considered for the main unit is also included.
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Figure 85: Pr(LOC) over time for different configuration.

suited for redundancy. However, this significantly increases the ESM and costs. Instead,

considering redundancy and spares for all technologies results in a high ESM value but

a very low Pr(LOC) over time. Indeed, this configuration reaches a Pr(LOC) value of

0.0028 at 100 days. This architecture therefore has high reliability for the duration of an

Analog Mission, but significantly increases the ESM and costs.

Figures 86 and 87 compare two additional configurations, referred to as configurations

A and B. In both cases, the number of set of spares or reduntant units assigned to each

technology was determined by evaluating its mass, volume, power consumption, thermal

load, and especially its failure rate. Technologies with higher failure rates were prioritized

for including spares or redundant units. However, if a technology has a high ESM, the

number of redundant units is limited to avoid an excessive ESM.

Configuration A includes the following technologies with one set of spares: Pressure

Control Assembly (PCA), CCAA, 4BMS, Sabatier, SPWE, VCD, Process Control and

Water Quality Monitor (PCWQM) and Multifiltration. All others have zero redundancy

or spares.

Configuration B includes the following technologies with one set of spares: PCA, oxy-

gen and nitrogen high pressure tank, CCAA, Major Constituent Analyzer (MCA), Trace

Contaminant Control Subassembly (TCCS) and PCWQM. While the following technolo-

gies have a redundant unit with one set of spares: 4BMS, Sabatier, SPWE, VCD and

Multifiltration. All others have zero redundancy or spares.

As Figures 86 and 87 show, Configuration B has a higher ESM than Configuration A but

provides greater reliability. Specifically, after ten days, the difference in ESM between

the two configurations is approximately 1200 kg. Meanwhile, the Pr(LOC) is 0.0233 for

Configuration A and 0.0033 for Configuration B for a ten-day mission. The configuration

A has a lower ESM than the fully redundant configuration and than the configuration with

all technologies with a set of spares. Configuration B has a high ESM but a low Pr(LOC).
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In addition to the increased costs associated with a higher ESM, adding redundant units

generally involves higher costs than including spare parts.

Figure 86: ESM over time for different configuration.

Figure 87: Pr(LOC) over time for different configuration.

Figure 88 shows a detailed view of the Pr(LOC) graphs over time, emphasizing the

Pr(LOC) values of the various configurations for a 10-day mission. Table 14 shows the

Pr(LOC) values for all configurations analyzed.

To summarize, the configurations with the lowest ESM are the initial system configura-

tion, the configuration with a single set of spares for each technology, and Configuration

A; however, these options are less reliable. The three configurations that include redun-
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dancy and set of spares offer the highest reliability, but they also have significantly higher

ESM and overall system costs.

Based on this analysis, configuration A has been identified as the most appropriate for

the Analog Habitat in question. This configuration has the lowest ESM and costs due

to its exclusive use of spares rather than redundant units, except for the initial system

configuration. For a short-duration analog mission, such as the one considered in this

study, this system configuration provides the appropriate level of reliability throughout

the mission.

These analog simulations last only a few hours or a few days, as shown in Figure 88, Con-

figuration A exhibits a low Pr(LOC) for such short durations. This justifies proceeding

with the design process based on Configuration A, as it offers the lowest ESM and overall

cost while maintaining an adequate level of reliability.

Table 14: Values of Pr(LOC) for different configurations for a 10-day mission.

Configuration Pr(LOC)(10 days)

Initial system configuration 0.1748

1 set of spares 0.0190

1 redundant unit 0.0029

1 redundant unit with 1 set of spares 2.9E-5

Config A 0.0233

Config B 0.0033

Figure 88: Zoomed-in view of the Pr(LOC) graphs over time.
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Figures 89 and 90 illustrate the variation of the two ECLSS metrics, over time for the

chosen configuration. The total ESM is 1829.12 kg for a one-day analog mission and

1883.77 kg for a 20-day mission. Similarly, Pr(LOC) increases from 0.00236 after one day

to 0.04616 after twenty days.

Figure 89: ESM over time for the chosen configuration.

Figure 90: Pr(LOC) over time for the chosen configuration.

Figure 91 illustrates the variation in ESM over time for each ECLSS subsystem. For

a mission duration of around 500 days, the subsystems with the highest ESM, in order

from highest to lowest, are: Atmosphere Revitalization (AR), Water Recovery and Man-

agement (WRM), Temperature and Humidity Control (THC), Atmosphere Control and

Supply (ACS), Waste Management (WM), and Fire Detection and Suppression (FDS).
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Although the Food Storage and Preparation (FSP) subsystem initially contributes less,

it shows the greatest increase in ESM over time. Around day 580, the FSP becomes the

dominant contributor to total ESM, surpassing all other subsystems. The WRM and

ACS subsystems also display significant growth, indicating their increasing impact as the

mission duration extends.

Figure 91: ESM over time for each ECLSS subsystem.

As demonstrated in this section, the tool that performs this analysis provides designers

with meaningful information about the system. This tool can be applied continuously

during the ECLSS design process to obtain important information about the system.

Some applications include:

1. This analysis can be used to evaluate the feasibility of a system and mission. Once

the proposed system configuration for a specific mission is analyzed, the results

provide a useful estimation of the system’s reliability and ESM, which can be used

to assess the system’s feasibility.

2. Different system configurations can be compared, especially during the conceptual

design phase, by performing trade studies using computed metrics.

3. Once defined a system architecture, this tool can be used to estimate its reliability

and update the system adding redundancy and spares to define the system with

the desired characteristics.

4. It can be used to explore the system performance for different missions.

5. These analyses enable verification of imposed mass and reliability requirements.

6. This tool also identifies subsystems requiring special attention in subsequent design

phases, especially with regard to maintenance planning and failure management.

As the design process progresses, it becomes essential to conduct detailed analyses, in-

cluding failure mode identification, effects analysis, risk assessment, and maintenance

strategy definition. The ESM and reliability evaluations presented here can provide a

solid foundation for these future steps.

118



5.2.3 ECLSS Dynamic Simulations

After defining the system architecture in Capella with the activities related to the Physical

Architecture layer of the ARCADIA methodology, it is possible to perform dynamic

simulations of the system using V-HAB. The tool developed in this work allows the

V-HAB dynamic simulation to be started directly from within the Capella tool. This

approach minimizes errors in the V-HAB model definition and decreases the time needed

to update the model when the system configuration changes in Capella. Thus, the tool

offers a consistent, automated approach to support the system architecture definition

with the MBSE methodology.

As described in Section 4.1.5, the tool developed in this work allows designers to execute

multiple dynamic simulations of the system for a given mission scenario. These simula-

tions allow for the analysis of key aspects of the system, such as robustness, performance,

stability, and controllability. The results can support a variety of systems engineering

activities, including trade studies between different architectural options, requirement

verification, system properties assessment, and mission feasibility analysis. They also

contribute to the continuous verification and validation of the system throughout the

development process. These simulations provide a deeper understanding of system be-

havior under varying conditions, enhancing decision-making and strengthening the MBSE

approach.

As described in the previous section, after defining the architecture, it is possible to

use the PVMT to add the necessary data to each technology to perform the dynamic

simulation of the system. After defining the architecture with all the necessary technology

information for the simulation, the model can be enriched with mission scenario data and

the simulation can be initiated using the tool developed in this work. When the dynamic

simulation code is executed, the Capella system model is automatically converted into a

V-HAB model, and the simulation can start.

First ECLSS Simulation

The first simulation conducted for the ECLSS architecture, described in the previous

sections, involves a seven-day Analog Mission with two crew members inside the module.

Table 15 shows the Property Values defined in the settings constraint, related to the key

parameters of the simulation. For this first analysis has been chosen to simulate the sea

level atmosphere inside the module.

The desired partial pressure values defined in the model serve as reference inputs for the

ECLSS control systems. As will be explained in the next section, the OGA uses the differ-

ence between the actual oxygen partial pressure and the ratio
PO2

Ptotal
and their respective

reference values to regulate oxygen production. The OGA then increases or decreases

the amount of oxygen generated and injected into the cabin to minimize the error. Sim-

ilarly, the PCA monitors errors in oxygen and nitrogen partial pressures and introduces

the necessary amounts of each gas from their respective tanks. Temperature regulation

is managed by the CCAA, which employs a PID controller to actuate the Temperature
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Control and Check Valve (TCCV), aiming to minimize the difference between the actual

and desired temperature.

As shown in Table 15, the model also allows the user to specify the initial food mass

storage, average crew height and age, as well as scheduled times for breakfast, lunch, and

dinner.

Table 15: System Simulation settings.

Parameter Value [Unit]

Desired
PO2

Ptotal
0.207 [-]

Desired total pressure 101325.0 [Pa]

Desired oxygen partial pressure 21000.0 [Pa]

Desired nitrogen partial pressure 80000.0 [Pa]

Desired carbon dioxide partial pressure 325.0 [Pa]

Desired temperature 293.0 [K]

Number of crew members 2 [-]

Initial food mass storage 100.0 [kg]

Total atmosphere habitat volume 90.0 [m3]

Simulation duration 7.0 [days]

Mean crew height 1.8 [m]

Mean crew age 28 [years]

Breakfast time 1 [hour]

Lunch time 6 [hours]

Dinner time 15 [hours]

A Physical Actor has been created for each crew member in the model and assigned

the properties that define their crew planner, as shown in Table 16. These simulations

can also be used to establish the crew planner during the design process. If the model

includes different modules of the habitat, it is possible to assign crew members to specific

modules.

Table 16: Crew Member Planner Settings.

Parameter Crew Member 1 Crew Member 2

Exercise start time 5.0 [h] 9.0 [h]

Exercise duration 0.5 [h] 0.5 [h]

Exercise intensity 0.75% of VO2 max 0.75% of VO2 max

Sleep start time 16.0 [h] 16.0 [h]

Sleep duration 8.0 [h] 8.0 [h]

Table 17 reports the initial values of the partial pressures of oxygen, nitrogen, and carbon

dioxide, as well as the initial relative humidity, cabin leakage rate, and internal heat

generated by operating electronics inside the cabin.
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Table 17: Initial Cabin Conditions.

Parameter Value

Initial Partial pressure of O2 21000.0 [Pa]

Initial Partial pressure of N2 80000.0 [Pa]

Initial Partial pressure of CO2 325.0 [Pa]

Initial relative humidity 0.4 [-]

Leakage rate 3.0× 10−6 [kg
s
]

Heat source 100.0 [W]

As described in Section 4.1.5, all physical storage components in the model must be

assigned the necessary information to accurately define the corresponding V-HAB ele-

ments. For the high-pressure gas tanks has been considered a pressure of 1E7 Pa and

a volume of 2 m3 for both oxygen and nitrogen. In this initial simulation, the water

tank is defined with an initial mass of 200 kg and a volume of 1 m3. These dynamic

simulations determine the necessary amounts of water, nitrogen, and oxygen for a given

mission. Thus, these simulations help select the appropriate mass, pressure, and volume

for the respective tanks.

The PID controller gain values used by the CCAA for temperature regulation are as

follows:

• Proportional gain (P) = 3.42

• Integral gain (I) = 0.023

• Derivative gain (D) = 0

Based on the temperature variation inside the module during the simulation, these gains

can be adjusted to achieve the desired dynamic response.

Moreover, in the Physical Path from both the oxygen and nitrogen tanks to the cabin,

the flow rates are set to 8.82E-5 kg
s
for oxygen and 2.16E-4 kg

s
for nitrogen, respectively.

These gases are injected into the cabin when the partial pressure of oxygen or nitrogen

falls below a certain threshold. The specific threshold depends on the desired total cabin

pressure.

In Capella, users must specify the properties of the coolant fluid required by technologies

involving active thermal control. The following parameters are defined for the coolant

store:

• Coolant store volume: 1 m3

• Coolant store temperature: 277 K

• Coolant store mass: 1 kg

• Coolant store pressure: 100000 Pa

After the simulation is completed, time-series plots can be generated for all relevant

system variables. These plots include key environmental parameters, such as temperature,

partial pressures of gases, and relative humidity in the cabin, as well as system-level

variables, such as the mass or pressure of fluids stored in tanks, flow rates between
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technologies, and the power consumption of each technology. Since each subsystem is

specifically modeled in V-HAB, internal variables specific to each technology can be

accessed and visualized . This level of detail allows for a detailed analysis of system-level

performance and individual component behavior.

Total pressure: Figure 92 shows the total atmospheric pressure values inside the mod-

ule during the simulation. Initially, the total pressure is 101325 Pa, decreasing to a sta-

bilized value of approximately 99000 Pa after about two days. This behavior is mainly

caused by the control systems that regulate the injection of oxygen and nitrogen into the

cabin. Furthermore, if the total pressure exceeds the desired value by more than 4000

Pa, the PCA vents some of the atmosphere from the habitat to the outside to reduce the

pressure and prevent overpressure. The total pressure remains close to the desired value,

which indicates that the system effectively regulates the total atmospheric pressure inside

the module. However, refining the control strategy could improve performance further

and reduce deviations from the target pressure.

Figure 92: Total Pressure.

Oxygen partial pressure: During the simulation, the crew’s metabolic activity pri-

marily consumes oxygen, while a smaller amount is lost due to system leakage. Two

different control system regulate the injection of oxygen inside the cabin:

• The PCA injects oxygen into the cabin when the partial pressure of oxygen falls

below the defined threshold, which is the desired partial pressure minus 2000 Pa.

• The OGA generates and injects oxygen into the cabin when the partial pressure

of oxygen drops below the defined threshold of the desired setpoint minus 2000

Pa. Conversely, when the partial pressure exceeds the setpoint plus 2500 Pa, the

system significantly reduces the oxygen injection rate to mitigate fire hazards. For

intermediate conditions, a nominal injection rate is applied.

Figure 93 shows the oxygen partial pressure during the simulation. The pressure increased

because the oxygen production rate from the OGA is higher than the rate of oxygen
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consumption or loss. This behavior is primarily caused by the cabin’s relatively large

volume (90 m3), which contains a significant amount of oxygen at the simulated pressure.

Consequently, the crew’s oxygen consumption rate only has a limited effect on the partial

pressure of oxygen over time. In contrast, if the cabin had the same pressure but a smaller

volume, the available oxygen mass would be lower. The same consumption rate would

therefore lead to a much faster decrease in oxygen partial pressure.

Throughout the simulation, only the OGA control system was active because the partial

pressure never dropped below the PCA’s lower activation threshold. After about seven

days, the partial pressure reached the upper limit of the OGA control system’s range. As

a result, the injection rate was decreased. The ECLSS effectively controls the pressure by

maintaining the oxygen partial pressure close to the desired value. However, adjusting the

control thresholds of the OGA and PCA systems could improve the overall performance

and dynamic response of the system.

Figure 93: O2 Partial Pressure.

Nitrogen partial pressure: Figure 94 depicts the evolution of the N2 partial pressure

during the simulation. The pressure decreases due to leakage, so the PCA injects nitrogen

into the cabin when the total atmospheric pressure drops below the threshold. The

threshold is defined as the desired total pressure minus 3000 Pa. Therefore, nitrogen

is added to maintain the total pressure, as previously discussed. Adjusting this control

system’s characteristics could improve its ability to maintain total pressure closer to the

target value.

Carbon dioxide partial pressure: Figure 95 depicts the evolution of the CO2 partial

pressure during the simulation. As the plot shows, the system can maintain carbon

dioxide levels below 400 Pa. This is the acceptable limit for a short-duration mission, as

discussed in Section 2.1.3. The crew generates CO2, which reaches a peak during periods

of physical activity. The 4BMS unit then removes the CO2, and it is further reduced

through the Sabatier reaction.
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Figure 94: N2 Partial Pressure.

Figure 95: CO2 Partial Pressure.

Temperature: Figure 96 illustrates the evolution of the cabin temperature during the

simulation. The CCAA effectively maintains the temperature close to the target value,

with oscillations generally remaining within a small range. Tuning the CCAA’s PID

gains could improve dynamic behavior by reducing the amplitude and frequency of the

oscillations, thereby improving the system’s dynamic response.

Relative humidity: Figure 97 illustrates the relative humidity levels inside the cabin

during the simulation. Throughout the entire mission, the relative humidity remains

below 70%, demonstrating the CCAA’s effective humidity control. Both temperature

and relative humidity values consistently fall within the comfort range defined in Section

2.1.3. The peaks in relative humidity during its evolution are related to the times when

the crew performs physical activities.
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Figure 96: Temperature.

Figure 97: Relative Humidity.

Mass of N2 in the high pressure tank: Figure 98 shows the decrease in nitrogen

mass in the high-pressure tank during the mission. For the first two days, the nitro-

gen mass remains constant. Once the total cabin pressure falls below the predefined

threshold, the PCA begins injecting nitrogen into the cabin to maintain pressure levels.

Consequently, the nitrogen mass in the tank decreases as it is used to keep total pressure

above the required limit. This simulation enables the evaluation of the necessary nitrogen

mass for the mission.

Mass of water in the tank: Water is consumed in the habitat by the crew for drinking

and hygiene purposes, as well as by the OGA, which uses it to produce oxygen through

electrolysis. However, the system is equipped with regenerative technologies that enable a

high degree of water recovery and reuse. Figure 99 illustrates the variation in water mass

within the tank throughout the mission. Water is continuously consumed throughout the

mission. The figure shows a periodic evolution of the water inside the tank. The increase
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in water mass correspond to the activation of the WPA. The WPA treats wastewater

collected in the system and produces potable water, which is then returned to the tank for

reuse. This analysis is essential for planning missions, as it allows engineers to estimate

the minimum amount of water needed on board for a given mission duration. In this

simulation, the initial water mass is set at 200 kg, decreasing to approximately 160 kg

over the course of a seven-day mission. Therefore, the system must be capable of storing

at least 40 kg, the minimum required amount, to ensure continuous operation throughout

the mission.

Figure 98: N2 Mass in the High-Pressure Tank.

Figure 99: Water Mass in the Tank.

126



Power budget: Figure 100 presents the power budget of the system throughout the

simulated mission. The power budget represents the system’s total power consumption,

which is calculated as the sum of the power used by each technology. This output is a key

result of the simulation because it can be directly compared with the total available power

during the mission, ensuring that energy demands remain within operational limits. Thus,

this tool is useful for both system analysis and for the mission design. Figure 101 shows

a zoomed-in view of the power budget during the first day of the simulation, providing a

clearer visualization of the system’s power consumption profile.

Figure 100: Power Budget Overview.

Figure 101: Zoomed View of the Power Budget.

The system’s various technologies have different power consumption profiles throughout

the simulation. Depending on their operational phase, each subsystem can be in standby

mode, in which it consumes minimal power, or active mode, in which power consumption

is at its maximum. Additionally, some technologies have variable power consumption

profiles depending on the process being executed. For instance, the OGA’s power con-

sumption varies according to the electrical current used for oxygen production during
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electrolysis. Therefore, the power budget, determined by the activation patterns of each

subsystem, exhibits a quasi-periodic profile. Total power consumption ranges from a min-

imum of approximately 1200 W to a maximum of around 3500 W. Accurately estimating

this preliminary power budget is crucial for the initial design of the habitat’s electrical

power system.

Figures 102 and 103 show the power consumption of the main technologies within the sys-

tem throughout the simulation. The components with the highest power demand are the

SCRA and CDRA (specifically the 4BMS and Sabatier), followed by the OGA, CCAA,

Brine Processor Assembly (BPA), WPA, and UPA. The CCAA and BPA exhibit con-

stant power consumption throughout the simulation. In contrast, the OGA maintains a

constant power consumption until the oxygen partial pressure exceeds the upper thresh-

old. At this point, it switches to a minimal power state, indicating a reduction in oxygen

generation. The SCRA and CDRA are activated several times during the simulation for

short periods. In contrast, the UPA and WPA remain active for longer intervals.

Figure 102: Power consumption of CCAA, CDRA, SCRA and OGA.

Figure 103: Power consumption of BPA, UPA and WPA.
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PCA and OGA control system

The previous simulation provided valuable insights into the performance, stability, and

controllability of the system. As discussed, adjusting the control logic of both the PCA

and OGA can reduce deviation from the desired setpoints for total pressure, oxygen and

nitrogen partial pressures.

The control logic is modified as follows:

• The PCA injects oxygen from the tank into the cabin when the partial pressure of

oxygen drops below the desired value minus 500 Pa. It also injects nitrogen into

the cabin when the total pressure falls below the desired value minus 1000 Pa. The

PCA also controls atmospheric venting when the total pressure exceeds the desired

value plus 4000 Pa.

• The OGA generates oxygen at its maximum power when the O2 partial pressure

drops below the desired value minus 1000 Pa. Decreased oxygen generation occurs

when the partial pressure rises above the desired value plus 500 Pa.

These changes were implemented and a simulation was performed for a four-day mission

using the same simulation settings of the previous analysis.

As Figures 104 through 105 show, the modified control logic for the two technologies

enables the system to maintain the desired total pressure and partial pressures of O2, N2,

and CO2 throughout the mission with greater precision.

Figures 106 through 109 show the evolution of the main subsystems’ power consumption,

as well as the overall power budget. In particular, the OGA’s power consumption profile

highlights the effect of the new control logic; the OGA’s power consumption decreases

each time the oxygen partial pressure exceeds the defined threshold.

Therefore, the V-HAB simulation tool enables analysis of the system’s controllability

starting in the conceptual design phase. This allows for the early identification of control

strategies that ensure stable and robust performance under varying mission conditions.

Figure 104: Total and O2 Partial Pressure over Time.
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Figure 105: N2 and CO2 Partial Pressure over Time.

Figure 106: Power Consumption: BPA, CCAA, and CDRA.

Figure 107: Power Consumption: SCRA and OGA.
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Figure 108: Power Consumption: UPA and WPA.

Figure 109: Power Budget over Time.
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Simulations for different total pressure in the module.

The system’s performance, stability, and robustness can be evaluated through various

simulations, which can be conducted to assess different operating conditions and control

strategies.

One of the main objectives of the Analog Habitat project is to simulate different total

pressure conditions inside the habitat to enable various research studies. Consequently,

the ECLSS must be capable of operating effectively under reduced pressure scenarios.

Three different simulations were performed to assess the system’s performance under

these conditions. Based on the diagram in Section 2.1.3, which defines the acceptable

range of total pressure and oxygen level to avoid human physiological issues, specific

combinations of total and oxygen partial pressures were selected. These combinations

are summarized in Table 18. The simulation is for a three-day mission, while the other

settings are the same as in the previous simulation.

Table 18: Total pressure and oxygen partial pressure values for each simulation

Simulation Total Pressure [Pa] O2 Partial Pressure [Pa]

Sim 1 101325 21000

Sim 2 89300 20539

Sim 3 79050 21343.5

As Figures 110 through 114 show, the variables evolve similarly across all three simula-

tions. These simulations show that the system can perform its functions correctly, even

in a cabin environment with reduced total pressure. Figures 110 through 112 show the

evolution of total pressure, as well as the partial pressures of oxygen and nitrogen. The

results show that the system is capable of controlling the pressure in each simulated cabin

scenario.

Figure 110: Comparison of total cabin pressure.
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Figure 111: Comparison of O2 partial pressure.

Figure 112: Comparison of N2 partial pressure.

Figure 113 shows the carbon dioxide partial pressure for each simulation. The results

indicate that, as cabin pressure decreases, the system can maintain lower levels of CO2

in the atmosphere. This occurs because the airflow through the CCAA remains constant

throughout the simulations. Since the 4BMS processes the air exiting the ECLSS to

remove CO2, a constant airflow at lower total pressure results in a lower CO2 partial

pressure. Future work should determine how each subsystem or technology operates

under varying initial conditions where system properties (e.g., flow rates) adapt or change

accordingly.

Figure 114 illustrates how the mass of nitrogen in the high-pressure tank decreases to

maintain the desired total pressure inside the cabin. In each simulation, the total pressure

drops below the control system threshold around the same time, activating the PCA

to inject nitrogen and restore the pressure level. After three days, the total amount

of nitrogen consumed is nearly the same across all three scenarios. However, higher

simulated pressure levels result in greater nitrogen consumption. This suggests that

increasing the target pressure would proportionally increase the nitrogen required to
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maintain stable conditions over time. Further insight into this behavior could be obtained

by extending the simulation period to several more days or weeks. All simulations were

performed under the assumption of a constant leakage rate. However, leakage is directly

proportional to internal cabin pressure. Therefore, scenarios with higher cabin pressure

would likely experience greater mass loss over time. Therefore, future simulations should

consider pressure-dependent leakage equations to better capture the system’s dynamic

behavior under varying pressure conditions.

Figure 113: Comparison of CO2 partial pressure.

Figure 114: Comparison of N2 mass in the high-pressure tank.

Figure 115 shows the power budget for all three simulations. Overall, the power con-

sumption appears similar across the different cases, with the main difference being the

time at which the OGA shuts down.

134



Figure 115: Comparison power budget.

Requirements verification

As discussed previously, the MBSE approach enables the elicitation of requirements dur-

ing the definition of the system model. The previous section presented the requirements

element created within the Physical Architecture layer of the ARCADIA methodology.

The status of each requirement can be evaluated through simulations performed with the

V-HAB tool. Using this integrated MBSE approach to continuously define and verify

requirements allows for earlier detection of defects, reduces errors, decreases development

time, and improves system understanding from the early design phases.

Therefore, during the preliminary phase of designing the ECLSS, each requirement de-

fined in Capella can be verified using the results of the system architecture’s dynamic

simulation, as discussed earlier. For example, the simulation results confirm that the

system is capable of fulfilling the requirement element allocated to the PCA that states,

”The system shall control the total atmospheric pressure in the crew cabin to remain close

to the specified target pressure.” Consequently, its verification status in Capella can be

set to ”Reviewed.”

Figures 116 and 117 show the requirement editing view in Capella, where the character-

istics of a requirement element can be defined and modified. As discussed, based on the

results of the dynamic simulations performed using V-HAB, the status of some require-

ments has been set to ”Reviewed.” The status of other requirements, which could not be

verified using the analysis and simulation tools considered in this work, has been set to

”Draft” or ”Work in Progress.”

Therefore, several requirements have been reviewed during this conceptual design phase.

These requirements will be continuously verified and refined as the design progresses.

This approach ensures consistency and traceability throughout the entire system design

process.
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Figure 116: Capella Requirement elements editing view: ACS and THC.

Figure 117: Capella Requirement elements editing view: AR, WM, FSP, FDS and WRM.

V-HAB Conclusion

As discussed in this section, the integrated V-HAB simulations in the MBSE approach

provide designers with a powerful tool to support the ECLSS design process from the

beginning of the conceptual design phase. In this work, the tool was used to verify the

performance, stability, and robustness of the system, while also improving its controlla-

bility. Additionally, the results of these simulations supported the verification of system

requirements. In addition to verifying system performance, stability, and controllability,

this tool supports a wide range of system-level analyses throughout the design process. It

enables the comparison of different ECLSS architectures, trade studies between different

technologies, the evaluation of mission feasibility, and the assessment of design choices

based on their impact on system performance in the desired mission scenario. The tool

also enables sensitivity studies, such as evaluating how initial conditions or crew schedule

planning affect system behavior. Furthermore, it can simulate different mission profiles

to evaluate how the same system performs under varying operational conditions. These

capabilities provide valuable insights into the system’s robustness and stability across

different contexts. Reliability and fault management can be explored by simulating sys-

tem failures, such as the loss of specific technologies or increased cabin leakage. This

helps identify failure modes and supports the early development of mitigation strategies.

Finally, as previously discussed, the simulation provides the system’s power budget for
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the specified mission. These data can be used to compare with available onboard energy

to support habitat architecture-level trade-offs.

Several types of analyses can be conducted using V-HAB, providing information that can

enhance the overall system design, beginning in the conceptual design phase. Automating

the conversion of the Capella model into a V-HAB simulation model reduces errors and

development time during the model definition phase. Therefore, integrating Capella

with V-HAB allows for automated, consistent simulations that align with the system

architecture. This supports efficient and reliable system analysis from the early design

stages.

5.2.4 Preliminary ECLSS Architecture

In conclusion, the integrated MBSE approach described in this work enabled the definition

of a preliminary ECLSS architecture for the Analog Habitat. As described in this section,

integrating the ARCADIA methodology with the ESM and reliability analysis, as well

as dynamic simulations, supported the development of the system configuration. The

resulting architecture reflects the outcomes of the iterative process described in Section

4.1. As discussed, this integrated approach allowed for the continuous refinement of the

system configuration. With this approach, the aim was to develop an ECLSS architecture

that would meet the required performance, reliability, and operational objectives for the

Analog Habitat. This preliminary system architecture could be further developed using

the integrated MBSE approach defined in this work. New engineering analysis tools could

be integrated, or the tool previously described could be enhanced for the subsequent

design phases.

Figure on page 139 illustrates the main diagram created in the Physical Architecture

perspective of the ARCADIA methodology related to the ECLSS.

It provides a complete overview of the system architecture defined in this work. This

diagram provides a comprehensive representation of the Node and Behavioral Physical

Components and their allocated functions, as well as the Physical Links and Physical

Paths. It illustrates how the various technologies and subsystems are integrated with one

another. As shown in the diagram, the ECLSS is modeled as a Node Physical Component

containing several other Node Physical Components that represent its subsystems. Each

subsystem includes the technologies and elements that constitute its structure. The

lower-level Node Physical Components provide the material resources required by the

Behavioral Physical Components, which perform the allocated functions. The diagrams

represent two Physical Actors corresponding to the crew members, as well as the cabin,

which is modeled as a Node Physical Component. Additionally, the diagram shows the

constraint elements to which Property Values are assigned for analysis and simulation

tools. Other Analog Habitat systems — the Command and Data Handling (CDH) system

and the Internal Thermal Control System (ITCS) — are also included and modeled as

Node Physical Components (highlighted in orange in the diagram). These elements were

introduced to define the links between these systems and the ECLSS subsystems. As

described in the previous sections, all Property Values required to perform the integrated
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analysis and simulation tools are associated with the Node Physical Components, Physical

Actors, and Physical Paths shown in these diagrams.

Another important diagram created in Capella during the process is the PFBD, which

illustrates all the functions defined in the model for the ECLSS. The diagram presents

a functional tree, which provides an overview of the entire system from a functional per-

spective. High-level functions related to the ECLSS are split into lower-level functions.

Since these high-level functions are complex, they are decomposed into simpler, more

specific functions during the modeling process. As a result, different branches are created

from each high-level function. This view clearly identifies the basic functions that the

system must perform. The functions shown in this diagram are those allocated to the

Behavioral Physical Components depicted in the PAB diagram. The other important

diagram is the PCBD, which illustrates all the Node Physical Component defined during

the design process for the ECLSS. This breakdown provides a comprehensive view of all

the elements that compose the system. As shown, the ECLSS Node Physical Component

is decomposed into its main subsystems. Each subsystem is then divided into its respec-

tive technologies and parts, which illustrates the system’s complete physical structure. A

detailed description of each technology modeled as a node physical component is provided

in Appendix A.

In summary, the Physical Architecture diagrams were developed iteratively throughout

the design process by applying the ARCADIA methodology, conducting trade studies

analyses, and performing system simulations. This integrated MBSE approach enabled

the creation of a coherent and consistent ECLSS architecture. The use of the Capella

tool ensured full traceability between requirements, functions, physical components, and

other model elements, thus supporting system validation and future development.
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5.2.5 Schematic of the ECLSS Architecture

Figure 118 provides a schematic representation of the system architecture defined in this

work. In this illustration, the main processes of the system and the key technologies

involved can be clearly visualized. The relationships between each component of the sys-

tem and the types of matter they exchange are easily identifiable, providing an immediate

understanding of the system’s main resource exchanges and interactions. As shown in the

legend, each arrow representing a matter flow is colored according to the type of matter

exchanged. This makes identifying the interfaces between different technologies easier.

This graphical representation provides an immediate and intuitive overview of the system

architecture and its primary resource flows.

Figure 118: Schematic of the ECLSS architecture.
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6 Conclusions and Future Work

Designing an Environmental Control and Life Support System for human spaceflight

is a highly multidisciplinary, iterative, and recursive process fully integrated with the

development of all other space habitat systems. The ECLSS architecture is strongly

influenced by the mission scenario. As the duration of the mission increases, the required

performance and reliability of the system, and the integration between the ECLSS and

the other habitat systems, significantly increase the complexity of the design process.

This work explored the application of Model Based Systems Engineering to take advan-

tage of its potential benefits in supporting the complex design process of the ECLSS. The

main objective of this thesis was to define an integrated MBSE approach to effectively

support the design of the ECLSS throughout its lifecycle, overcoming the primary lim-

itations associated with the traditional document-centric systems engineering approach,

particularly when applied to complex systems. This approach also addresses limitations

- e.g., the ones identified by Bajaj et al. [85] -, such as the difficulty to ensure that

analysis and simulation tools defined in different design phases consistently represent the

same system and the lack of connection between design and analysis/simulation models

throughout the development process.

These limitations highlight the need for defining a single, coherent system model within

which can be managed and integrated all analysis and simulation tools.

This thesis addressed the identified research questions by defining and applying an inte-

grated MBSE approach for the design of an ECLSS architecture. In response to the first

research question, the proposed method demonstrated that a standard MBSE method-

ology can effectively be integrated with arbitrary analysis and simulation tools, while

maintaining consistency and enabling automated system evaluation. Regarding the sec-

ond question, the case study of an Analog Habitat illustrated how this integrated approach

can enhance the ECLSS design process.

The approach presented in this work is based on the definition of the system model sup-

ported by the integration with external analysis and simulation tools, which contributes

to the development of the system architecture. The system model reflects the state of

the system architecture and is refined iteratively throughout the design process using

information obtained from the integrated tools. As discussed, these analyses and sim-

ulations offer valuable insights into system performance, reliability, controllability, and

other important aspects. Therefore, based on the system information obtained from these

engineering analyses, designers can perform trade studies, define technical solutions by

modifying the system architecture, allocate and verify requirements, verify and validate

models, and support other key systems engineering activities. The method developed

to integrate external tools in the modeling environment ensures consistency between the

system model and related analyses or simulations, guarantees traceability of system data

related to these tools, and ensures tool compatibility throughout the entire development

process. The integrated MBSE approach ensures that simulations and analyses consis-

tently reflect the latest version of the system model. These are executed directly from the

model, with all necessary system information extracted and used by the tools to derive
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meaningful characteristics of the system modeled in Capella. It also allows for the auto-

mated execution of simulations and analyses. Designers can execute scripts imported into

Capella that are associated with these tools to conduct the desired analysis or simulation.

Then, either the system model is automatically converted into a simulation environment

or the system data is used directly for analysis. These features reduce the time and errors

associated with setting up analyses and simulations. As outlined in the Analog Habitat

case study, in this integrated environment, once a system configuration is defined, analy-

ses and simulations can be easily and immediately executed to obtain information about

the system and rapidly understand the impact of design changes. Moreover, this inte-

grated environment supports the early detection and resolution of design issues during

the design process by enabling verification and validation of the system from the begin-

ning of the design process. Furthermore, it contributes to the verification of requirements

in the initial design phases. Considering all these benefits, the proposed approach has

the potential to significantly enhance the ability to manage complexity in the design of

systems such as the ECLSS.

In this work, the integrated MBSE approach has been applied to support the preliminary

design of the ECLSS for an Analog Habitat to explore its advantages. An ESM and

reliability analysis, and the Virtual Habitat tool were integrated into the system model.

These analyses provided valuable insights into the system, especially during the initial

design stages. These tools are useful for understanding the behavior of the system ar-

chitecture modeled in Capella, as they provide key information on system performance,

reliability, robustness, stability, controllability, and overall mission feasibility. As shown

in the case study, these tools can support a wide range of system-level analyses during the

preliminary design phase, including comparisons between different ECLSS architectures,

technology trade studies, sensitivity analyses, and further investigations. Furthermore,

the results of these analyses and simulations allow requirements to be allocated and ver-

ified in Capella from the early stages of the design process. Therefore, this approach

allows for the iterative definition of the system architecture, potentially improves design

quality and enhances the ability to manage complexity overall.

The proposed integrated MBSE approach has been defined to support the design pro-

cess of the ECLSS throughout its entire life cycle. As the design process evolves, more

advanced analysis and simulation tools can be integrated into the model using the same

method. This allows the system architecture to be refined as more detailed information

becomes available. For instance, Property Values related to CAD parameterization can

be assigned to each physical component in the model. Similarly, parameters necessary

for automatically executing CFD or FEM simulations can be stored directly within the

model. Therefore, future work could involve integrating the system model with advanced

engineering analysis tools in order to evaluate the effectiveness of this approach and as-

sess how it could improve the design process further. As a result, with this approach, the

model can be connected to various engineering tools and serve as a central repository for

all system information, potentially supporting the design throughout its entire lifecycle.

All the main outcomes, models and codes of this work are available in a public repository

- under GPLv3 license (see https://www.gnu.org/licenses/gpl-3.0.html) - at the

following link: https://gitlab1.polito.it/aer-se-public/mbse-framework-eclss.
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A ECLSS Technologies Description

A.1 Physicochemical Technologies

This appendix describes the main technologies associated with the following subsystems:

• Temperature and Humidity Control (THC)

• Atmosphere Control and Supply (ACS)

• Atmosphere Revitalization (AR)

• Water Recovery and Management (WRM)

• Waste Management (WM)

• Fire Detection and Suppression (FDS)

For some functions, several technologies may be available. In such cases, the main differ-

ences between them are highlighted.

A.1.1 Temperature and Humidity Control (THC)

In space, temperature is controlled by transferring internal and external heat loads to a

water coolant loop. Humidity is typically removed through condensation, absorption, or

adsorption. For humidity control, the main existing technologies are the CAMRAS and

the CCAA.

Carbon Dioxide and Moisture Removal Amine Swing-Bed System (CAMRAS)

CAMRAS is used to remove CO2 and moisture from cabin air. The device employs a pair

of interleaved beds that are filled with SA9T, which is a particular type of sorbent which

is composed of plastic beads that are highly porous and coated with an amine. SA9T

has been demonstrated to be a highly effective CO2 sorbent, exhibiting a strong affinity

for water vapor. A linear multi-ball valve is employed to regulate the flow of air and

vacuum to the adsorbing and desorbing beds. The adsorbing bed absorbs CO2 and H2O

from the cabin air, while the desorbing bed is subjected to vacuum to desorb and vent

the collected gases. This technology is only suitable for short-duration missions that do

not require the recycling of CO2 and H2O. As a result, CAMRAS can be used in systems

based on storage rather than recycling. The system offers advantages such as low mass

and volume, no need for cooling, and minimal power consumption [103].

Common Cabin Air Assembly (CCAA)

The CCAA is one of the main components of the ISS, it is used to control the temperature

and the humidity inside the module. Figure 119 shows a diagram of the CCAA.

As shown in Figure 119, filtered air is extracted from the cabin atmosphere through the

ORU inlet, which consists of a fan that moves air through the CCAA. Temperature is

controlled by the TCCV, which operates on a PI control scheme based on the difference

between the actual cabin temperature and the desired temperature. The control logic

adjusts the valve position to split the airflow between the CHX and the bypass duct. The

portion of the air passing through the CHX is subjected to heat and moisture removal.
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Figure 119: Common Cabin Air Assembly process schematic [5].

Then, the bypass air and CHX airflow are delivered to the cabin or other subsystems.

Condensed moisture and air are drawn through the water separator. There, the conden-

sate is separated from the air and delivered to the WRM subsystem.

In this process, heat is removed from the air and transferred to the coolant water loop.

Meanwhile, moisture removal is achieved in three steps:

• Decrease the air temperature below the dew point to condense water in the CHX.

• Formation of a condensate film.

• Separation of the condensate film from the air stream.

A component known as a slurper separates the condensate film from the airflow. This

component is integrated into the air outlet side of the CHX. The condensate film is

carried by airflow to slurper holes, where negative pressure drains it and directs it to a

water separator. Figure 120 depicts the CHX slurper.

The CCAA has greater mass, volume, power consumption, and cooling requirements

compared to CAMRAS, but it enable for recycling of both water and air.
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Figure 120: CHX slurper [52].

Ventilation Hardware

The hardware required for ventilation includes fans, ducting, and isolation valves. The

main differences between the options is the type of fan based on power consumption,

noise, and vibration [3]. It is necessary to provide ventilation both within the module

and between modules.

Microorganisms and Airbone Particulate Contaminants Control Hardware

The common methods for removing airborne particulate contaminants are High Efficiency

Particulate Atmosphere (HEPA) filters, electrostatic precipitation and wiping surfaces

where dust particles accumulate. While, the main methods for removing microorganisms

are chemical disinfectants, ultraviolet light, and HEPA filters [4]. The replacement of

filters is necessary after a specified period of utilization. Consequently, the filter’s total

mass increases over time.
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A.1.2 Atmosphere Control and Supply (ACS)

The ACS subsystem consists of hardware and software associated with the storage, distri-

bution, and pressure control of atmospheric gases. It also includes components related to

vent and relief capability and habitat repressurization. In the ISS, the main component

of the ACS is the Pressure Control Assembly (PCA), which controls the injection of N2

and O2 into the cabin. Figure 121 illustrates a functional diagram of the ACS subsystem.

Figure 121: ACS functional diagram [4].

To perform its functions, the ACS uses gas storage tanks, valves and regulators, all

managed by control algorithms using data from pressure sensors and from the Major

Constituents Analyzer. The following options are available for gas storage: Storage in

chemical compounds, high pressure storage and cryogenic storage [52].

High Pressure Storage

High pressure storage systems are commonly used to store atmospheric gases such as

oxygen and nitrogen. The high pressure allows a significant reduction in tank volume.

However, increasing storage pressure requires thicker tank walls, and since gases become

less compressible at higher pressures, the benefits of extreme compression are limited.

An optimum pressure to volume ratio is typically achieved at a pressure of a few million

pascals [52]. This type of storage is particularly suitable for small volumes of gas where the

mass and volume savings of cryogenic techniques cannot be achieved [4]. Although high-

pressure storage systems are simple, robust, and insensitive to ambient heat, redundancy

is required from a safety perspective to reduce risk [104]. Another critical factor is

material compatibility. For example, titanium reacts with oxygen and is not a suitable

material for oxygen tanks [4].
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Cryogenic Storage

Cryogenic storage is commonly used for large volumes of gases, such as oxygen and

nitrogen, because it can provide higher storage densities than high-pressure gas stor-

age. By storing these fluids at cryogenic temperatures, it is possible to reduce both the

storage volume and the pressure inside the tank. This results in lower tank mass and im-

proved safety since high operating pressure are avoided. However, cryogenic tank design

presents unique engineering challenges. The most important factors are effective thermal

insulation to minimize boil-off losses and tank venting for pressure relief. Additionally,

microgravity introduces complexities, such as making fluid delivery more difficult and

accurately measuring the remaining fluid amount particularly challenging [4, 52,104].

Chemical Compounds

An alternative method of storing gases is to use chemical compounds in which oxygen

and nitrogen are combined with other elements. Chemical compounds have been used

for many applications, including cabin repressurization, leakage makeup, and emergency

operation, especially when long-term storage or standby is required [52].

Compounds that contain oxygen that can be released in a breathable form can be divided

into three groups:

• Alkali and alkaline earth peroxides, superoxides, and ozonides

• Alkali and alkaline earth chlorates and perchlorates

• Hydrogen peroxide

The first group of compounds release oxygen through chemical reactions with carbon

dioxide and water, the second group works by decomposing sodium chlorate to sodium

chloride and oxygen. Hydrogen peroxide provides oxygen through a two-step process:

it first must be decomposed into water and oxygen, and the resulting water can then

be electrolyzed to produce additional oxygen [4]. For example, the Mir station combines

resupply and perchlorate candles to ensure redundancy and to meet peak oxygen demands

when visiting crews are on board [3].

Nitrogen can be stored as liquid hydrazine and catalytically dissociated when needed.

This method requires significantly less volume compared to storing nitrogen as a com-

pressed gas or cryogenic fluid [4].
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A.1.3 Atmosphere Revitalization (AR)

The AR subsystem technologies are related to: CO2 removal, CO2 reduction, O2 gener-

ation, control of gaseous contaminants, and monitoring of major constituents.

There are many technologies for removing CO2, each with advantages and disadvantages

for different mission scenarios and requirements. The main technology options for CO2

removal are

• Regenerative Technologies:

– 4 Bed Molecular Sieve (4BMS)

– 2 Bed Molecular Sieve (2BMS)

– Solid Amine Water Desorption (SAWD)

– Electrochemical Depolarization Concentration (EDC)

– Air Polarized Concentrators (APC)

– Osmotic Membranes

– Electroactive Carriers

– Metal oxides

– Carbonate

– Ion-exchange electrodialysis

• Non-Regenerative Technologies:

– Lithium Hydroxide (LiOH)

– Sodasorb

– Superoxides

– CAMRAS

4 Bed / 2 Bed Molecular Sieve

The Four-Bed Molecular Sieve (4BMS) system consists of two adsorbing beds - a desiccant

bed for water vapor removal and a zeolite molecular sieve for trapping CO2. These operate

in parallel with two identical beds in the desorption mode. In the process, depicted in

Figure 122, the air passes through the desiccant bed, which removes the water vapor

to protect the CO2 bed from water vapor. The air then passes through a precooler,

which removes heat generated during water vapor adsorption. This cooled air then enters

the carbon dioxide adsorption bed where CO2 is removed. The air then moves to the

desorbing desiccant bed, where it is re-humidified before returning to the cabin [52].

There are no special safety hazards associated with this concept. The materials are not

flammable, so gas leakage cannot result in toxic or explosive conditions [104].

The 2BMS is similar to the 4BMS, but it uses a Carbon Molecular Sieve (CMS) to remove

CO2. Unlike zeolites, CMS materials are not affected by water vapor. This enables

direct CO2 adsorption without the need for a separate desiccant bed. This simplifies the

system and reduces the 4BMS to a 2BMS. In addition, CMS desorbs CO2 at a lower

temperature than zeolite, resulting in lower power consumption. However, while the

4BMS is a well-established and mature technology, the 2BMS is still in a relatively early

stage of development [52].
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Figure 122: 4 Bed Molecular Sieve [4].

Solid Amine Water Desorption (SAWD)

The main components of the Solid Amine Water Desorption (SAWD) are the canisters

containing the resin absorbents and a steam generator (see Figure 123). The resin cap-

tures carbon dioxide from the atmosphere, and steam is utilized to regenerate the resin

by removing the absorbed CO2. The resin absorbs CO2 through a two-step chemical

process: first, it reacts with water to form a hydrated amine, which then reacts with

CO2 to form a bicarbonate compound. To regenerate the resin, steam heat is applied

to break the bicarbonate bond releasing the CO2 and recovering the amine for further

use [52]. Solid amine tends to degrade relatively quickly over time (amine degradation

may yield toxic vapors), resulting in more frequent replacement of the absorption beds.

In addition, the SAWD system imposes additional demands on the ECLSS because it

requires hygiene water for operation. This water is eventually released as vapor into the

Temperature and Humidity Control (THC) system, increasing the load on the condensing

heat exchanger [52].

Figure 123: Solid Amine Water Desorption [52].
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Electrochemical Depolarization Concentration (EDC)

The Electrochemical Depolarized Carbon Dioxide Concentrator (EDC) removes CO2 by

reacting hydrogen and oxygen with carbon dioxide in an electrochemical cell, producing

two separate outlet streams, as shown in Figure 124. The stream from the anode side

contains a high concentration of CO2 along with some hydrogen, while the stream from

the cathode side consists of air with a reduced concentration of CO2 which is then returned

to the cabin atmosphere [52]. The overall reaction is:

CO2 +
1

2
O2 +H2 −−→ CO2 +H2O+ electrical energy + heat (41)

The main advantages of EDC are that the rate of CO2 removal can be controlled simply

by changing the operating electric current and the generated direct current power can

be used by other ECLSS subsystems. However, EDC has several drawbacks. The most

significant mass penalty is indirect and comes from the power requirements of the oxygen

generator, which must produce the oxygen consumed during the process. In addition,

the technology generates water vapor, which increases the load on the THC subsystem,

requires a cooling system, and demands a supply of H2. EDC also poses a safety risk, as

hydrogen leakage into the cabin could pose a fire or explosion hazard [52,104].

Figure 124: Electrochemical Depolarization Concentration [4].

Air Polarized Concentrators (APC)

The APC is essentially an EDC that does not require hydrogen for the CO2 removal

process and incorporates an O2/CO2 separator. It is safer than the EDC, although

hydrogen is no longer available in the outlet stream to support CO2 reduction. Power

consumption is significantly higher without hydrogen; however, the APC can operate with

or without hydrogen to optimize power efficiency while maintaining safety. Although

switching between modes can reduce energy consumption and improve safety, it also

accelerates the degradation of the electrode catalyst. In addition, the presence O2/CO2

separators increases the mass, power consumption, volume and overall complexity of the

system compared to the EDC.
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Other regenerative technologies for CO2 removal - such as osmotic membranes, electroac-

tive carriers, metal oxides, carbonate systems, and ion exchange electrodialysis - generally

have either a low technology readiness level (TRL) or lower performance compared to the

previously described methods. A detailed description of these technologies can be found

in [52].

Lithium Hydroxide (LiOH)

In an open-loop ECLSS, carbon dioxide is usually removed from cabin atmosphere as

it flows through a canister that contains a packed bed of lithium hydroxide (LiOH)

granules [52]. The chemical reaction involved can be represented as a:

2 LiOH + CO2 −−→ Li2CO3 +H2O (42)

Once used, the LiOH is not recovered; instead, the canisters are replaced with new

absorbent material. On average, about 2 kg of LiOH is needed to absorb one person’s

daily CO2 output. Therefore, LiOH-based CO2 removal is suitable for short-duration

missions, but is not feasible for long-duration missions due to its significant mass penalty.

LiOH remove also trace contaminants and odors from the atmosphere [52].

Other non-regenerative technologies, such as Sodasorb and superoxides, have an overall

performance inferior to that of lithium hydroxide (LiOH). Detailed descriptions of these

methods can be found in [4, 52], while the CAMRAS has been discussed previously.

To increase the closure level of an ECLSS, carbon dioxide must be removed from the cabin

atmosphere and then reduced to useful components within the system. Consequently,

the CO2 output from the carbon dioxide removal process becomes the input to the CO2

reduction process. The recycling of oxygen from CO2 will provide a maximum of 0.74

kg O2/(man-day) from an average of 1 kg CO2 exhaled per man per day. Therefore, the

recovery of oxygen from carbon dioxide closes a significant part of the oxygen cycle. The

main CO2 reduction technologies are:

• Bosch

• Sabatier

• Advanced Carbon-Formation Reactor System (ACRS)

• CO2 Electrolysis

• Superoxides

Bosch

The Bosch CO2 reduction process, shown in Figure 125, is based on the reaction of carbon

dioxide with hydrogen at high temperature (700-1000 K) in the presence of a catalyst.

This reaction produce solid waste carbon, water and heat:

CO2 +H2 −−→ C + 2H2O+ heat (43)

Hydrogen and carbon dioxide are compressed and heated before the contact with the

catalyst bed. Typically, only about 10% of the CO2 is reacted in a single pass, so it is

necessary to recirculate the outlet gas back into the reactor [4]. The produced water may
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be stored and then processed to hygiene water or used to generate oxygen, while the heat

has to be removed by the thermal control system.

Key advantages of the process include the potential to achieve 100% conversion efficiency

and no overboard venting of gases. However, the system also has significant drawbacks: it

requires high operating temperatures, requires frequent maintenance due to the periodic

replacement of the catalyst cartridge, and the reactor is limited to semi-batch operation

of the catalyst beds [52].

Figure 125: Bosch CO2 Reduction Process [52].

Sabatier

The Sabatier CO2 reduction process, shown in Figure 126, is based on the reaction

of hydrogen and carbon dioxide at high temperature (450-800 K) in the presence of

a ruthenium catalyst on a granular substrate, producing methane and water. In this

reaction, carbon dioxide is first hydrogenated to carbon monoxide, and then the carbon

monoxide is hydrogenated to methane in a second step. The overall reaction is shown

below:

CO2 + 4H2 −−→ CH4 + 2H2O+ heat (44)

For the process, the required hydrogen can be obtained from water electrolysis and the

heat must be managed by the thermal control system. The water can be processed into

hygiene water or used to produce oxygen, while the methane can be used for propulsion,

vented to space, or converted to H2 and solid carbon by pyrolysis [4]. The H2 produced

by pyrolysis can be used by the Sabatier reactor.

The main advantages of this process are: reliable operation, significant savings in mass,

power and volume compared to Bosch, short start-up time and single pass efficiency
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greater than 99%. However, there are also some drawbacks. The recycled water may

contain dissolved gases, such as N2, CH4, and CO2, N2 is vented with CH4, and the

catalyst is vulnerable to contamination by solid amine vapors. Additionally, the storage

or venting of CH4 must be managed. [52].

Figure 126: Sabatier CO2 Reduction Process [52].

Advanced Carbon-Formation Reactor System (ACRS)

The ACRS includes a Sabatier reactor, a gas/liquid separator that removes water from the

methane, and a Carbon Formation Reactor (CFR) that reduces the methane to carbon

and hydrogen [4,52]. The CFR compacts carbon more effectively than the Bosch process;

however, it operates at temperatures above 1144 K [52], which must be reduced before

the ACRS becomes feasible. This technology is a potential candidate for carbon dioxide

reduction in long-duration space missions, but it has not yet been fully developed [61].

CO2 Electrolysis

The CO2 electrolysis uses a solid oxide electrolyte to both reduce CO2 and regenerate O2.

Carbon dioxide is taken directly from the CO2 concentrator and electrolyzed to produce

O2. This technology is capable of electrolyzing both CO2 and water vapor, producing

enough oxygen to meet a person’s metabolic needs and compensate for habitat cabin

leakage. Therefore, the overall AR subsystem may be simpler and have lower mass,

volume and power consumption. The reaction is:

CO2 +H2O −−→ CO+O2 +H2 (45)

The resulting CO is then catalytically decomposed into solid carbon and CO2, with the

O2 recycled back to the electrolysis unit. However, technological challenges, such as

ineffective high temperature (above 1140 K) ceramic-to-ceramic seals, have inhibited the
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development of O2 electrolysis from reaching the same level of maturity as the SPWE

and SFWE systems (described later) [52].

Superoxides

Both alkali and alkaline earth metal superoxides are solid chemicals that can provide

oxygen and remove carbon dioxide from the atmosphere [52]. An example is potassium

superoxide (KO2), which reacts with moisture in the air to produce oxygen (O2) and

potassium hydroxide (KOH). The KOH then absorbs carbon dioxide from the atmo-

sphere. The overall reaction is:

4KO2 + 3H2O+ 2CO2 −−→ 2 (K2CO3 ·
3

2
H2O) + 3O2 + heat (46)

The theoretical capacity of KO2 is 0.309 kg of CO2 absorbed per kilogram of sorbent, and

it produces 0.388 kg of O2 per kilogram of sorbent [52]. There are handling challenges,

however, as superoxides are hygroscopic and react with water to release both oxygen and

heat, potentially enough to ignite combustible materials. In addition, KO2 can cause

irritation to the eyes and respiratory tract [4].

In addition to CO2 electrolysis and superoxides, the main technologies for oxygen gener-

ation are

• SFWE

• SPWE

• Water Vapor Electrolysis (WVE)

Static Feed Water Electrolysis (SFWE)

The SFWE electrolyzes water to O2 and H2. The process, shown in Figure 127, consists

of vaporizing water through a membrane into an aqueous KOH electrolyte. Oxygen is

produced at the anode of the electrolysis cell, and hydrogen is produced at the cathode [4].

The process is not 100% efficient, and heat is generated that must be removed [52].

Figure 127: Static Feed Water Electrolysis process [4].
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Static Polymer Water Electrolysis (SPWE)

The SPWE electrolyzes water into O2 and H2. The process shown in Figure 128 uses a

solid polymer electrolyte to electrolyze water. This process is similar to SFWE, but more

complex due to the need for liquid/gas separators [4, 52].

Figure 128: Static Polymer Water Electrolysis process [4].

Water Vapor Electrolysis (WVE)

The Water Vapor Electrolysis (WVE) system electrolyzes water vapor directly from the

cabin air to generate oxygen and hydrogen. The process operates continuously, with

oxygen returned to the cabin and hydrogen separated for disposal. The process, shown

in Figure 129, is simple and reliable; however, to provide adequate oxygen, nearly all of

the water vapor must be extracted from the atmosphere [4, 52].

Figure 129: Water Vapor Electrolysis process [4].
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The Atmosphere Revitalization (AR) subsystem must control the gaseous contaminants

in the atmosphere to protect the crew. Removal of gaseous contaminants can be achieved

by several approaches, including oxidation, absorption, and adsorption [4].

Trace Contaminant Control Subassembly (TCCS)

An example of gaseous contaminant removal and disposal technology is the ISS Trace

Contaminant Control Subassembly.

Figure 130: Trace Contaminant Control Subassembly [5]

As shown in Figure 130, the air first passes through the charcoal bed to remove contam-

inants with a high molecular weight. A blower and a flow meter located downstream

of the charcoal bed control the airflow rate. Next, a portion of the air passes through

a high-temperature catalytic oxidizer to eliminate low-molecular weight contaminants,

such as CH4, H2, and CO. Then, the air enters a LiOH bed to absorb acidic byproducts

generated during the oxidation process before it returns to the atmosphere. [5].

One of this technology’s major advantages is its ability to control many different types of

non-specific airborne contaminants, both organic and inorganic. The main disadvantage is

related to the expendable charcoal beds, which require periodic replacement and resupply

[52].

Major Constituent Analyzer (MCA)

In a space habitat, it is necessary to monitor the major atmospheric constituents, and

there are numerous methods available. On the ISS, the Major Constituent Analyzer

performs the following tasks [5]:

• Provides continuous monitoring of the major atmospheric constituents.

• Provides oxygen and nitrogen partial pressures to the CDH system used by the

Atmosphere Control Subsystem (ACS).

• Monitors the performance of the CDRA and TCCS by measuring the partial pres-

sures of CO2 and CH4.

• Compares the measured partial pressures to predefined acceptable ranges.
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The MCA process is shown in Figure 131. As described in Wieland [5]: ”The MCA

operates by drawing a sample past the single-focusing magnetic sector Mass Spectrometer

(MSM) inlet leak where gas is drawn into an ion source and the gas molecules are ionized.

The ions are then accelerated by an electron field and pass into a shaped magnetic field

where they are dispersed by molecular weight. The dispersed ion beams are focused into

Faraday current collectors by resolving slits. The collected currents are proportional to the

partial pressures. Molecules not collected are absorbed by an ion pump. Air not admitted

into the MSM is returned to the AR rack by a pump.”

Figure 131: Major Constituent Analyzer [5].

The MS is capable of distinguishing compounds with different molecular weights. How-

ever, it cannot distinguish between compounds of the same molecular weight, such as CO

and N2. In such cases, an additional method is required to detect at least one of them.

Nondispersive infrared spectrometry is one option for identifying CO [4].
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A.1.4 Water Recovery and Management (WRM)

The WRM subsystem is extremely important in the ECLSS architecture, especially for

long-duration missions where water requirements are very challenging. The main tech-

nologies of the WRM are related to urine processing, waste water processing and water

quality monitoring.

For urine, the simplest approach is to collect it in a container and then vent it to space, but

this method leads to loss of mass and can result in contamination of external surfaces [4].

The main developed urine processing technology are16:

• Vapor Compression Distillation (VCD)

• Vapor Phase Catalytic Ammonia Removal (VAPCAR)

• Thermoelectric Integrated Membrane Evaporation System (TIMES)

• Air Evaporation Systems (AES)

• Aqueous Phase Catalytic Oxidation Post-Treatment System (APCOS)

• Super Critical Water Oxidation (SCWO)

Vapor Compression Distillation (VCD)

In the VCD process, shown in Figure 132, waste water flows into a rotating drum at re-

duced pressure where the water evaporates. The vapor is then compressed and condenses

on the surface in direct thermal contact with the evaporator. The resulting heat flux

from the condenser to the evaporator is enough to evaporate the same amount of water

that is being condensed. [52]. This allows the VCD process to operate as a thermally

passive system, requiring no active temperature control. The evaporator, condenser, and

condensate collector are rotated to provide zero gravity phase separation. With this

method, more than 96% of the water can be recovered and the remainder is discharged

as brine. Wastewater pre-treatment and post-treatment may be required to ensure high

quality water [52].

The VCD produces slightly higher quality water and processes higher flow rates than the

TIMES, but incorporates rotating components, generates gaseous product that must be

vented, and requires brine storage [52].

Vapor Phase Catalytic Ammonia Removal (VAPCAR)

VAPCAR is a process that combines evaporation with high temperature catalytic oxi-

dation of the volatile impurities that vaporize along with the water. Evaporation occurs

through hollow fiber membranes, then the process includes two catalyst beds: in the first

bed, ammonia is oxidized to nitrous oxide (N2O) and N2, and volatile hydrocarbons are

oxidized to CO2 and H2O. In the second bed, N2O is catalytically decomposed to N2 and

O2. Figure 133 Shows a diagram that simplifies the VAPCAR process [4, 52].

The overall water quality of this process is higher than VCD or TIMES and it doesn’t

need any pre-treatment. However, the process has a high power consumption and a low

technology level [52,105].

16The technologies related to waste water processing or urine processing can, in most cases, also be

used to process urine or waste water, respectively [4].
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Figure 132: VCD process [4].

Figure 133: VAPCAR Process [52].
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Thermoelectric Integrated Membrane Evaporation System (TIMES)

The TIMES operates by heating wastewater to 339 K using a heat exchanger, as shown in

Figure 134. The water is then forced through a hollow fiber membrane, where a reduced

pressure (17.02 kPa or 2.47 psia) on the outer surface of the membrane facilitates evapo-

ration. A thermoelectric heat pump transfers heat from the condenser to the evaporator

to support the process [4].

The process can recover up to 93% of the water. Waste fluid is contained within hollow

fiber membranes in the evaporation section, making the process safer. There are no

moving parts in the process, but it requires pre-treatment of urine, water quality is inferior

to VCD, it’s not as energy efficient as VCD and requires high maintenance time [52].

Figure 134: TIMES Process [4].

Other urine processing technologies include the Air Evaporation System (AES), the

Aqueous Phase Catalytic Oxidation Post-Treatment System (APCOS), which serves as

a wastewater post-treatment method [52], and Supercritical Water Oxidation (SCWO),

which will be discussed later in the Waste Management subsystem section, as it is pri-

marily used for the destruction of organic compounds.

Water used by crew members, processed urine, and water recovered from systems such

as CCAA condensate must be purified to meet acceptable quality standards. The major

competing regenerative technologies for potable and hygiene water processing are:

• Multifiltration (MF)

• RO

Multifiltration (MF)

The multifiltration process, shown in Figure 135, consists of a particulate filter upstream

of six unibeds in series. Each unibed consists of an adsorption bed (activated carbon)

and an ion exchange resin bed. The process first removes particulates by filtration. Then,

suspended organic contaminants in the waste water are removed by passing through an

activated carbon bed, and inorganic salts are removed by cation and anion exchange resin

beds [52]. Microbial control is achieved by heating the entire technology to 347 K [4,52].
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This technology is simple and required very little development for use in space, but

the process does need expendables to regenerate the ion exchange beds and a suitable

regeneration scheme for the activated charcoal [4].

Figure 135: Schematic of Multifiltration water processor [4].

Reverse Osmosis (RO)

In this process, shown in Figure 136, waste water is first forced through an ultrafiltration

membrane to remove suspended solids and macromolecules, allowing water and low-

molecular weight substances to pass through. The waste water is then pressurized to

between 690 and 5500 kPa, forcing the water through a semi-permeable membrane and

leaving most ions and larger organic compounds behind. The quality of the purified

water is high, energy consumption is low, and there is no need for a gas-liquid phase

separator in microgravity. However, high pressure and pre-treatment makes the system

more complex [4, 52].

Figure 136: Reverse Osmosis process [4].

Other water purification methods include electrodialysis and electrolysis fuel cells. For

more information on these processes, see [4, 52].
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Water Quality Monitoring

Once purified, potable and hygienic water must meet specific quality standards to ensure

the safety of the crew. To achieve this, water quality monitoring must be automatic, with

the most critical parameters measured either continuously or at regular intervals. These

measurements can be made using commercially available sensors. As shown in Figure

137, water samples used for measurements requiring calibration with chemical standards

are not returned to the main supply to avoid contamination. Typically, less than one

percent of the total water is used for these measurements. As described previously, key

parameters that require frequent monitoring include pH, ammonia content, Total Organic

Carbon (TOC), electrical conductivity and microbial concentration [4, 52].

Figure 137: Water Quality Monitoring Process [4].
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A.1.5 Waste Management (WM)

The WM subsystem must manage waste from the WRM and AR subsystems, food prepa-

ration waste, feces, EVA waste, and other waste associated with crew members. The waste

management process follows this sequence: collection and separation, fractionation, sta-

bilization or storage, and recycling when appropriate.

For short-term missions, waste is simply collected and stored, but for longer missions,

the mass and volume required to store all the waste may be unacceptable, so processes

to recycle the waste must be considered. The main processes include: Super Critical

Waste Oxidation (SCWO), Wet Oxidation, Combustion / Incineration, Electrochemical

Oxidation and Waste Management - Water Systems (WM-WS). Recycling wastes with

these processes can reduce the mass and volume required, especially for long missions,

but they still have a low TRL [4, 52] (a detailed description of these processes can be

found in [52]). NASA is currently seeking to develop new waste recycling technologies

for deep space missions to reduce system mass and volume, converting waste into usable

products [106].

Brine Processor Assembly BPA

In recent years, NASA has developed the Brine Processor Assembly (BPA), a technology

that recovers water from the urine brine produced during urine processing. This tech-

nology has been demonstrated on the ISS, increasing the overall water recovery to more

than 98%. This process helps close the water loop, which is especially important for deep

space missions. The BPA utilizes cabin air and relies on existing spacecraft hardware,

including the cabin CHX and TCCS, to minimize mass, volume, and system complex-

ity. Specifically, the BPA uses forced convection of cabin air coupled with an ionomer

membrane water process to recover up to 80% of the available water from 22.5 liters

of brine over a 26-day cycle [107]. In the process, the disposable BPA bladder receives

the brine from the urine process. The BPA’s dual-layer bladder performs two functions:

safely containing toxic contaminants and providing water recovery. The inner layer holds

the liquid but allows water vapor and some trace contaminants to pass through its mi-

croporous membrane. The outer ionomer layer also allows water vapor to escape but

holds most contaminants. Heated cabin air flows over the bladder, collecting the vapor,

which is then condensed by the ISS’s existing condensing heat exchanger (the CCAA’s

CHX) [107].

A.1.6 Fire Detection and Suppression (FDS)

The FDS subsystem is responsible for detecting fires in the space habitat, alerting the

crew through alarms, and providing the necessary tools to extinguish the fire. In space

missions, it is critical that detection is prompt to allow the crew sufficient time to activate

suppression procedures. Fire detection generally relies on two types of sensors: smoke

detectors and flame detectors. Various fire suppression methods are available, including

the use of water, foam, carbon dioxide, nitrogen, halon, or even depressurization of the

habitat [4].
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A.2 Biological Technologies

As demonstrated in the previous sections, the use of regenerative physicochemical tech-

nologies in a life support system enables closure of the water and oxygen loops. For

future space habitats, it will be essential to close the carbon loop, the final component

of a closed-loop life support system. This will only be possible through the development

of advanced life support systems capable of recycling metabolic waste and producing

food [52].

The Controlled Ecological Life Support System (CELSS) relies on two categories:

• Chemosynthetic Systems: These systems are based on microorganisms, such as

hydrogen bacteria, that contain the stable enzyme hydrogenase, which allows them

to produce food with a protein content of 70-85%. The necessary inputs for this

process include urine, magnesium and iron salts, oxygen and carbon dioxide.

• Photosynthetic Systems: In these systems, autotrophs absorb the carbon diox-

ide exhaled by heterotrophs, including humans, and produce the oxygen that these

organisms consume. For example, algae such as Chlorella convert carbon dioxide

and water into oxygen and biomass through photosynthesis, as described by the

equation:

CO2 +H2O+ Light −−→ O2 + Biomass + Heat (47)

Some of the edible biomass consumed by humans is converted to carbon dioxide and

water, while the rest is partially oxidized and expelled in urine, feces, and sweat.

One clear advantage of growing food in space is that plants can also regenerate the

atmosphere [52].

Physicochemical subsystems are required to support these biological processes to create

a Controlled Ecological Life Support System. A CELSS has several advantages over fully

physicochemical systems. A CELSS creates a more Earth-like environment, which can

have a positive effect on crew psychology. It also produces fresh fruits and vegetables,

improving both dietary variety and taste. From a logistical aspect, a CELSS greatly

reduces the need for resupply by producing almost all essential life support resources.

The plant or algae growth unit is the largest component of a CELSS contributing to food

production, oxygen generation, carbon dioxide absorption, and liquid and solid waste

processing.

Some of the most important biological subsystems in an CELSS are: microorganisms,

algae and higher plants.

Microorganisms

In CELSS, microorganisms can be used to support several critical functions: they can

contribute to food production, atmospheric regeneration, and waste treatment. One of

the main advantages of using microorganisms is their very fast growth rate and high

harvest index. Microorganisms are also a source of single-cell proteins. However, a major

limitation is that they contain relatively high levels of nucleic acids, which can be harmful

to humans in excessive amounts. For this reason, a crew member should not consume

more than 50 grams of microorganism dry mass per day [3].
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Algae

Algae convert carbon dioxide to oxygen and are rich in vitamins and proteins; however,

their integration into a CELSS presents several challenges. It is generally not recom-

mended that algae constitute more than 20% of a person’s diet, and maintaining and

harvesting algae over long periods of time is technically difficult [3].

Higher plants

Plants are capable of providing most of the essential nutritional requirements of humans,

including calories, proteins, fats, carbohydrates, minerals, vitamins, and trace elements.

When higher plants are integrated into a life support system, they not only provide food,

but also contribute to atmospheric revitalization (by consuming water and carbon dioxide

from the environment and converting them to carbohydrates and oxygen) and to water

regeneration (as the water transpired by plants can be collected and reused for hygiene or

potable water). Integrating higher plants into the CELSS architecture for long-duration

missions can significantly reduce the need for large storage and resupply costs. Key

environmental parameters to be considered in the design of a plant production system

include: temperature, light intensity and duration, spectral composition, atmospheric

carbon dioxide concentration, irrigation, water quality, plant protection, fertilization,

and cultivation techniques [52].

The advantages and disadvantages of biological systems are summarized in the table 19.

Table 19: Advantages and disadvantages of biological systems [52].

Biological Agent Advantages Disadvantages

Microorganisms

- Convert organic waste materials

to water, CO2 and usable plant

nutrients.

- Use oxygen;

- Slow process;

- Unknown control

mechanisms.

Algae
- Convert CO2 to O2.

- Simple, stable system.

- Unpalatable.

- Indigestible.

Higher Plants

- Convert CO2 to O2.

- Provide food.

- Provide water via transpiration.

- Production of biomass.

- High power and volume.

- Considered unreliable.
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B Database ECLSS Technologies

This appendix presents the data collected for each ECLSS technology considered in this

study.

B.1 Temperature and Humidity Control (THC) Database

Table 20: THC database.

Technology CM Mass

[kg]

Volume

[m3]

Power

[kW]

Thermal

load

[kW]

Resupply

[ kg
CM ·day ]

Failure

rate

[ 1
day ]

Ref.

Resistance

Temperature

detector

4 0.0455 8.20E-05 0.001 0.001 0 - [5]

CCAA 4 112 0.4 0.468 0.468 0 8.72E-04 [5, 108]

Avionics Air

Assembly

4 12.4 0.034 0.1125 0.1125 0 - [5, 108]

Intermodule

Ventilation

Fan

4 9.2 0.0093 0.055 0.055 0 - [5, 108]

Intermodule

Ventilation

Valve

4 5.1 0.0099 0.006 0.006 0 - [5, 108]

Bacteria

Filter

Assembly

4 4.6 0.121 0 0 0.0326 1.20E-07 [5, 108]
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B.2 Atmosphere Control and Supply (ACS) Database

Table 21: ACS database.

Technology CM Mass

[kg]

Volume

[m3]

Power

[kW]

Thermal

load

[kW]

Resupply

[ kg
CM ·day ]

Failure

rate

[ 1
day ]

Ref.

Pressure

Control

Assembly

4 22 0.062 0.018 0.018 0 1.92E-03 [5, 109]

Manual

Pressure

Equalization

Valve

4 1.2 0.0014 0 0 0 1.44E-04 [5, 109]

Nitrogen

Interface

Assembly

4 7.5 0.0122 5.50E-03 5.50E-03 0 - [5]

Table 22: ACS: tank data.

Technology Tank ratio

[ kg tank
kg element ]

Failure

rate

[ 1
day ]

Ref.

O2 Tank

High Pressure

0.364 7.32E-05 [57,104]

O2 Tank

Cryogenic

Liquid

0.429 2.98E-04 [104,108]

N2 Tank

High Pressure

0.556 7.32E-05 [4,104,108]

N2 Tank

Cryogenic

Liquid

0.524 2.98E-04 [4,104,108]
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B.3 Atmosphere Revitalization (AR) Database

Table 23: AR: Carbon dioxide removal technologies.

Technology CM Mass

[kg]

Volume

[m3]

Power

[kW]

Thermal

load

[kW]

Resupply

[ kg
CM ·day ]

Failure

rate

[ 1
day ]

Ref.

4 Bed

Molecular

Sieves

4 201 0.39 0.86 0.86 0.008 2.99E-03 [56,57]

2 Bed

molecular

sieves

3 48.1 0.26 0.23 0.23 0 - [52]

Solid Amine

Water

Desorption

3 51.3 0.21 0.454 0.454 0.00466 3.46E-03 [52, 56,

110]

Electrochemical

Depolarization

Concentration

4 44.4 0.0713 0.148 0.336 0.003 5.21E-03 [52, 56,

110]

LiOH 1 0 1.23E-

03

3.00E-

03

0 1.75 3.60E-05 [3, 57]

Table 24: AR: Carbon dioxide technologies.

Technology CM Mass

[kg]

Volume

[m3]

Power

[kW]

Thermal

load

[kW]

Resupply

[ kg
CM ·day ]

Failure

rate

[ 1
day ]

Ref.

Sabatier 4 18 0.75 0.05 0.27 0.0024 2.74E-03 [56,57]

Bosch 4 102.1 0.3 0.95 0.313 0.007 0.01224 [56,111]

ACRS 3 180 0.3 0.4 0.15 – 0.01488 [52,111]
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Table 25: AR: O2 Generation technologies.

Technology CM Mass

[kg]

Volume

[m3]

Power

[kW]

Thermal

load

[kW]

Resupply

[ kg
CM ·day ]

Failure

rate

[ 1
day ]

Ref.

Static Feed

Water

Electrolysis

3 54.6 0.057 1.09 0.27575 0 1.51E-03 [112]

Solid

Polymer

Water

Electrolysis

7 113 0.14 1.47 1.47 0.018 2.10E-03 [56,111]

Table 26: AR: MCA and TCCS.

Technology CM Mass

[kg]

Volume

[m3]

Power

[kW]

Thermal

load

[kW]

Resupply

[ kg
CM ·day ]

Failure

rate

[ 1
day ]

Ref.

Major

constituent

analyzer

4 54.7 0.439 0.0876 0.0876 0.00833 1.55E-05 [5, 108]

Trace

contaminant

control

4 78.2 0.272 0.1746 0.1746 0.0167 1.15E-05 [5, 108]
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B.4 Water Recovery and Management (WRM) Database

Table 27: WRM: water tank data.

Technology Tank ratio

[ kg tank
kg element ]

Failure

rate

[ 1
day ]

Ref.

Water Storage 0.02 0 [3]

VAPCAR, TIMES, and AES are designed for a specified wastewater processing rate,

expressed in kg
day·WW

, and they have a resupply requirement expressed in kg
day

.

Table 28: WRM: urine process technologies.

Technology CM Mass

[kg]

Volume

[m3]

Power

[kW]

Thermal

load

[kW]

Resupply

[ kg
CM ·day ]

Failure

rate

[ 1
day ]

Ref.

Vapor

compressor

distillation

8 128 0.37 0.09 0.09 0.06 3.71E-03 [57,113]

Vapor Phase

Catalytic

Ammonia

Removal

50.9
kg

(dayWW )

412 1.57 2.38 2.38 0.005 kg
day 4.57E-03 [56,114]

Thermoelectric

Integrated

Membrane

Evaporation

System

20
kg

(dayWW )

68 0.23 0.17 0.17 0.05 kg
day 4.57E-03 [52,114]

Air

Evaporation

Systems

7.64
kg

(day urine)

45.3 0.15 0.578 0.577 0.071 kg
day 1.20E-03 [56,115]
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Table 29: WRM: water process data.

Technology CM Mass

[kg]

Volume

[m3]

Power

[kW]

Thermal

load

[kW]

Resupply

[ kg
CM ·day ]

Failure

rate

[ 1
day ]

Ref.

Reverse

osmosis

4 8.5 0.056 0.02 0.015 0 1.16E-03 [52,115]

Multifiltration 10 476 2.25 0.3 0.3 0.13 4.39E-03 [57]

Table 30: WRM: water quality monitoring data.

Technology CM Mass

[kg]

Volume

[m3]

Power

[kW]

Thermal

load

[kW]

Resupply

[ kg
CM ·day ]

Failure

rate

[ 1
day ]

Ref.

Process

Control

Water

Quality

Monitor

4 38 0.051 0.03 0.03 0 3.17E-04 [5, 115]

B.5 Waste Management (WM) Database

Table 31: WM: Super Critical Wet Oxidation data.

Technology CM Mass

[kg]

Volume

[m3]

Power

[kW]

Thermal

load

[kW]

Resupply

[ kg
CM ·day ]

Failure

rate

[ 1
day ]

Ref.

Super

Critical

Wet

Oxidation

4 694 2.12 1.44 0.36 0 - [52]

Table 32: WM: BPA data.

Technology CM Mass

[kg]

Volume

[m3]

Power

[kW]

Thermal

load

[kW]

Resupply

[ kg
CM ·day ]

Failure

rate

[ 1
day ]

Ref.

BPA 4 14.1 0.15 0.142 0.142 0.0355 - [116]
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B.6 Fire Detection and Suppression (FDS) Database

Table 33: FDS: technologies data.

Technology CM Mass

[kg]

Volume

[m3]

Power

[kW]

Thermal

load

[kW]

Resupply

[ kg
CM ·day ]

Failure

rate

[ 1
day ]

Ref.

Portable fire

estinguisher

4 6.8 0.0405 0 0 0 0 [5]

Fire

detection

assembly

4 1.5 0.0028 0.00148 0.00148 0 0 [5]
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C Configuration PV Model Editor

Figures 138 to 140 show the enumeration definitions and extensions that were created to

support model integration with the ESM and reliability analysis, and V-HAB. The order

follows a layout that goes from left to right and from top to bottom.

Figure 138: Configuration PV model editor (1).
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Figure 139: Configuration PV model editor (2).
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Figure 140: Configuration PV model editor (3).
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