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Abstract

In recent years, an unprecedented levehterest has grown around the prospect of sending
humans to Mars for the exploration and eventual settlement of that planet. With the signing of
the 2010 NASA Authorization Act, this goal became the official policy of the United States
and consequentipas becomethelorge r m obj ecti ve of NASAOGs human

A review of past Mars mission planning efforts, however, reveals that while numerous
analyses have studied the challenges of transporting people to the red planet, relatvely littl
analyses have been performed in characterizing the challenges of sustaining humans upon
arrival. In light of this observation, this thesis develops HaliNat integrated Habitation,
Environmental Control and Life Support (ECLS);3itu Resource Utilizgon (ISRU), and
Supportability analysis frameworkand applies it to three different Mars mission scenarios to
analyze the impacts of different system architectures on the costs of deploying and sustaining
a continuous human presence on the surface of.Ma

Through these case studies, a number of new insights on theoptisality of Mars
surface system architectures are derived. The most significant of these is the finding that ECLS
architecture massgptimality is strongly dependent on the cost of ISRWhere operoop
ECLS architectures become maggimal when the cost of ISRU is low, and ECLS
architectures with higher levels of resource recycling become-opdissal when the cost of
ISRU is high. For the Martian surface, the relative abundance aiineess equates to a low
cost of ISRU, which results in an opop ECLS system supplemented with ISRU becoming
an attractive, if not dominant surface system architecture, over a range of mission scenarios
and ISRU performance levels.

This result, along wth the others made in this thesis, demonstrtite large potential of
integrated system analyses in uncovering previously unseen trends within the Mars mission
architecture tradespace. By integrating multiple traditionally disparate spaceflight desciplin
into a unified analysis framework, this thesis attempts to make the first steps towards codifying
the human spaceflight mission architecting process, with the ultimate goal of enabling the
efficient evaluation of the architectural decisions thatwdl ghe humani t yés expansi
COSMos.

Thesis SupervisoBlivier L. de Weck
Title: Professor of Aeronautics and Astiautics and Engineering Systems






Financial support for this research was provided by the NASA Office of the Clgafden
for the NASA Innovative Mars Habitat Design Concepts Project under Award number 020758
001, the NASA Human Exploration and Operations Mission Directorate for the NASA /
Launch.org Initiative, the 2012 MIT Alumni Class Funds, the MIT Department fm@eitics
and Astronautics John (1943) and Irene M Goldsmith Scholarship, the MIT Office of the Dean
for Graduate Education Jonathon Whitney Fund, the 2014 AIAA John Leland Atwood

Graduate Award, and the Josephine de Karman Fellowship Trust






Acknawlment s

Wh a t a rideé

This thesis is the culmination of an eight year rollercoaster ride that took me to the highest of
heights, dropped me down to the lowest of lows, and threw at me everything else in between.
Throughout this ride, a number of importaople have helped to create the highs, while
providing me with the strength to keep marching on through the lows. It is these people whom
I would like to express my gratitude towards here. In particular, | would like to thank:

Professor Ol ckimegrr éaOéamclheadei sor for al most
near the researcher | am today without him. It was through his vision, guidance, and belief in
me, that | was able to follow my passion and pursue research in human spaceflight. Every day
I am inawe by the very notion that | have the privilege of working in a field that truly endeavors
to advance the human experience.

Dr. Charlie Camardathe mostdowsio-Ear t h astronaut | 6ve ever me
a valuable member of my doctoral comtext, Charlie has been a part of every step of my MIT
graduate school experiencé r om being the biggest supporter o
that | developed during my Masterds thesis, 1t
the beginning of myhD, to reviewing this very thesis and signing the front page.

Professor Jeff Hoffman the third member of my doctoral committee, who went out of his
way to periodically check up on me during my first few turbulent months at MIT, and was
always willing b provide me with support, both in terms of feedback on my research, and in
providing connections to other scholars in the field.

My thesis readers: Prof Sheila Widnall, and Dr. Robert Shishko, for taking time out of their
busy schedules to review what eddup being quite the long thesis! Their support throughout
the final phases of this thesis journey have been invaluable.

The many professors at MIT, who have taught me so much about framing, decomposing
and solving tough problems across a wide array s€iglines, including Professors Dave
Miller, Ed Crawley, Dava Newman, Annalisa Weigel, Bryan Mosur, and Karen Willcox.

Dean Christine Ortiz, for supporting me through one of the more stressful periods of my
MIT experience, and for providing me with a lashute fellowship that not only reinvigorated
this research from its difficult beginnings, but also gave me the confidence abdladlthat
fueled the completion of this thesis.

Julie Finn, Beth Marois, Bill Litant, and the other administrators, oBicend assistants at
MIT, who took care of the multitude of administrative and logistical challenges that inevitably
arose, allowing myself and others to focus on performing and presenting research both at MIT
and at conferences and meetings across thielwo

My fellow human spaceflight researchers inkhi@ HabNet and Mars One analysis teams:
Andrew Owens, Koki Ho, Sam Schreiner, Lukas Schrenk, Margaret Shaw, and loara Josan
Drinceanu, for helping to mold and advance the field of integrated space sgstéitescting
through your ideas, and knowledge of your respective fields of expertise. It has been a pleasure



to work with you all towards our collective goal of architecting efficient solutions to addressing
the numerous technical and economic challen§eslivancing and sustaining human presence
beyond Earth orbit.

My fellow lab mates and friends from SERG,-839, across the AeroAstro Department
and the greater MIT community, for your everlasting support and friendship, during both the
highs and the log You helped me settle into a new country and built a community around me
that truly made Boston feel like home. Special thanks go to Narek, Andrew, Demetris, Lukas,
Marc, Sam, Veronica, Tak, Bianca, MJ, and Phil, who got me through the final stagiss of th
thesis, as well as Mody, Hemant, Jon, Russ, and Hiten, who helped me navigate life as a new
grad student during my early years at MIT.

Rebecca Chung, for her rides to the weekly group meditation sessions that helped me
recharge for another week of f@ad research, and for her constant support throughout the past
eight years.

My friends from back home in Australia, for helping me to define my identity and to set
goals in life, as we all grew up together in the immigrant neighborhoods of southwestern
Sydhey. | never would have gotten to this point in life without your neveling friendship. |
always look forward to my annual trip home to celebrate the beginning of the New Year with
you all, wunder the glow of fireworks above

My mother, for her love, courage, and all the sacrifices that she has made for me to pursue
my dreams. From her, | learned the value of hard work, and perseverance through tough
circumstances. Every day, | am inspired by her journey fromtevarVietnam, acrss the
pirateinfested waters of the South China Sea in an unseaworthy boat, to a refugee camp on a
remote Malaysian island, and finally to a new foreign land, where she rebuilt her life and
provided her son with everything that he needed to reach fetalse

And finally, to Vivian, my partner and best friend, who came into my life during some of

Syc

its toughest moments, and helped metbiend mysel f when | thought t

loved every moment of our adventure together. You have been amosstirce of happiness
for me, through the good times and the bad. It is only through your unconditional love and
support that this thesis exists today.



Content s

1. Introduction 41
1.1 Background and MOtIVAtIQN............ooiiiiiiiiiieeeiiiiieeeeee e mene e 41
1.2 Framing the Challenge of Sustaining Continuous Human Presenlse 8nitface of
IVIATS .. e 45

1.2.1 The Evolution of Mars Mission Design and Systems Architecting

MethodOIOGIES. ... ..o 45

1.2.2 The ChallengefdDeveloping a Sustained Human Presence in Spac&0

1.2.3 Endurance Levels Required for Mars Mission Habitats.................... 53

1.3 THhESIS STEIMENL.. ...ttt e e e e e e e e e e e neeas 56

1.3.1 Goal StatemMeNt......ccooiiiiiiiie et 57

1.3.2  CaSE SHUAIES ... .uuuuiiiiiiiiiiiie et ereer bttt e e e e e e e e e e e e 58

1.4 THESB OULIINE......ooiiiiiiiie et e eeeee e 60

2. Literature Review 63

2.1 Historical Review of Environmental Control and Life Support Systems.......! 63

2.1.1 Basics of Spacecraft Environmental Control and Life Support......... 63

2.1.2 Selection of the ISS ECLS ArchiteCture...........ceeveeeiiiiiccceeeeeieeie 71

2.1.3 Operational Experience with the ISS ECLS System...............oceeueees 78

2.2 Historical Review of IrSitu Resource Utilization (ISRU)...............ccovvvvvvveenn. 85
221 Early | SRU Studies and their Evolutio

[ F= U T T 85

2.2.2 Mars ISRU Technology Development Programs from the 1990s through to

the Early 20008S.........cooiiiiiiiiiiiiiiieree ettt rree e 91

2.2.3 The Constellation Program and Lunar ISRU................ceeeeeveeeennnnnnnns 93

2.2.4 Mars ISRU Technology Development P@instellation....................... 97



2.3 Recent Analyses on the Supportability of Lebgration Habitation Systems..99
2.3.1 Impacts of Supportability at the Camgaiand Mission Levels............ 929
2.3.2 Impacts of Supportability on Life Support System Architectures.....105
2.3.3 Impacts of Supportabilton In-Situ Resource Utilization Technologi&68

2.4 Chapter SUMMEAIY......ccooiiiiiiiiitieeieeeeitee et e e e e e e e e e s s s armmne e e e e e s aaeeebeeeeeeeeeean 109
HabNet Developmen 111
3.1 Developing the HabNet Framewark............ccccoooee e 112

3.1.1 Constructing the Human Spaceflight Architecture Decision Graph.112
3.1.2 Mapping Previous Research to the Human Spaceflight System Architecture

DeCISION Graphl.......uueeeeeeiiiiiiiissmmeeeeeeeeeeeeensene s smmmr e eeeeeeeeenneennne 118
3.1.3 The Four Classes of Space Habitation............ccccccoeiiieacininnnnns 120
3.2 Formulating the High Level HabNet Structure.............ccccvvvvvieeeniiieeeeeeeee, 122

3.3 Modeling the Systems Architecting Process as a Technology Selection Pid@flem
3.3.1 Categorization of Technology Selection Problems.......................... 125
3.3.2 Object Oriented Programming and the Technology Concept Templ&é

3.3.3 The Fundamental FUNCLIONS............oovviiiiiiiiiieee e eeeeeeeeeeecceeeeeeeeeeens 131

3.4 HabNet Module Development..............ueiiiiiiiiiieeeeeee e 132

3.4.1 Habitation ModUIE...............cuuuuiiiiiiiimmmrieieiieeeeeeeeeeee e 133

3.4.2 In-Situ Resource Utilization (ISRU) Module...........ccccooviiiiiiieecennnnnns 139

3.4.3 Supportability Module..............uueiiiiiiiie e 144
3.4.3.1Estimating the Number of Spare Parts Required to Support Random

=V (U] 145

3.4.3.2Estimating the Number of Spare Parts Required to Stppo

Scheduled MainteNanCe............ccuuviiiiiiiieecieieeeee e 149

3.4.4 Evaluation ModUIE.............ccooiiiiiiiiiieee e 150

3.5 Chapter SUMMIAIY. .. .ueeeeiiiiiee e e e e e e et e e e e e e s emsaaenesss e e e e e e ean 152

HabNet Validation 153

4.1 Validation of the HabNet Dynamic Simulation Capability with BioSim........ 154
4.2 Validation of the HabNet ECLS Models with ISS ECLS Technolagies......157
4.2.1 Obtaining ISS ECLS Technology Data............ccccoeeiiiiiieemeeieviiiinnnnnns 159
4.2.2 Validating the Isothermal Atmospheric Process Assumption........... 163

1C



4.2.3 Urine Processor Assembly Model Validation...............ccoeee e 165

4.2.4 Water Processor AsselgtModel Validation..............ccccevviiiiiieacnnnn. 168
4.2.5 Oxygen Generation Assembly Model Tuning.........ccceeeeveveieiicacennn. 172
4.2.6 Carbon Dioxide Removal Assembly Model Validation.................... 176
4.2.7 Carbon Dioxide Reduction System Model Validation...................... 183

4.3 HabNet Crop Model Validation...........ccooovviiiiiiiieeeii e 187
4.4 Integrated Validation Case StutdyOne Year Deep Space Mission............... 189
4.4.1 Overview of MiSSION SCENANQ.......cueiiiiiieeeieiiiiiee e ean 190
4.4.2 ECLS Consumables Requirements..............eeiiiiiccmeeeeeeeeevvnnnnnnnnnns 193
4.4.3 ECLS Technology RUN TIMES.......uuuuuuuiimiiiiiiimmreeeeeeeennennnnnnnnnnnne 195
4.4.4 ECLS Spare Parts REQUINEMIBIL. .......cceuiiieeeeeiiiiiieeee e eeeiiiivieeeeeee e 197
4.4.5 Comparison of Aggregate ECLS Architecture Mass...................... 199

4.5  Chapter SUMMIAIY. ... .coiiiieeieeee e e e e e eeeeirs s e e e e e e eressaenasn s s e e e e e e e ean 203
Case Study Il The Mars One Mission Plar 205
5.1 A Historical Overview of OnéVay Mission Plans...........cccccccvvvvviiviennneeeenennn. 206
511 A " OvMaey Manned Sp.a.c.e...Mi.s.s.i.0.0n.0..207
512 AiMars to St ayo..Mi.s.s.i.a.n..Co.n.c.e.p.208

5.2 Analysis Objectives and APProach..............euuvuuuviiimmmneeeieiiiiiiieeeeeeeeveveene s 211
5.3 Problem Background...............ociiiiiiiiiociiae e 213
5.3.1 Summary of the Mars One Mission Plan...............ccccovvimemniiiinnnnn. 213
532 Currently AEXxisting, Val i.da.t.e.dl5

5.4 ANAIYSIS SCOPE.....uuuiiiiiiiiiiiiiii e e et e e e e e neess bbbttt e e e e e e e e e e e e e s amnn s 217
5.5 ProbIem SEUUPD.......coiiiiiiiiiiiiiiiemee ettt rrne e e e e e e ———— 217
5.5.1 Habitation Module INPULS...........covriiiiiiiiiiiie e eeeeeeeeeeeeee 220
5.5.1.1ECLS ArChiteCture..........ccccuuiiiiiiiiii e e 221

5.5.1.2 Solid Waste Management...........cccceeveveeeeesieeeevenvnnnnnnnnnns 223
5.5.1.3Crew Systems and Habitat Structures...........ccccceeeeevveeenennn.. 223
5.5.1.4Biomass Production System Architecture..................oeeeeeee 224

5.5.1.4.1 Biomass Production System Crop Selectian............. 224

5.5.1.4.2 Biomass Production System LayQut....................uvves 226

5.5.1.4.3 Biomass Production System Lighting................cc...... 227

11

and

Av ai



5.6

5.7

5.5.1.4.4 Biomass Production System Water Management.....228
5.5.1.4.5 Biomass Production System Horticultural Strategy...229
5.5.1.4.6 Biomass Production Water Carbon Dioxide Manage2@&t

5.5.1.4.7 FOOd ProducCtion.............ccccuuimmmmimiieemiiiieieeeee e 231
5.5.1.4.8 Additional BPS Design Consideratians..................... 231
5.5.2 ISRU MOAUIE INPULS.....ceviiiiiiiiiiiiiiiiimmreeeeeeeeeeeevevveaeeenismmme e s e e e eeeees 233
5.5.2.1Soil Processor Sizing MOdel.............uuuviiiiiiiicnniiieiieieeiiiiiaes 233
5.5.2.2 Atmospheric Processor Sizing Model.............ccooooiiiiieennn, 234
5.5.2.3ISRU for the PredeploymeandCrewed Mission Phases......236
5.5.3 Supportability Module INPULS..........uuueimiiiiiiiis i e 237
5.5.3.1 System Level of Repair and Reliability Data....................... 237
5.5.3.2 Maintenance Strategy.........ceueeeeeeeeeiiiicccee et 238
5.5.3.3 ReSUpPPlY Strategy.........covvvieeieirriiinnnneeeeeeeeeeeeeeeeeeeeeeeenenn e 239
5.5.4 Evaluation MOAUIE.............coooi ittt 239
5.5.4.1Transportation System ASSUMPLIQNS............cccuvveieeeeeennennnne. 240
5.5.4.2Launch Vehicle Feasibility AnalysiS..........cccccceeeviiiiiieeeiinnnn. 241
5.5.4.3Manifest Optimization.............ccoevviiiiiiiiieeen e 242
Case StUAY RESULLS.........uuiiiiiiiiiee et e e 243
5.6.1 Assessment of Architectural Feasibility............cccccoeiiiiiacceeennniniins 244
5.6.1.1Iteration 1: Mars One Baseling..........cccccvvveieiiiieccenieeeeeeen, 244
5.6.1.2lteration 2: ISRU, Lander, and Plant Growth Technology

DEVEIOPMENL. ... 246
5.6.1.3lteration 3: Increased Crop Growth Area..........cccceeveeeeeeennee. 247

5.6.2 lteration 4: Assessment of Architectural and Programmatic Feasibility for
Two Habitation Cases...........uuuiiiiiiiiiiieeeeeeee e 250
5.6.2.1The Biomass Production System (BPS) Habitation Case....250
5.6.2.2The Stored Food (SF) Habitation Case...............ccceevvveeeennn. 253
5.6.2.3Comparative Power and Thermal System Analysis............. 255
5.6.2.4Comparative Assessment of Architectural Feasibility.......... 260
5.6.2.5Comparative Assessment of Programmatic Feasihility........ 261
DiSCUSSION Of RESUILS.....ccoviiiiiiiiiiiiiiiiimmme ettt mmme e e e e eeeeanees 264
5.7.1 MaSS GIrOWLNL......uuuiiiiiiiiiiiie e 265

12



5.7.2 Lifecycle Launch RequUIremMentS............uuuvvvurimiiimmmneeieneeiieeeeeeeeiennnens 266

5.7.3 Biomass Production System versus Stored Food...............ccceeveeen. 267
5.7.4 Sensitivity to Component Reliability..............ceeeeeiiiiiicens 269
5.7.5 Sensitivity to Crew Schedule.............coooooiiiiiiiceci e 270
5.7.6 Other SYSIEIMS......ciiiiiiiiiiiieie ettt e 272
5.8  Chapter SUMMAIY. .. .uueeuiiiiiiis e sttt srs e s e e e e e ean 273
Case Study 2 Return Trip Mission Scenarios 277
6.1 A Brief Overview of Mars Mission Campaigns Involving Return Trips........ 278
6.2 Baseline Habitation ArChiteCtUre............oooiiiiiiiiiiiee e 283
6.3 Impacts of Food Growth on Habitation Architecture..............cccccvvvvieeeeeennn. 288

6.3.1 Interaction between Crew Expired €énd Crop Growth within a Dynamic
MiSSION ENVIFONMENL.....uuiiiiiiiiiiiie e eeeeeiiie e s eeenneees 289

6.3.2 Quantifying the Maximum Proportion of Crops that da@ Grown in a

Shared Volume With the CreW..........coooeiiiiiiiiieeee i 297
6.3.3 Sizing Architectures with a Biomass Production Capability............. 306
6.4 Lifecycle Impacts of Mission Scenario 1: The String of Sorties.................. 308
6.4.1 Habitation Module ReSUItS............cooiiiiiiiiiiieiie e 309
6.4.2 ISRU Module RESUILS.........ccoiiiiiiiiie e eeee e 313
6.4.3 Supportability Module RESUIS.........ccooiiiiiiiiiiiieeiiieeeeee e 316
6.4.4 Evaluation Module ReSULLS............coooiiiiiiiimimiieeeee e 319
6.4.5 Sensitivity of the Mas®©ptimal Architecture to Variations in ISRU
Hardware Mass and Reliability..............coooiiiiiimmniiiiiiiiiiieeceeee 325
6.5 Lifecycle Impacts of Mission Scenario 2: Minimum Continuous Presence.329
6.5.1 Habitation Module ReSUIS............coooiiiiiiiiiimeeee e 333
6.5.2 ISRU Module RESUIS..........ccoeeeeeiiiiii e, 335
6.5.3 Supportability Module ResSUILS..............ccoevriiiiiieeei e 339
6.5.4 Evaluation Module ReSULLS............coooiiiiiiiiemeeeee e 341
6.5.5 Sensitivity of Relative Architecture Ranking® Variations in ISRU
Hardware Mass and Reliability..............ceiiiiiiiiiieeeiiiiiiccneeee e 348
6.6 Discussion of Case Study RESUILS.........ccoeevieieiiiicceecris e 353
6.7  Chapter SUMIMIAIY. .. uuuueeiiiieeee ettt ee bbb e 357

13



7. Summary and Conclusions 361

7.1 TRESIS SUMIMALY.......uueiiiiiiiiiiee e e e eeat e e e e e e e e e e e s e abbbb e s enansssbeeeeeeeaaaaeeaeaeaaannnnnes 361
7.2  Summaryof Key Findings and Contributions............cccooeviiiiiiicmn i 364
7.3 Research Limitations and Opportunities for Future Watk.....................oc... 366
7.3.1 Limitations in the Sope of the Case Studies Performed and Options for
Future Analyses within HabNet..............ooovviiiiiiie s 367
7.3.2 Limitations of Current Analysis Capabilities and Opportunities for Further
REfINEMENL ... e n 368
7.3.3 Expansion of Current Analysis SCOPE.........oeeeeeeeiiiiieceeeeeenn 369

Appendix A. Summary of Main Object Process Methodology (OPM) Construct 373

Appendix B. Habitat Architecture Modeling within HabNet 375
B.1 The SimEnvironment HabNet CIass.............coooiiiiiimmniiiiieeee e 375
B.2 Modeling Multi-Module Habitats................uuueeeiiiieeeeeeeeeeiiiiviiniiemme e 377
B.3 Intermodule Ventilation and the ISSFan Class............ccccccovviiemmiiiiee e, 378

Appendix C. Crew and Crew Activity Modeling 381
C.1 The ACtVItYIMPl ClaSS.......eeiiiiiiieeiii et 382
C.2 Building a Crew Schedule with the Crew Sdhker Function.......................... 383
C.3 The CrewPersonimpl HabNet Class............uuuuiiiiiiccceeieiiieeiieiivieiiinneeee. 385

Appendix D. ECLS Technology Model Library 391
D.1 The StOre CIaSS......ccoiiiiiiiiiiii et eeeeie ettt e e e e e e e e e e e e emmms 391
D.2 The ISSINJECIOr ClaSS. ... . uuiiiiiiiiiie et 395
D.3 The ISSDehumidifier @SS.........ccooiiiiiiiiiiiei e 398
D.4 The ISSVCCRLINEAI CIaSS........ccccuuriiiiiiieiieeeiiieeeeea e e e e e e eieees e 401
D.5 The ISSOGA CIaSS....ccoiiiiiiiiiiiiiiiie ettt ee bbb e e e e e e e e e as 406
D.6 The ISSWaterRSLinear Class...........ccccovvviiiiimmmiiieeeeeeeeeeveeiiieeenee . 410

D.6.1 ISS UPA DESCIIPLON. .....uutururiunnnniiisssiameeeeeessesnnnnsnnnnnnnsmmeeeeessssnnnns 410
D.6.2 ISS WPA DESCHPUON.....cciiiiiiiiiiiiiiiiiiiimmmeeaeeeeeeeeeeeeeseaneessbnnneeeeeeeeeees 412

14



D.6.3 Modeling the ISS UPA and WPA within the HabNet ISSWaterRSLinear

ClASS. .ttt 414

D.7 The ISSCRS ClaSS... . ciiiiieii i i eeeaan e s 418
D.7.1 Modeling the ISS CRS within the HabNet ISSCRS Class............... 419

D.8 The Shelflmpl CIaSS.........uuuiiiiiiiiiiiai et 423
Appendix E. Extravehicular Activity Modeling 429
E.1 Habitat Egress ArchitectuiieAirlocks versus Suitlocks..............cccceevvveeen . 431
E.2 Spacesuit and Portable Lifei@ort System Architectural Decisions............ 433
Appendix F. ISRU Technology Model Library 437
F.L SOOIl PrOCESSOL......cciiiiiiiiiiieee ettt e ee bttt e e e e e e e e e e e e e ammne e as 438
F.2 CO2 CryOCOOIEL......cci oottt eeen vt ee e e e e e e e e nmenn . DA 2
F.3 Solid Oxide CQEIECtrolySis...........ceuvuuvvirriiiiimmmriiiieeeeeeeeiiiiiviiniinimeneeeeeeennn . 445
F.4  Water EI@IIOIYZEN ... ..eeeiiiiiie ettt 447
F.5 Sabatier Reactor Model.............uuiiiiiiiiiceeiiiiieieeeeeeeeecieee e 4D
F.6 Reverse Water Gas Shift REACLOL..............uuiiiiiiiieeeiiiieieee e eeee 454
Appendix G. BioSim Validation Results 459
G.1 SIMUIAtION CASE L....ccoeiiiiiiiiiiii et ieeei ettt e e e mmne e e e e e e e eas 460
G.2 SIMUIALION CASE 2.....cooiiiiiiiiiiit et ieeei ettt e e e mmee e e e e e e eas 462
G.3 SIMUIAION CASE 3.ttt et e e e e e e e rmmne e eeeeaeeas 464
G.4 SIMUIALION CASE 4.....coeiiiiiiiie ettt e e rmmee e e e e e e eas 466
G.5 SIMUIAIG) CASE 5.t et eas 468
G.6 SIMUIALION CASE B....coeeeeeeiieiiiiiiieeieeeii bttt et e e e e e e e e rmmne e s e eeeeeeeeas 471
G.7 SIMUIALION CASE T...coo ittt ieeei ettt e e e mmne e e e e e e e e eas 472

Appendix H. Deep Space Habitat Validation Case Study Assumptions and Resu 475

H.1 ECLS Architecture Case FIOWSheets............oooviiiiiiieeena A75
H.1.1 ArchiteCture Case L.........cuuuiiiiiiiiiiiiieeeeee e 475
H.1.2 ArChiteCture CaSE 2..........uuuuuuuuuiiiiiiiimeeeeeeiiieiiiniii e eeeseeanees 476
H.1.3 Architecture Case 3..........uuiiiiiiiiiiiiii e e e 476

15



H.2

H.1.4 AIChItECIUIE CaASE u.eneeiee et eeeet e r et et e e e rname e e eaeens 477

H.1.5 Architecture Case b..........uuuiiiiiiiiiiiii e a77
Master Equipment Lists and Cpaonent Data for each ECLS Architecture Ch&eé
H.2.1 Architecture Case 1 Master Equipment LiSt............coovvvvvivimennienenen 478
H.2.2 Architecture Case Rlaster EQUipmMeNt LiSt.........ccovvviiiiiiiiiiicceennenns 479
H.2.3 Architecture Case 3 Master Equipment LiSt.............ooovvvvviieeeniinennn 480
H.2.4 Architecture Case 4 Master Equipment LiSt.............ooovvvvvvieenniennnnn 481
H.2.5 Architecture Case 5 Master EQUipmMent LiSt.........cccoeeeiiiiiiiccceeenennns 482

Appendix I. Case Study 1: The Mars One Mission Plain Assumptions ard Results 485

1.1
1.2
1.3
1.4
1.5

Habitation Module ASSUMPLIONS .......uuuuuiiiiiiis s i smeeeneees 485
Assumed ECLS Technologies Employed within the Mars One Habitat..... 487
Heuristics used for ECLS Technology Location Allocation........................ 488
Crop Static Growth ParameterS...........ooiiiiiiiiieeeiiiiiiii e eimmme e 488
COMPONENT DALA.......uuiiiiiiieiii e e e e e e enes 489
[.5.1 Biomass Production System (BPS) Architecture Component.Data489
[.5.2 Stored Food (SF) Architecture Component Data..................ceeneee.. 491
HabNet Supportability Module RESUIS.............evviiviiiiiimeee e 493
[.6.1 Biomass Prodction System Architecture Spare Parts Requirement$93
[.6.2 Stored Food (SF) Architecture Spare Parts Requirements............. 495

Appendix J. Case Study 2: Return Trip Mission Scenario$ Catalog of Results 497

J.1

ECLS Architecture Case FIOWShEELS.........cccuiiiiiiiiieeeiiiieeeee e 498
J. 11 ArChiteCture Case L........oeeiiiiiieeiiieiiieee e 498
J.1.2  ArChiteCture Cas@ 2........ccooiiiiiiiiiiiiiieeeiite ettt e e rmmne e 498
J.1.3  ArChiteCture Case 3......ccooeiiiiiiiiiiiiiieeei e e rmmne e 499
J.1.4 ArchiteCture Case 4.........cooiiiiiiiiiiiiiiiieee et 499
J.1.5 ArChiteCture Case 5.......oooiiiiiiiiiiiiiicee e 500
J.1.6  Architecture Case B..........coovviiiiiiiiiiiiiene et 500
J.1.7  ArChiteCture Case Z........coiiviiiiiiiiiiiiiieeee e 501
J.1.8 ArChiteCture Case B.........ooiiiiiiiiiiiiiiieee e 501
J.1.9 Architecture Case O..........oooiiiiiiiiiiiiiiieee e 502

16



J.2 String of Sorties Mission Scenario Analysis Master Equipment Lists and

Component Data for each ECLS Architecture Case...........ccccccvvvvmmeenennne.. 502
J.2.1 ArChiteCture Case L........cooiiiiiiaaiiiiiiiieee et 503
J.2.2  ArChItECtUIe CasS@ 2.......cccoiiiiiiiiiiiiiieeeit et mmne e 505
J.2.3  ArChiteCture Case 3........ooiiiiiiiiaeii e 508
J.2.4 ArChiteCture Case 4.........cooiiiiiiiiiiiiiieeeii ettt rmmme e 512
J.2.5 ArChiteCture Case B........cooiiiiiiiiiiiiiiieeei et mmne e 516
J.2.6  ArChIteCtUE CaASE B.....evveeeiiiiieeeee i 521
J.2.7 AIChItECIUIE CaASE ...eiiiiiiiiiiiiiieitteee ettt rmmne e 524
J.2.8 ArChiteCture Case B........ccooiiiiiiiiiiiiiieeeie et mmme e 529
J.3 Minimum Continuous Presence Mission Scenario Anakgiaster Equipment Lists
and Component Data for each ECLS Architecture Case...........cccccccviieeee. 534
J.3.1  ArChiteCture Case L........coooiiiiiiiiiiiiiieeniiiiie et e e mmme e 534
J.3.2  ArChiteCtUre CaSE 2.......cceiiiiieieiieiiiiiieee et 538
J.3.3 ArChiteCture Case 3.......ccooiiiiiiiiiiiiiiieeeiie et srmmme e 541
J.3.4  ArChiteCture Case 4........oeeiiiiiiieaiie et 546
J.3.5 ArChiteCture Case 5........oeuiiiiiieiiiiiiiieee e 550
J.3.6  ArChItECIUIE CaAsSE B......cceeiiiiiiiiiiiiiiieeeiie ettt mmme e 555
J.3.7  ArChItECUIrE CASE Z...uuveeieiiiiieee e 560
J.3.8 ArChiteCture Case B.........couiiiiieiiiii e 565
J.3.9  ArChiteCture Case 9........cooiiiiiiiiiiiiiiieeei et mmme e 570
Appendix K. Glossary of Terms 573
References 577

17



18



L1 st of FI gur es

1-1 Summary of the Major Mars Mission Transportation Studies from 1950 to.20082

1-2  Summary of the NASA Evolvable MaurCampaign............ccccuvvveiriiiiieceiiieeeeeeaeeennn 43
1-3 The Apollo MiSSION MOdE DECISIONL......cciiieieiiie e eeeeraeeaenee 46
1-4 NASA DRAS5.0 Top Level Architectural Trade Tree.........uuveeiiiiiiiisimeeeeevviennnnns a7
1-5 Architecture Decision Graph of the ApolMissionModeDecision........................ 48
1-6 NodeArc Formulation for an EartMoon-MarsLogisticsSNetwork......................... 49
1-7 Evolution of Space Habitation Capabilities..............ooooiiiiiimer i 51
1-8 High Population Space HabitalS............coouiiiiiieeen e 51
1-9 Representative MalgiSSIONPrOfiles............cvvvviiiiiiiiiiiireiicceeceeeeeei e 54
1-10 Crew Population Profiles for Three Types of Mars Surface Campaigns............ 55
1-11 Evolution of Space Habitation Capkties including Case Studies........................ 59
2-1 Trade Study Comparing Launch Requirements for Open and Partially Closed. ECLS
2-2 Subsebdf Space Station Freedom ECLS RequUIiremMents..........ccccveeeeeiiecceeeeeeeennns 72
2-3 Overview of the Space Station Freedom ECLS Architecture..............ccceeevveeeeea 73
2-4 Photo of the ELS Test Facility at NASA Marshall Space Flight Centet............. 75

2-5 Setup for the Comparative Testing of Carbon Dioxide Reduction Technalogies'5

2-6 Comparison between Origin8SFand FinallSSWater Reclamation Architectures7

2-7 Summary of the SSF and ISS ECD8velopment andestProgram........................ 78
2-8 Distribution of ECLS Hardware on the ISS at Assembly Complete................... 79
2-9 Comparison between ISS Product Water TOC Level and WPA MEB............... 383
2-10 Predicted annual ISS logistics requirements from 2012 to 2020....................ued 84
2-11 Mars InSitu Propellant Production (ISPP) Architecture proposed by Ash.et.....86
2-12 NASA Design Reference Mission 1.0 ISRU Concept........ccceeeeeeeeeveceeccicienennn, 38
2-13 ISRU Concepts Evaluated as part of the NASRADX.0 Activities.............cceeeee. 89
2-14 The ISRU architecture selected for NASA DRAS.D........uuvvvimimiiiiiiimeeeeeeeeeiiiiiens Q0

19



2-15 Summary of ISRU technology development from 1990 to the a09s................ 92

2-16 Mars ISPP Precursor (MIP) Engineering Development.Unit.................c.eeeeeeee 93
2-17 The Space ISRU MiNiNG CYCIE........cooiiiiiieiiee e Q4
2-18 ISRU Systems Field Tested during Campaigns conducted between 2008 and. 2012
2-19 The RESOLVE PaylOad........cccoiiiiiiiiie e 97
2-20 The MARCO POLO ISRU SYStEIML.....uuiiiiiiiieiiiiieeee i 98
2-21 The MOXIE PaylOad..........coooviiiiiiiiiiiieiee e eeeeeeeeeteeetrnee e e eenannn ! 99
2-22 Conceptual Design of the Consteltet Program Lunar OUtpost.............ceeeeeeeenn.. 100
2-23 Lunar Mission Campaign evaluated by Cirillo et.al............cccooviiiiiicceveiiiiiinnnns 101

2-24 Sensitivity of Crew Days an#élvailable Lander Payload t€hangesn Spares Mass02
2-25 Annual resupply spares demand estimate for the Constellation LunarsQutp...103
2-26 Spare parts requirements calculated for a Nezath asteroid deep space vehiclel04

2-27 Recent analyses the impact of spare parts requirements on total ECLS massl06

2-28 Correlation between Cost vs Reliability..............oeeviiiiiiieeeii e, 107
Nt R [ 11 F= L I L RS SPS PP 113
3-2 The Apollo Mission Mode DECISION.........ccueeeiiiiiiieeee it 114
33 ADG Updated with Decisions..Rel.at.edll4

3-4 TheFnalIntegrated MG.... ..o 116
3-5 Set of architectural decisions traditionally analyzed in Mars mission studies..118
3-6 Set of architectural decisiomsthin the scope of modern space logistics analys&$9

3-7 Set of architectural decisions targeted by HabNet............ccccooiiiicccvveeeeiieiinnnnns 119
3-8 The Four @asses of Space HabitatiQn.............cooooviiiiiicce i 122
3-9 Derivation of the High Level HabNet structure from the Human Spaceflight ADZ3
3-10 The Fou Classes of the Technology SelectRroblem..............ccccoeeeiiiiiieeciiinnnns 125
3-11 The Elements of the Technology Concept Template.............ccccvvvieemrvrrrennnen. 128
3-12 Technology Congat TemplateMappingto ObjectOriented Programming........... 130
3-13 The High Level HabNet StrUCIULE.............vvuviveiiiiicmmree e nene e e e e e eeeee 133
3-14 Data flow within the HabitBon Module...............eeeiiiiiiieeeeeeeei e 135
3-15 Feasible connections currently modeled within the HabNet ISRU Madule......140
3-16 Mars Orbiter Laser AltIMeteMOLA) Map.......uiiiiiiiiieieeee e ceeeeiiinneee e 142
3-17 Mean annual temperature tre Martian surface............cccccceeeeieeevieeee e, 142

3-18 WEH estimation, using a one layer model, adapte8diyenk from Maurice....... 143

3-19 Burial depth estimation for the lower soil layert...........ccovvvvviiiieeeniieeeeeeeeeeeee 143

20

t

he



3-20 Different types OSMP NEIWOIKS...........cuuuuiiiuiiiiiiiiimmmrieieeeeeeeeeeeevivviebebnnne e e e 145

3-21 A Sample CDF SOIULION........coiiiiiiiiiiie ettt eeee b e e e e e e e e as 149
4-1 Sample validation plot of Simulation Case.l............cccuuuviiiiiiceciiiiieieeeee e 156
4-2 Sample validation plot of Simulation Case.Z........cccoovviiiiiiiiiiccei 157
4-3 Screenshot of the Console Display Summary on the ISS Live! Website......... 159
4-4 The three ETHOS console diSplays...........ooovvviiiiiiimeneeeeeeeeeeeen e 160
4-5 The Data Stream Client ISS Data Recording Pracess...............cvvvvimemeeieeeeennee. 161
4-6 U.S. Desiny Laboratory Cabin Temperature...........cccoooeiiiiieemneseciiiiiieeeeeeeeenns 165
4-7 1SS Urine and Grey Water Tank LeVEIS...........covvvviiiiiiiieenieeeeeeeeeeeeen 166
4-8 Comparison between IS$hidHabNeturine and grey water tank levels................ 168

4-9 Summary of ISS data collected that is relevant to the operation of the.WRA...169

4-10 Comparisorbetween IS&nd HabNegrey and potable water tank levels........... 170
4-11 Comparison betweel$S and HabNeDGA production rates................eevveennnneee. 171
4-12 1SS Data related to the operation of the QGA.............c.evviiiiiicceiieeee e 173

4-13 Comparison ofSS and Original HabNet ISSOGA Clgsstable water leval......... 174
4-14 Comparisorof ISS and Updated HabNet ISSOGA Classable water leval......... 176

4-15 1SS Node 3 C@Partial Pressure from Februaryy @ 24", 2016..............cc.cocue.... 177
4-16 Comparison of the IS8nd HabNeCDRA OperationalSchedule.......................... 178
4-17 Typical ISS Daily Schedule..............cuuviiiiii e 179
4-18 CDRA Validation Simulated Habitation ScenariQ.............cccccceeeiieaceeeeeeeenenennns 180

4-19 Comparison ofSS and HabNeWode 3 CQ partial pressurésecond time period).180
4-20 Comparison ofSS and HabNetode 3 CQ partial pressur€irst time period)......182
4-21 The major subassemblies of the ISS Carbon Dioxide Reduction System .(CR$84
4-22 Test and simulation data generated during the development of the ISS.CRS.184

4-23 CO; Accumulator Level predicted by HabNeL...........ccoooeiiiiiiccc i, 186
4-24 The NASA KSC Biomass Production Chamber (BRC)...........cccvvvvvviiimenneeeennnnn. 188
4-25 Comparison betweddabNetanmd test data from a C{Drawdown Tes.............. 188
4-26 One Year Deep Space Mission Scenario Analyzed by Lange and Anderson..190
4-27 Case 5 ECLS Architecture based on tHahe ISS............ccccooiiiicc e 191
4-28 Consumables Requirements for each ECLS Architectural.Case.................... 194
4-29 Spare Parts Requirements for each of e ECLS Architectural Cases............. 197

4-30 Aggregate ESM for each of the five ECLS Architectural Cases examined......201
4-31 ResultsComprison between HabNetahda nge and Ande.r.s.020ds Analy

21



5-1 Summary of the Major Or&/ay Mars Mission Proposals Since 1960............... 206
5-2 Artistic Rendering of the Single Person Lunar Base and its Cargo Landers...208

53 Arti stds Rendering of..t.he..Mar.s..0ne219
5-4 The Baseline Mars One Habitat ArChiteCtUre............covvviieiiiiecceeeeeie e 220
5-5 Baseline Mars One ECLS and ISRU system assumed for this study.............. 222
5-6 Potential shelf layout for the selected crop growth areas.............ccceeeeeeeevvnnnnns 227
5-7 Mars One Habitat Configuratid@O, ConcentratiorSimulationResults................ 230
5-8 Block Diagram of AtmOSPheriCc ProCESSOL. .....c.cuiieiiiiiiiiieeee e e e 234
5-9 TheDesign of the Atmospheric ProCessar...........ccoeeeiiiiiieeeiiiiiiii e 235
5-10 Oz Molar Fraction within thédabitatAtmosphere............ccccvvviviiiiie 248
5-11 N> Tank Level for theNominal Mars One Habitat..............cccuvviiiiieceiiiieneneeeeenn. 248
5-12 The Biomass ProductioSystenHabitationCase ECLS and ISRU Flowsheet....252
5-13 The Biomass Production System Habitation Case Habitat Layaut.................. 253
5-14 The Stored Food Habitation Case Habitat Layout................oooieioeeneiiiciiiinnnee. 254
5-15 The Stored Food Habitation Case ECLS and ISRU Flowsheet........................ 255
5-16 MassBreakdown ofCargoRequired for the first LMissions..............ceceeeeeeeeninee, 262

5-17 Minimum number and cost of launches required for the BPS and SF.cases..263

5-18 Cumulativemass & surfacesystemsdeliveredover the first 10 missions.............. 268

5-19 Impact of increased MTBF on the mass required for the first 10 crewed missi268..

6-1 Split mission concept adopted in the NASA Design Reference Missions........ 279
6-2 A bat chart of the Mars DRA5.0 Split MisSSion CONCEP......cvvvirrieieeeeeeceeeriiiinnnns 280
6-3 Summary of an EXploration ZONE..........coouieiiiiiiiiiieee e 281

6-4 Crew profiles of the for the mission scenarios considered within this chapter..282

6-5 InfluencingHabitation ArChiteCtUresS........cccooviieiii e 283
6-6 Floor plan of the baseline version of the Mars Surface Field Station.............. 284
6-7 Mars Ascent Vehicle design adopted irsttase Stug.............cceeeeeeeiiiviieeeccceeeennn,s 287

6-8 Habitats involving the sharing of an atmospheric volume between crewapsl.@89

6-9 Typical Biological Life Support SysterSteady State Stoichiometric Analysis....290

6-10 Cabin Oxygen Concentrationsdifferent levels of food growth.............ccccceennn. 291
6-11 The three main phases with the lifecycle of at@# plant.............cccceeeiiieiiieees 292
6-12 BPC CQ InjectionRateat 50% Food Production..............cceevvviiiiiimmnneeeeeeeeeeeeee, 293
6-13 Comparison betweerabNet andest data from a C{Drawdown Test................ 294
6-14 Developing a MEC surrogatanodelfor cropCO, demandorediction................... 299

22

n f

atab



6-15 Aggregate Crew C@Exhalation Profile for the first 180 daysS...........eevvvveiniiiiaes 300
6-16 HabNet Simulation of a Food Production Level of 18.8% of Calories Grown..301
6-17 Cabin atmospheric dynamics at various crop growth levels approaching. 4.5%303
6-18 Comparison of atmospheric behavior with 4.5% food growth in various volunga:?
6-19 The String of Sorties MiSSIioN Profile..............eoiian e, 308
6-20 Consumables requiremeriits each of the eight architecture cases examined...310
6-21 Close up of the consumables requirements for Architecture Casés.3.t0......... 312
6-22 Archetypical ISRU Architecture for all ECLS Architectural Cases examined...314
6-23 Comparison of ISRU system masseroas the eight ECLS architecture cases..315
6-24 Spare Parts Resupply Requirements per Mission for each ECLS Architecturé&dX7ase
6-25 Total ESMrequired to be delivered per Mission per ArchitectDase................... 320
6-26 Cumulative ESM per Mission per Architectural Case..........ccocevviiiisieecevvvennnnnns 321
6-27: Cumulative ESM with ISRU Technologies at 10% lower reliability levels....... 325
6-28 Cumulative ESM witlthreelSRU Technologieat 10 times their originahass.....327
6-29 Cumulative ESM withall ISRU Technologies at 10 times their original mass....328
6-30 Crew Population profile for the Minimum Continuous $rece Mission Scenario330
6-31 Floor plan of the &rew expanded version of the Mars Surface Field Station...332
6-32 Consumablesequirements for the first two 2@onth increments....................... 334
6-33 Archetypical ISRU Architecture predicted for all ECLS Architectural Cases....337
6-34 Comparison of ISRU system masses across the eight ECLS architecture.casz®9
6-35 Spare Parts Resupply Requirements for each ECLS Architectural Case........ 340
6-36 Total ESM required to be delivered t per mission per ECLS.case................... 342
6-37 Cumulative ESM per Mission of each of the eight ECLS Architectures Cases343

6-38 Difference in cumulative ESM per mission between ECLS Cases 2.and.1.....344

6-39 Cumulative Mass per Mission per Archite@lCase over 31 missien................. 345
6-40 Total Architecture Lifecycle ESM including ELCS Architecture Case.9........... 347
6-41 Cumulative ESM pr Mission over 31 missionmcluding Case 9........................ 347

6-42 Cumulative ESM per mission with all ISRU technologies at 10% lower reliabiB#9
6-43 Cumulative ESMdifference forECLS Cases 2 andviith ISRU at 10% reliability..350
6-44 Cumulative ESM withthreelSRU Technologies at litme their original mass.....350
6-45 CumulativeESM difference folCases 2 and with 3 ISRU systems at 10x mass351
6-46 CumulativeESM withall ISRU Technologieat 10 tmes their original mass....... 352

6-47 Notionalplot of total ECLS mass versus increasing mission duration.............. 355

23



6-48 Baseline ECLS afhdtecture being assessedNASA6s Evol vabl.85Mar s Can

B-1 The SimEnvironment Class Technology Map...........cccuueiiiiiiicemiiiiieeeeee s 376
B-2 A sample haltat and its adjacency MatriX...........cccuuveiiiiiieemiiiiieieeeee e 377
B-3 A Linear System of Equations built to solve for pressimeen flow...................... 378
B-4 The ISS Interradule Ventilation (IMV) Fan..........ccceeiiiiiiiiiie e 379
B-5 ISSFan Technology Map (Data obtained from [44])........cccceeieiiiiiiceciciciien, 380
C-1 Data Flow within the Habitation MO®L................ooeeiiiiiiiiian e 381
C-2  Activitylmpl Technology Map.......cccoiiiiiiiiiiiii et mnee e 382
C-3 Snapshot of a 24 holBS crewschedule............coooooeiiiiiiiiieeeii 383
C-4 Inputs and Outputs of the CrewScheduler HabNet Function....................c...... 384
C-5 Technology Map of the CrewPersonimpl HabNet Class.........cccccccvviiiieecenennnn. 386
D-1 Technology Map of the Store HabNet Class..........ccooviiiiiiiieceeeeiiiiiiiiiinnnnn 392
D-2 Schematic of Pressure Control Assembly Interface with Habitat Shell on the. BERS
D-3 Technology Map of the ISSInjector HabNet Class...........ccoooe e e e ceeeviiiicceeen, 397
D-4 Flowsheet for the ISS Common Cabin Air Assembly...............cevvvvivimemneeennennen. 398
D-5 Technology Map for the ISSDehumidifier HabNet class...........cccccoviiiieeenennn. 399
D-6 Summary of the ISS Carbon Dioxide Removal Assembly and its Subassemb#é2
D-7 Technology Map for the ISSVCCRLinear HabNet class............cccccvvvvveeeeeeennn. 404
D-8 Summary of the ISS Oxygen Generation Assembly and its Subassemblies... 406
D-9 Technology Map for the HabNet ISSOGA Class.........ccoovvvvvvvvivimmmeeeeeeeeseeeeee 408
D-10 Summary of the ISS Urine Processor Assembly and its Subassemblies......... 411
D-11 Flow path of urine through the UPA Distillation Assembly..............cccccevvveeeneee. 412
D-12 Summary of the ISS Water Processor Assembly and its Subassemblies........ 413
D-13 Technology Map for the HabNet ISSWaterRSLinear Class..................ccoveueee 415
D-14 Summary of the ISS Carbon Dioxide Reduction System and its Subassemhbli4$9
D-15 Technology Map for the HabNet ISSCRS Class............cccceevvvvveeeeccciiieeeeenn.. 420
D-16 Technology Map for the HabNet Shelfimpl Class..............ccoo i ieeeceiccciiieeee 424
D-17 Crop-specific attributes stored in a generic HabNet Crop Class....................... 425
D-18 Typical Stages of Crop Growth Modeled within the MEC Models................... 426
I I o T UT 10T 0] 1= o ) 431
F-1 Flowsheet of the Soil Processor modeled within HabNet.................cccceeeen. 438
F-2 Cryogenic CQCompressor system model architecture.............ccccceevcmeereenee. 443
F-3 Solid Oxide CQ electrolysis model architeCture...............uuvuuemiiccreeeeereeeeeeiennnns 445

24



F-4 Water electrolysis model arChiteCtUre..............uuvvuuiiiiicceiiieeiieevveei e 448

F-5 Sabatier reactor modeling architeCture...............eeeiiiiiiceeiiiiiiiee e 452
F-6 Reverse water gas shift reactoodeling architecture...............ccccccvvveeeeevneee..... 455
G-1 Comparison of Atmospheric Composition for Simulation Case l.................... 460
G-2 Comparison of Atmospheric G@or Simulation Case.L........ccccceeveiviiiiieccccinnnnnns 460
G-3 Comparison of Potable Water Store Level for Simulation Case l................... 461
G-4 Comparison of Food Store ‘el for Simulation Case L........cccceevviiiiieiisieeceiinnnnns 461
G-5 Comparison of Grey and Dirty Water Store Levels for Simulation Case.l......461
G-6 Comparison of Anospheric Composition for Simulation Case.2...................... 462
G-7 Comparison of Potable Water Store Level for Simulation Case 2................... 462
G-8 Compaison of Food Store Level for Simulation Case.2........cccoeeevveeiiiceecevnnnnns 463

G-9 Comparison of Grey and Dirty Water Store Levels for Simulation Case .2......463

G-10 Comparison of Atmospheric Composition for Simulation Case 3................... 464
G-11 Comparison of Atmospheric Oxygen Content for Simulation Case.3............... 464
G-12 Comparison of Potable Water Store Level for Simulation Case 3.................. 465
G-13 Comparison of Food Store Level for Simulation Case.3.........ccccceeeeveeeeecvvvnnnns 465

G-14 Comparison of Grey and Dirty Water Store Levels for Simulation Case 3......465

G-15 Comparison of Atmospheric Composition for Simulation Case 4.................... 466
G-16 Comparison of Atmospheric Oxygen Content for Simulation Case.4............... 467
G-17 Comparison of Potable Water Store Level for Simulation Case 4.................... 467
G-18 Comparison of Hydrogen Store Level for Simulation Case 4.............ccccceveee. . 468
G-19 Comparison of Atmospheric Composition for Simulation Case 5..................... 468
G-20 Comparison of Atmospheric Oxygen Content for Simulation Case.5............... 469
G-21 Comparison of Potable Water Store Level for Simula@ase 5...............ccoeeen.. 469
G-22 Comparison of C@Store Level for Simulation Case.b.............oovvvvvviivieeneeeenenn 470
G-23 Comparison of Hydrogen Store Level for Simulat@dase 5............ccccceeeeiiiieeeen. 470
G-24 Comparison of Methane Store Level for Simulation Case.5.........ccccccevvvvveeen.. 470
G-25 Comparison of Atmospheric Composition for Siaidn Case 6................eevnnen... 471
G-26 Comparison of Atmospheric Water Vapor Content for Simulation Case 6......471
G-27 Comparison of Potable Watetoge Level for Simulation Case.6............ccoee...... 472
G-28 Comparison of Atmospheric Composition for Simulation Case..7..................... 472
G-29 Comparison of Pable Water Store Level for Simulation Case.7...................... 473
G-30 Comparison of Food Store Level for Simulation Case.7.......ccccceveveeeiiseeeeennnnnns 473

25



H-1
H-2
H-3
H-4
H-5
NK]
32
33
34
35
16
37
38
39

Deep Space Hatat ECLS Architecture Case . l.......ccccoeeeeeeieeiiiiececciiiiinnnennnn L AT5

Deep Space Habit&CLS Architecture Case 2............cooeecvvvvvvieencvereneeneeneee.. . 476
Deep Space Habit&CLS Architecttie Case 3........cccceeeevveeeeeeeccceevinniiceeeen . 476
Deep Space Habit&CLS Architecture Case 4......ccccovvvvveieiieeeccesvinnnnnnnnnnnnn AT T
Deep Space Habit&CLS Architecture Case. b......cccoeevveveeiiiiicccceeicceeennn AT T
Mars Surface Field StatiddCLS Architecture Case.l..........cccccccvvvvviieennneee..... 498
Mars Surface Field StatiddCLS Architecture Case.2...........ccccccvvveviceeenneee..... 498
Mars Surface Field StatidBCLS Architecture Case.3........cccceeeeiiiiiiiiinnn s 499
Mars Surface Field StatiddCLS Architecture Case4...........cccccvveveevceeennee..... 499
Mars Surface Field StatidBCLS Architecture Case .S........ccccveeeveiiiiiicaneeeneeenn. 500
Mars Surface Field StatidBCLS Architecture Case.B..........cccecuvvvreiiiicemninnnnn. 500
Mars Surface Field StatidBCLS Architecture Case.Z.......cccccvveeriiiiiiiienneneinnnd 501
Mars Surface Field StatidBCLS Architecture Case 8.........cccccvveveiiiiiieeneneeeeenn. 501
Mars Surface Field StatidBCLS Architecture Case .Q.........cccovvveeiiiivieecieeeennnns 502

26



L

2.1
2.2
2.3
2.4
2.5
2.6
3.1
3.2
3.3
3.4
3.5
3.6
3.7
3.8
4.1
4.2
4.3
4.4
4.5
4.6
4.7
4.8
4.9
5.1
5.2

| sTabif es

ECLS Functions and SUBfUNCHIONS...........ccoiiiiiiiieeeie e mmee e 64
Levels of Mass Loop Closure and their Corresponding Functions.................... 66
Evolution of ECLS Technologies used in U.S. Spacectraft.................cccvveeeeeennn. 68
Evolution of ECLS Technologies used in Russian Spacecraft.............cccooviee.! 69

The set of ECLS technologies evaluated during the Comparative Test Prograrm4
The Major Operational Challenges Experienced with the ISS ECLS System....80
Example Options for each decision in the HurBpaceflight System ADG.......... 117
Fundamental Object and Process Set adapted from de Weck.et.al................ 131
A Survey of Existing Haitation and Life Support Modeling and Sizing Taals....135
Summary of the ECLS Technologies Currently Modeled within HabNet......... 137
Failure Conditions Employed within the HabNet Habitation Module................ 138
Summary of Technologies Currently Modeled within the HabNet ISRU Module39
Martian Atmospheric Composition assumed in the ISRU Madule.................... 141
Symbols, names, descriptions, and equations used in the Owens SMP Apprdaéh.

Summary of Habitation Scenarios Compared between BioSim and HabNet...155

HabNet ECLS Models compared against their ISS Counterparis.................... 158
ISS ECLS related activities on the 1SS from Jul{},12015 to August% 2015......162
ISS ECLS related activities on the 188m February 9 to 29", 2016.................... 163
List of One Year Deep Space Mission Scenario HabNet Input Parameters....192
ConsumableRequirements for each ECLS Architecture Case............cccccvvvvueen 194
System Runtimes for each ECLS Architecture Case............ccceeeeevveeecciiiiennnn. 196
Mass Equivalency ®lues used in the calculation of ESM.............ccccovvvvvieeennnn. 200
Calculated Efficiencies for each ECLS Technology............ccoovevviieeeccciiieeenennn. 201
Summary of the Mars One 880N Plan..........ccoovviiiiiiiiiiieee e 213

Summary of input parameters used to model the Mars One missian.plan......218

27



5.3 Optimized growth areas for variswbjective function weightings....................... 226

5.4 Grow Light System Requirements Calculation.................eeeeiieeciiiienenenneennenns 228
5.5 Assumptiongelated to the DeliveryfaCargo to the Martian Surface................... 240
5.6 Estimated Mass Breakdown for the Atmospheric Processar...............ccceeveeeee 249

5.7 Power demands for systenmst differentiate the BPS and SF habitation cases 256
5.8 DifferentiatingPower and Thermal System Contributions of the BPS andaSEs259

5.9 Summary of ISRU Resource Requirements I&RU System Mass..................... 260
5.10 System level impacts of removing exercise from the crew schedule............... 272
5.11 Summary of findings from the analysis iterations performed................cccccueee.. 273
6.1 Summary of the main characteristics of ehabitatmodule.........................c....ee. 284

6.2 Summary of main HabNet input parameters for the analyses perftiened........ 285
6.3 Aggregate Crew C&OExhalation Rates for thérew Schedulesadopted here......... 301

6.4 Summary of EM Calculations for Systems involved in Food Production......... 307
6.5 Consumables Requirements for each ECLS Aechiire Case............ccccvvvvniinces 311
6.6 Resource production rates required for each ECLS architecture.case............. 313
6.7 ISRU system mass for each ECLSHatecture case...........cccccvvvvvvvvviiveeecceeeeeee, 314
6.8 The Costs of Adding ECLS and ISRU to obtain required ECLS Consumables323
6.9 Consumables Requiremerfits the first two 26month increments....................... 335
6.10 Resource production rates required for each ECLS architecture.case............. 336
6.11 ISRU system mass for each ECLS architecture Case.........ccccceveriieeeveeeneneennn. 338
A1l OPM BasiC EIBMENIS. ...t 374
A2 OPM SHUCIUIAl LINKS...cciiiiiiiiiiiiiiiiiiteeeiit ettt e e s rmmne e eeeeeeas 374
A.3 OPM Procedural LINKS........c...uuuiiiiiiiiiiii e ereseie e e e e e 374
A.4 Equivalent Representations in OPM........cccooiiiiiiiiiiiceeeiiiiiiiissss s eeeennees 374

C.1 Mapping Intesity Values used by the Actvitylmpl class and Crew Activities....382
C.2 Assumed EVAday SChedUIL.............uuuiiiiiiiii i s eeeeeaeannenes 385
C.3 Causes, Effects, and Re®oy Mechanisms from Various Degraded States.......389
D.1 Summaries of Various Stores used on the ISS and Modeled within HabNet...394

D.2 Component Data Used to Model the ISSDehumidifier HabNet Class.............. 401
D.3 Component Data Used to Model the ISSVCCRLinear HabNet Class.............. 405
D.4 Component Data Used to Model the ISSOGA HabNet Class..........................410

D.5 Component Data Used to Model the URAhe ISSWaterRSLinear HabNet Clag47
D.6 Component Data Used to Model the WPA in the ISSWaterRSLinear HabNet4lldss

28



D.7 Component Data Used to Model the ISS CRS within the ISSCRS HabNet.Cl482
E.1 Comparison between Airlocks and SUItlOCKS............cooiiiiiiiiaace 432
E.2 PLSS Technologies currently modeled within HabNet................ooooiiieen s 434
F.1 ISRU Technologies currently modeled within the HabNet ISRU Module......... 437
F.2 Summary of Soil Processor Sizing Equations developed by Schrenk.............: 439
F.3 Soil ProcessorWater Extraction system model comparison..............cccc.....ee... 441
F.4 Multiplicative factors derived for the soil processor sizing eQuat.....................: 442
F.5 Summary of Cryogenic CGCompressor Sizing Equations developed by Schretk3
F.6 Cryogenic CQCompressor sizingnodel comparison.............ccccccvvvvvvvieennennn...... 444
F.7 Multiplicative factors derived for the GQ@ompressor sizing equatians.............. 444
F.8 TheSolid Oxide CQ Elecrolysis Systen8izing Equations developed by Schredk6
F.9 Solid oxide CQelectrolysis model comparisan.........ccccceeeeeeeiiiceccnnnnninnnnnnn. 447
F.10 Multiplicative factors derived for the SOCE sizing equations............cceeeeeeeeeunss A47
F.11 Summary of ISRUNater ElectrolyzeBizing Equations developed by Schrenk.449
F.12 Water Electrolyzer Sizing model COMPariSon...........cccccevvvvvvieemiiii e 450
F.13 Multiplicative factors derived for the water electrolyzer sizing equations......... 451

F.14 Summary of Sabatier Reactor Sizing Equations developed by Schrenk......... 453

F.15 Sabatier reactor model COMPArISON..........uuuuuuuumniimreeeeeeeeeeeeeeenernnenmn——e e 454

F.16 Multiplicative factors derived for the ISRU Sabatier Reactor sizing equatians 454

F.17 Summary of RWGS Reactor Sizing Equations developed by Schrenk............ 456
F.18 RWGS MOdel COMPATISON.......uuuuururiinniiiiimreeeeeeeessennnsnnnnnnnsmmseeeeeeesssssnennnnnns 457
F.19 HabNet RWGS Sizing Equations with Correction Factars.........ccccccceeeevieeenn.. 457

1.1

1.2

J.1
J.2
J.3
J.4
J.5
J.6
J.7
J8
J.9

Habitation Module Assumptions used to model the baseline Mars One habitat85
Assumed ECLS technologies employed within the baseline Mars One habita#i87
String of SortieArchitecture Case 1 Master Equipment LiSt............cccooeeinees 503
String of SortieArchitecture Case 1 Spare Padbmmanddor each Component..504
String of SortieArchitecture Case 1 SparBemandswith ISRU at 10%MTBF ....504
String of SortieArchitecture Case 2 MastegEpment LiSt.........cccooevvviiiinnnnieeeesd 505
String of SortiedArchitecture Case 2 Spare Pdbsmanddgor each Component..506
String of SortiedArchitecture Case 2 Spar®emands with ISRU at 10% MTBE 507
String of SortieArchitecture Case 3 Master EquipmenttLis..........ccooeeieeeeeeesd 508
String of SortieArchitecture Case 3 Spare Pdbmmand for each Component..510
String of SortiedArchitecture Case 3 SparBemands with ISRU at 10% MTBF.511

29



J.10
J.11
J.12
J.13
J.14
J.15
J.16
J.17
J.18
J.19
J.20
J.21
J.22
J.23
J.24
J.25
J.26
J.27
J.28
J.29
J.30
J.31
J.32
J.33
J.34
J.35
J.36
J.37
J.38
J.39
J.40
J.41
J.42

String of SortieArchitecture Case 4 Master Equipment LiSt...........cccoeeeeeeeeend 512
String of SortiedArchitecture Case 4 Spare Pdbmmandfor each Component....514
String of SortieArchitecture Case 4 SparBemands with ISRU at 10% MTBFE.515
String of SortieArchitecture Case 5 Bbster Equipment LiSt.........cccoovvviiieninneend 516
String of SortiedArchitecture Case 5 Spare Pdbsmanddor each Component..518
String of SatiesArchitecture Case 5 SparBemands with ISRU at 10% MTBF.519
String of SortieArchitecture Case 6 Master Equipment LiSt...........cccoeeeeeeeeend 521
String of SortiedArchitecture Case 6 Spare Pdbsmanddor each Component..522
String of SortiedArchitecture Case 6 SparBemands with ISRU at 10% MTBF. 523
String of SortieArchitecture Case 7 Master Equipment LiSt...........cccoeeeeeeeeend 524
String of SortiedArchitecture Case 7 Spare Pdbsmand for each Gmponent....526
String of SortiedArchitecture Case 7 SparBemands with ISRU at 10% MTBF. 527
String of SortieArchitedure Case 8 Master Equipment LiSt........ccccceeeeeeeeeeeesd 529
String of SortieArchitecture Case 8 Spare Pdbwmanddor each Component..530
String of SortieArchitecture Case 8 SparBemands with ISRU at 10% MTBF. 532
Minimum Continuous Presen€&ase 1 Master Equipment Lis...............cccvvnnee. 534
Minimum Continuous Presen€ase 1 SpasDemanddor each Component......536
Minimum Continuous Presen€ase 1 SpasDemands with ISRU at 10% MTBB37
Minimum Continuous Presen€&ase 2 Master Equipment List...............cccevveee. 538
Minimum Continuous Presen€ase 2 SpasDemanddor each Component......539
Minimum Continuous Presen€ase 2 SpasDemandswith ISRU at 10%MTBF..540
Minimum Continuous Presen€&ase 3 Mastdequipment LiSt..............cccccvvvvnen. 541
Minimum Continuous Presen€ase 3 SpassDemand$or each Component......543

Minimum Continuous PreseaCase 3 SpasgDemandsvith ISRUat 10% MTBFE.544
Minimum Continuous Presen€&ase 4 Master Equipment List...............ccceevveee. 546
Minimum Continuous Presen@ase 4 Spard3emanddor each Component......547

Minimum Continuous Presen€ase 4Spares Demands with ISRU at 10% MT.EBR9
Minimum Continuous Presen€&ase 5 Master Equipment LiSt..............oovvvvvivnnne 550
Minimum Continuous Presen€&ase 5 SparBemands.........ccccoeevvveiiiiiisceeeinnnnns 552
Minimum Continuous Presen€ase SSpares Demands with ISRU at 10% MTBB4
Minimum Continuous Presen€&ase 6 Master Equipment LiSt...........ccccoeeeeeennee. 555
Minimum Continuous Presen€&ase 6 SpaseDemand for each Component......557

Minimum Continuous Presen€ase 6Spares Demands with ISRU attaMTBF..558

3C



J.43
J.44
J.45
J.46
J.47
J.48
J.49
J.50

Minimum Continuous Presen€&ase 7 Master Equipment LiSt...........cccoeevvieennee. 560
Minimum Continuous Presen€&ase 7 SpaseDanands for each Component......562
Minimum Continuous Presen€&ase 7Spares Demands with ISRU at 10% MTBB3
Minimum Cortinuous Presend8ase 8 Master Equipment LiSt...........cccooevveennne. 565
Minimum Continuous Presen€ase 8 SpassDemand for each Component......567
Minimum Continuous Presen€&ase 8pares Demands with ISRU at 10% MT.EBB8
Minimum Continuous Presen€&ase 9 Master Equipment LiSt...........cccooevveenne. 570
Minimum Continuous Presen€ase 9 SpassDemand for each Component......571

31



32



Nomencl

Abbreviations

AC

ACS
ADG
ALSSAT
AP

AR

ARC
ARFTA
ASV
BCF
BIO-Plex
BMS
BPC
BPS
BVAD
CCAA
CCC
CDF
CDRA
CDT
CEEF
CHX

CM
CONOPS
CPS

atur e

Assembly Complete

Atmosphere Control and Supply

Architecture Decision Graph

Advanced Life Support Sizing and Analysis Tool
Atmospheric Processor

Atmosphere Revitalization

Ames Research Center

Advanced Recycle Filter Tank Assembly

Air SelectoValve

Biomass Carbon Fraction

Bioregenerative Planetatife Support System Test Complex
Bed Molecular Sieve

Biomass Production Chamber

Biomass Production System

Baseline Values and Assumptions Document
Common Cabin Air Assembly

Contaminant Control Cartridge

Cumulative Distributhn Function

Carbon Dioxide Removal Assembly

Central Daylight Time

Closed Ecology Experiment Facilities
Condensing Heat eXchanger

Command Module

Concept of Operations

Cabin Pressure Sensor

33



CQY
CRS
CSA
CUE
CWC
DA
DAB
DCG
DLR
DMSD
DRA
DRM
DSH
DSM
EAWG
ECLS
ECLSS
EDB-Y
EDL
EDO
EIB
ELISSA
EMAT
EMC
EMU
EOL
ESA
ESM
ETHOS
EVA
EZ
FCPA
FDS

Canopy Quantum Yield

CarbonDioxide Reduction System

Canadian Space Agency

Carbon Use Efficiency

Contingency Water Container

Distillation Assembly

Desiccant/Adsorbent Bed

Daily Carbon Gain

Deutsches Zentrum fur Lufund Raumfahrt (German Aerospace Center
dimethylsilanediol

Design Reference Architecture

Design Reference Mission

Deep Space Habitat

Design Structure Matrix

Exploration Atmospheres Working Group
Environmental Control and Life Support
Environmental Control andife Support System
Russian Urine Tank

Entry Descent and Landing

Extended Duration Orbiter

Electronic Interface Box

Environment for Life Support Systems Simulation and Analysis
Exploration Maintainability Analysis Tool
Evolvable Mars Campaign

Extravehicular Mobility Unit

End Of Life

European Space Agency

Equivalent System Mass

Environment and Thermal Operating Systems
Extravehicular Activity

Exploration Zone

Fluids Control and Pump Assembly

Fire Detection and Suppression

34



FOM
FY

GLS
GPL3.0
GRS
HEFT
HIDH
HPGT
HVAC
HX
IMLEO
IMV
ISPP
ISRU
ISS

IVA
JSC
KSC
LED
LMLSTP
LOC
LOR
MAG
MAV
MARCO-POLO
MATLAB
MCC
MEC
MEL
METOX
MF
MFB
MIP

Figure of Merit

Fiscal Year

Growth Lighting System

General Public License 3.0

Gamma Ray Spectrometer

Human Exploration Framework Team
Human Integration Design Handbook
High Pressure & Tank

Humidity Ventilation and Air Conditioning
Heat Exchanger

Initial Mass to Low Earth Orbit
Intermodule Ventilation

In-Situ Propellant Production

In-Situ Resource Utilization
International Space Station
Intravehicubr Activity

Johnson Space Center

Kennedy Space Center

Light Emitting Diode

LunarMars Life Support Test Project
Loss Of Crew

Lunar Orbit Rendezvous

Maximum Absorbency Garment

Mars Ascent Vehicle

Mars Atmospherand Regolith Collector/PrOcessor for Lander Operations

Matrix Laboratory
Mission Control Center
Modified Energy Cascade
Master Equipment List
Metal Oxide

Multifiltration
Multifiltration Bed

Mars ISPP Precursor

35



MIT Massa&husetts Institute of Technology

MLS Mostly Liquid Separator

MOLA Mars Orbiter Laser Altimeter

MOR Mars Orbit Rendezvous

MOXIE Mars Oxygen ISRU Experiment

MRF Microbial Removal Filter

MRO Mars Reconnaissance Orbiter

MSFC Marshall Space Flight Center

MTBF Mean Time Between Failure

MTTR Mean Time To Repair

MTV Mars Transit Vehicle

NASA National Aeronautics and Space Administration
NFT Nutrient Film Technique

NIV Nitrogen Interface Valve

NORCAT Northern Centre for Advanced Technology
OGA Oxygen Generation Asswly

OGS Oxygen Generation System

ol Oxygen Interface Valve

OPD Object Process Diagram

OPL Object Process Language

OPM Object Process Methodology

ORA Oxygen Removal Assembly

ORU Orbital Replacement Unit

PC Personal Computer

PCA Pressure Control Assembly

PCM Pressurized Core Module

PCPA Pressure Control and Pump Assembly
PDAM Predetermined Debris Avoidance Maneuver
PDF Probability Distribution Function
PDISRU PreDeploy InSitu Resource Utilization
PDMS polydimethylsiloxane

PEM Proton Exchange Membrane

PGA Pressure Garment Assembly

36



PILOT
PLM
PLOC
PLOM
PLSS
PMF
PMM
PNNL
PPF
ppm
PPRV
PWD
R&R
RCA
RESOLVE
RH
RO
ROI
RP
RPCM
RPM
RS
RSA
RWGS
SCUBA
SDTTR
SF
SFWE
SMP
SOCE
SPWE
SSF
STS

Precursor ISRU Lunar Oxygen Testbed
Pressurized Logistics Module
Probability of Loss of Crew

Probability of Loss of Mission

Portable Life Support System
Probability Mass Function

Permanent Multipypose Module

Pacific Northwest National Laboratory
Photosynthetic Photon Flux

parts per million

Positive Pressure Relief Valve

Potable Water Dispensor

Remove and Replace

Rapid Cycle Amine

Regolith & Environment Sciena@nd Oxygen & Lunar Volatile Extraction
Relative Humidity

Reverse Osmosis

Region of Interest

Resource Prospector

Remote Power Control Module
Revolutions Per Minute

Russian Segmeiffof the International Space Station)
Rotary / Sparator Accumulator
Reverse Water Gas Shift
SelfContained Underwater Breathing Apparatus
Standard Deviation in Time To Repair
Stored Food

Static Feed Water Electrolysis
SemiMarkov Process

Solid Oxide CO2 Electrolysis

Solid Polymer Water Electrolysis
Space Station Freedom

Space Transportation System

37



SWME
TCC
TCCV
THC
TIMES
TOC
TRL
UCTA
Ul
ULD
UPA
URL
us
USOS
uTC
VCD
VRCV
VRIV
VS
WEH
WHC
WM
WPA
WRM
WRS
WSTA
XRD
XRF
YSZ

Spacesuit Water Membrane Evaporator
Trace Contaminant Control
Temperature Control Check Valve
Temperature and Humidity Control
Thermoelecic Integrated Membrane Evaporation System
Total Organic Carbon

Technology Readiness Level

Urine Collection and Transfer Assembly
User Interface

Ultrasonic Leakage Detector

Urine Processor Assembly

Uniform Resource Locator

United States

United States Orbital Segment
Universal Coordinated Time

Vapor Compression Distillation

Vent and Relief Control Valve

Vent and Relief Isolation Valve

Vacuum Systems

Water Equivalent Hydrogen

Waste and Hygiene Q@apartment

Waste Management

Water Processor Assembly

Water Recovery and Management
Water Recovery System

Wastewater Storage Tank Assembly
X-Ray Diffraction

X-Ray Fluorescence

yttrium-stabilizedzirconia

Roman Symbols

a

Base éngth (m)
Area (nf)

38



I Ge@ T ™>maoo o »

w ¥ - O UVT°©T O0OzZ25 L 3 M @« =~

—

X = < < c dH

Argon

Backup soil level in ISRU hopper

carbohydrate fraction of crop dry mass

Carbon Cooling requirement (kW)

Diameter (m)

Expected value; Mass equivalency used in ESM calculatiemergy (J)
fat fraction of crop drynass; fill factor (%)

Probability Density Function

PDF of first passage timéequalityconstraints

CDF of first passage time

Hydrogen Unconditional waiting time density matrikeight (m)
Identity Matrix, System current (Amperes)

Counter forthe number of times a system has entered an SMP state
Objective function

Length(m)

Mass of individual item (kg)

Massof system(kg)

number of spares requireggumber of molesnumber of items
Nitrogen Number of items

Oxygen

protein fracion of crop dry mass

PressurékPa) Probability Power (kW) Pitch (m)

Kernel Matrix

Crop static growth rates (gffday); radius (m)

Universal Gas Constant; Resource production rate (kgédius (m)
Laplace domain coordingt&afety margin

Time domain oordinate(s); Thicknesgmm)

Time (h) Temperature (K)

Electrolysis ell voltage (Volts)

Volume of individual item (rf)

Markov renewal process probabilityolumeof system(m®)
Weighting value (from O to 1)

Generic variable

39



y Geneic variable

Greek Symbols

d Efficiency

L Time-dependent state probability

€ Log-scale parameter

J Mass @nsity(kg/n); Current density (kKA/f)

Co

Shapegrarameterstandard deviatigrStefanBoltzmann Constant

Subscripts

auger Auger

B Batch

o Container

cond Condensing

cool Cooling

D Daylight

env Ambient environment

E Electrical Eclipse

fall Component failure

h Heating Heating rod

i Generic index

j Generic index

p Piping

Pl Active ECLS systems installed in spacecraft racks
PS Consumables and systems stored within a pressurizedement
rep Component repair

resub Resublimation

S Soil; Sieve

SA Solar Array

t Time domain oordinate (s)

TA Tube Assembly

U Consumables and systems stored within an unpressurized environment

40



Chapter 1

| nt roductil on

1.1 Background and Motivation

Since the dawn of thepace age, humanity has aspired towards traveling to and settling distant

worlds. These goaldhave been motivated by curiositthe desire for exploration, and the

promise of new knowledge addscoveriegl]. Of all the possible destinations within our local

planetary neighborhood, Mars has time and time again been identified as the horizon goal for

human spaceflight the guiding destination for loAgange programmatic planning, ancth

next major waypoint in hufgni tyds expansion ir
Given these enduringspirations, it is not surprising that over the past sixty years,

numerous Mars mission design studies have been undertaken, each exploring various options

for transporting humans to and from the pahet(seeFigurel-1).
While these studies have provided great insight into addressing the challenges of

transporting people to the surface of Mars, relatively little research has been done in addressing

the challenges of sustaining them once they get there, pariycfor durations greater than

those of the tradition&0 dayshort and500 daylong-stay sortie missions. Recently however,

research in the domain of lomyration space habitation has gained increasing importance.

This originated with President Obatn@ si gni ng of the 2010 NASA Au

for the first time, declared that:

AThe long term goal of the human space flight and exploration efforts of NASA

shall be to expand permanent human presence beyorBdaiv orbitd [3]
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Figure1-1: Summary of the Major Mars Mission Transportation Studies from 1950 to 2000

[4]

This goal was reaffirmed in the 2015 NASA Authorization Act, with the statement that:

AHuman exploration deeper into the Solar System shall be a core mission of the

Administration. It is the policy othe United States that the goal of the

Admini strat

onds explorat

i on program

mission to the surface of Mars to begin human exploration of that pigbét.

shall

In response to this mandate, NASA began conducting a series of studies in 2014 entitled
M a[6] svith €Gha mtpra of glentifying dhdideyeloping a

better understanding of the technological and programmatic challenges of developing a

the AEvol vabl

e

permanent human presermeMars. An important outcome of this effort has been the division

of t he

agencyos

crewed Mar s

exploration

directly to a particular region of space between Earth and Mards shown inFigure 1-2,

these phases are:
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- The Earth Reliant Phase, which revolves around research and technology
demonstrations onboathke International Space Station (ISS)
- The Proving Ground Phase, which is based on testisgane propulsion, and deep
space habitation and operations withinwmsr space; and
- The Earth Independent Phase, where humans visit locations within the Ngstiem,
and validate, deploy, and operate orbital and ground infrastructure that will enable
repeated crewed expeditions to the surface of Mars.
As the name of the final phase suggests, the ultimate objective of this program is to develop
the capability &r people to live and work on the surface of Mars in arséiint mannefi one
that is independent from periodic resupply from Earth. As of late 2015 however, most major
results published by the EMC effort have revolved around decisions related tosp®pul
elements and staging locations for the transportation of crew and cargo to the Martian system

[8].

EVOLVABLE MARS CAMPAIGN

A Pioneering Approach to Exploration

PROVING GROUND EARTH INDEPENDENT

“"lllllll,,
L)

\Q r
& il
N o
.
-

~ B
DISTANT RETROGRADE = .G_ —
LUNAR ORBIT

THE TRADE SPACE

Across the | Solar Electric Propulsion » In-Situ Resource Utilization (ISRU) » Robotic Precursors
Board | Human/Robotic Interactions & Partnership Coordination « Exploration and Science Activities

Cis-lunar | » Deep-space testing and ¢ ) Mars Vicinity |* Split
Trades| operations Trades |=

Figurel-2: Summary of the NASA Evolvable Mars Campajgh
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I n parallel to NASAOGs efforts, a number of i
recently expressed interest in developing systems that would enable the rapid settlement and
expansion of humans on Mars. These include proposals from Space Exploration Technologies
Corporation (SpaceX) for a AMars Coloni al Tr a
surface of Marsby the mid2020s [9], Dr . Buzz Al drinéds pl an fc
Afper manenceo on Mar s basMadr cymiltelred wpeacefcrrad u s
cost means of transporting crew and cargo through interplanetary [4ffdcas well as a
proposal by tB Dutch organization, Mars One, to rapidly colonize Mars via a series of
consecutive ongvay missions, each delivering four people to the surface of the plaret

As is the case with the majority of the past mission studies summarigzgminel-1, these
alternative mission proposals have primarily focused on developing solutaddrassing the
challenges of mass transportation to the Martian systéttie detail has been presented on
strategies for addressing the lelagm demands of sustainihgmars on the Martian surface.

Thus, the traditional mode of human Mars missionitgcting can be characterized as one
that mainly focuses on thieansportation segment of missions, and invests less effort in
characterizing thdnabitation segment of missions. Expressed another way, most previous
mission studies have focused on the @mgks ofsupplying crew and cargo to different
mission destinations, but have not dedicated as much effort in characterizdegrtaeds of
this crew and cargo once they intend to establish a sustained presence at the final intended
destination.

This trendoverlooks the past 15 years of operational experience in sustaining a continuous
crewed presence onboard the International Space Station (ISS), where we have observed the
significant impact of mission support and logisticpoogramlifecycle cost and stainability,
especially as the duration of the program has incrdag¢dAs fuure missions venture further
away from Earth and their frequency of mission abort opportunities decreases, it is expected
that the demands of the crew, and the lifecycle properties of the systems needed to sustain
them, will increasingly impact progranidcycle cost$7,12].

Motivated by these observations, this thesis develops an integrated habitation analysis tool
to quantitatively evaluate the impact of technology choices and operational strategies on the
sustainability andifecycle costs of diture long-duration planetary habitation systems. This
tool , entitled HabNet, i's then applied to a r
with the objective of identifying enabling and/or dominant technologies and architectures that

are worthy offurther research and development.
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This goal is based on the premise that understanding the impact of system architecture
decisions on the demands generated by long duration habitation scenarios and their operational
costs will better inform near term dsins regarding mission sequencing, operational

strategies, and technology investment and roadmajppjg

1.2 Framing the Challenge of Sustaining Continuous
Human Presence orthe Surface of Mars

1.2.1 The Evolution of Mars Mission Design and Systems
Architecting Methodologies

Fundamentally, space mission design is a systems architecting prolileat is, one that

involves defining a set of technologies, supporting systemd, opersonal strategiedo

accomplisla set of functions that together, deliver
As a result of this underlying problem structure, all previous Mars mission studies have

employed systems architecting techniques to some defifeemality. Early Mars mission

concepts developed during the 1950s and 19&&s-igure 1-1) were in large part based on

the experience of the system architect. This tended to result in a rapid convergence on system

concepts, om which mass and cost estimates were calculated. As the body of knowledge

surrounding human spaceflight and planetary science grew, space mission architecting began

to adopt the process of enumerating operational and technological options based on expert

knowledge, then performing comparative analyses of the costs of feasible combinations of

selected options. This trend was influenced by theYmstd War Il birth of systems thinking

[14], and enabled a deapenderstanding of the impact of each component of a spaceflight

system on its performance as a whdleese architectural options tended to cover major in

space transportation variables such as the type of trajectories employed, the location at which

in-space propulsion and habitation elements are aggregated, and the types of propulsion

systems wutilized. |l ndeed, it was these same Vv

discussions that led to theelection of thdunar orbit rendezvous profile fahe Apollo

program.
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Figurel-3: The Apollo Mission Mode Decision thahapedhe transportation architecture that
was adopted by the Apollo Program to transport humans to and from the lunar gilfface

In 1978, two years after the Viking landers began taking measurements from the Martian
surfa@, Ash et al[16] published a seminal study that introduced the concept of generating
rocket propellant from the Martian environment as a means of reducing the total mass of human
missions to Mars. This study represented im& finalysis of IFSitu Resource Utilization
(ISRU) T the concept of employing locallyerived resources to produce useful consumables
for a human crew. Shortly thereafter, ISRU became increasingly incorporated in mission
concepts proposed within the Maexploration community, frequently appearing in
presentations given at the fACase flfr Mar so

In1990,] SRU gained further recognition when
Di r e ct ocomeptl8].i Similarto that proposed by Ash et al., this concept revolved
around the production of Mars ascent vehicle pliapt by reacting Eartdelivered hydrogen
with carbon dioxide derived from the Martian atmosphere. This plan later evolved to become
the first NASA Mars Design Reference Mission (DRM1.0) in 1fBR19], which has since
been iterated upon anultiple occasions witlincreasingly higher fidelity analyste form the
current NASA Design Reference Architecture 5.0 (DRAR20)21]

The introduction of the concept of ISRU added another decision variable to the traditional
Mars mission architecture tradespace that demelously increased its complexity and
provided potential for more attractive solutioi®. structure the analysis of this tradespace,
NASA began to use decision trees during their DRAS5.0 activities. This approach consisted of

enumerating all conceivablégh level architectural options, which in turn allowed individual
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architectures to be selected, analyzedepth, and compared with the perfa@meeof other
previously assessed architecturegyure 1-4 shows the toglevel decisbn tree developed
during the NASA DRAS.0 efforts, summarizing key transportation architecture decisions along

with the architectures assessed during the prior major Mars mission studies.
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Figure1l-4: NASA DRAS.0 Top Level Architectural Trade Tr§20,21]

In this same period, researchers at MIT began to develop more formal appraaches t
structuring and exploring the Mars mission architecture tradespace. Instead of the traditional
NASA and industry approach of using expert opinion to select a branch of a decision tree and
analyzing it in great detail, these researchers proposed algsrithat (1) structured
architectural decisions as networks based on their inherent dependency on one another, (2)
searched for all feasible combinations of architectural decisions from this network structure;
and (3) evaluated feasible architectures at kownid- fidelity to characterize and analyze the

entire tradespace.
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One of the key ideas that developed during this period was the notion that systems
architecting is fundamentally a decisioraking procesf22,23] Decisions can be classified
as those that differentiate architectures, and those that do not. Thus, the process of systems
architecting was formulated as one that focuses oralnclwtecturally distinguishinglecisions
affect the perfanance of an architecture. To structure these decisions, Simf@@hs
developed a representation scheme called the Architecture Decision Graphi(AD&)wvork
graph thadepicts the key architecturally distinguishing decisions that characterize a particular
architecture, the constraints between these decisions, and the metrics for evaluating the
architecture that emerges when these decisions are made.

An example of an BG for the Apollo mission architecting probleis shown inFigure
1-5. As can be seen in this figure, the ADG can generally be thought of as a suppressed decision
tree (sedrigure 1-4), in that the type®f decisions are shown, but not the options for each
decision. The advantage of this representation is that coupling and feedback between decisions

are explicitly representdda feature not captured in the serial structure of decision trees.

Figurel-5: Architecture Decision Graph of the Apollo mission mode deci@@h(sm: service
module, Im: lunar module, EOR: Ear@rbit Rendezvous, LOR: Lunar Orbit Rendezvous,
IMLEO: Initial Mass to Low Earth Orbit)

Since its introduction, the AD@pproach has been used in concert with morphological

matrices to study a variety of space systems architecting problems related taspageilight.

Such examples include the architecting of evolvable heavy lift launch vehicle faj2dies
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