
PERMANENT – Chapter 4 –
Industrial

�
Processesin SpaceFor Converting Lunar and Asteroidal Materials into UsefulProducts

Excerptsfrom a websitedevelopedby physicistMark Pradoon issuesrelatedto spacetransportationand
resources.[www.permanent.com]

1 The SpaceEnvir onment – Advantagesand Disadvantages

Themanufacturingenvironmentin orbitalspaceis muchmoreflexible thanonEarth,andmoreflexible thanthat
on thelunarsurface.

1.1 Zero-Gravity

With theexceptionof thelunarsurface,thespaceenvironmentofferszerogravity, whichcreatesmany optionsnot
availableonEarth.However, if gravity is neededfor aprocess,thenartificial gravity caneasilybemadeavailable
by useof arotatingcomplex to produceacentrifugalforce,which is equivalentandpracticallyindistinguishable
from gravity. Indeed,any strengthof artificial gravity canbeprovided,whatever is ideal. A rotatingindustrial
facility offersdifferentstrengthsof gravity atdifferentdistancesfrom its axis.

Zero gravity andthe absenceof wind facilitatethe handlingof very large componentsandtheir assembly
into giantstructuresimpossibleto build onEarth.Zerogravity meansnoconvectioncurrentsin moltenmaterial,
which allows purermaterialseparationprocesses,mixing of materialswhich would separatedueto gravity on
Earth,andperfectcrystallizationprocesses(e.g.,for solarcellsandmicroelectronics).Many alloys andcrystals
areeasilyproduciblein spacewhicharepracticallyimpossibleto make on Earth.

1.2 Vacuum

Thepurevacuumenvironmentin spaceoffersmany advantagesin manufacturing.Vacuumpreventsair contam-
inants.More importantly, however, it allows industrialprocesseswhich aredifficult or completelyinfeasibleon
Earthdueto interferenceby air andtheexpenseanddifficulty of producingvacuumin an industrialfacility at
thebottomof Earth’s oceanof air. Thespacevacuumis muchpurerthanwhatis feasiblyproducibleonEarthat
greatcost,andit’s abundantandfreein space.Of course,if air is desired,a facility canbepressurized.

1.3 Solar Ovens

Giantsolarovenswill introduceentirelynew industrialprocessesundreamedof onEarth.It just isn’t feasibleto
producethetemperaturesonEarthwhichcanbeeasilydonewith giantsolarovensandcontainerlessprocessing
in zerogravity. Evenmediumtemperaturesareeasierto producein space.Giantsolarovenscanbebuilt in zero
gravity andwith nowind. Thesecanberelatively lightweightstructures,e.g.,foil mirrors.Zero-gravity contain-
erlessprocessingusingvery high temperatureswill usherin a wholenew field of materialsscienceprocessing
andmanufacturingimpossibleonEarth.Thermalenergy is cheapandcleanin space.

1.3.1 The McDonnell DouglasSolar Oven

Experimentson Earth(not in space)in processinglunarsoil simulantswereperformedin theearly1990sin a
joint researcheffort by theMcDonnellDouglasSpaceSystemsCompany (MDSSC),theAluminum Company
of America(ALCOA), andtheSpaceStudiesInstitute(SSI).(Paperreference.)This wasbasedon a solaroven
MDSSChadbuilt for previous researchinto solarpower for producingelectricity, a 75 kilowatt thermalsolar
collectormadeoriginally for a 25 kilowatt electricStirling enginebut reappliedto a simpleoven for the lunar
materials.This solarconcentratorcanachieve concentrationratiosof 10,000suns(i.e., 1400Watts/cm2)over
a 20 cm (8 inch) wide beam. The device is locatedat MDSSC’s Solar Energy Test Facility in Huntington
Beach,California. (MDSSCalsodevelopeda10megawattSolarOnepower towerbut thatwasoverkill for lunar
materialsprocessing.)
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The oven usedlunar simulantsto producecastbasaltrods,bricks andglassfibers. StandardASTM tests
foundthat therodshadcompressive strengthsof approximately10,000p.s.i.,which is abouttwo or threetimes
greaterthan concrete. One experimentproduceda 2 cm thick (approx. 1 inch thick) opaqueglassplate of
remarkablestrengthby heatinglunar simulantwith a moderateintensityof 60 W/cm2. Anotherweldedtwo
brickstogetherby puttinglunarsimulantbetweenthemandheatingit, producingawelddepthof range1.3to 1.9
cm. It is thoughtthis processcouldeventuallybeusedto helpproduceclosed,potentiallypressurizedstructures
exclusively from lunar resources(e.g.,buried habitatsundercompression).Furtherstudieswereunderway on
crystallizedcastbasaltstructuresandglasscomposites.(Thereis quitea lot of experiencein castbasaltonEarth,
aseasternEuropecountrieshave beenproducingpipesandotherthingsfrom meltedbulk basaltfor decades.)

Togetherwith the Shimizu Corporation(a huge, old Japaneseengineeringand constructioncompany),
MDSSCinvestigatedbreakingup rocksby thermalshockon thesurface(muchlike a glassbreaksif you pour
hot waterinto a cold glass)for thepurposeof enhancinglunarsurfacemining operations.Testson rocksfrom
thesamequarryasMinnesotaLunarSimulant(MLS) foundthat therocksbroke up whenhit with an intensity
of 25W/cm2,thoughtherelevancy of thiswork wasbeingstudiedin view of thepotentialeffectsof moisturein
therockon Earthusedfor theseexperiments.

Additionalwork wasplannedseveralyearsago.If anyonehasany informationonthisadditionalwork,please
senda messageto info@permanent.com.For example,they hadplannedto implementsomedesignchangesto
themeltcrucibleat this facility, anddiscussionswereunderway to performsimilarresearchusingasolarfurnace
at theUniversityof Arizonawhichcanachieve comparablesolarconcentrationsoverasmaller, 2 cm widearea.

1.4 Electrical Power fr om the Sun

Electricalenergy will be abundantandcheapfrom solarcells. As the MIT reporton manufacturingSPSsin
spaceput it: “...the costof energy for the SMF operationsresemblesthe costpatternof SPS’s: a large initial
outlay for the solararray, followed by a very low operatingcost (dueto the absenceof needfor fuel andthe
low maintenancerequirement).Therefore,for long operatingtimes,thecostof energy in SMF operationscan
besubstantiallylower thanthecostof energy in earthmanufacture;this is anotherpotentialcostreductionin the
lunarmaterialscenarioover theearth-basedconstructionscenario.”

1.5 Heat Rejection

Thevacuumenvironmentdoesbring onedrawback,however. Industryon Earthoften rejectsheatto theenvi-
ronmentby smokestacksandcoolingpipesin lakes.In space,plain infraredradiationmustfulfill this task.Any
processesrequiringrapidheatrejectionwould requireusinglargeradiators(sinceinfraredradiationrejectsheat
at a rateproportionalto the fourth power of temperature,T4). Large radiatorswould be expensive to blastup
from Earth,but they canbesimpleenoughsothatthey aremassproducedfrom asteroidaland/orlunarmaterial
for mostapplications.

Of course,not every applicationrequiresrapidheatrejection.Someapplicationswill requireinsulationfor
slow cooling. However, someprocesseswill be limited by therateof heatrejection.It’s worth mentioningthat
extremelycold temperaturesarealsoreadilyavailablein theshadowsof space.However, it takestimeto achieve
verycold temperatures.However, if youwantto storesomethingin thecold for a longtime, it’scheapestto doit
in space.Onceit’s cold, it doesn’t take any refrigerationwork to keepit cold. Justkeepit in ashadow produced
by a reflector.

1.5.1 Different designsof radiators in space

Many studiesfocuson makinglow mass,highly efficient radiatorsfor launchingup from Earth. However, in a
PERMANENTscenario,many of thesedesignsareinappropriate.It’s importantto understandthat themassof
theradiatoris not asbig of a problemfor radiatorsmadefrom asteroidalor lunarmaterialasit is for a radiator
madeonEarthandlaunchedup. For manufacturingtheradiatorin space,simplicity of designfor manufacturing
it in spaceis an importantfactor. Therearetwo kinds of radiators,“passive” (no moving parts)and“active”
(with moving parts).Within thesetwo typesareawide arrayof variations.
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Thesimplestradiatoris justabig metalhotplatewith fins. No moving parts.It couldbeorientedperpendic-
ular to anotherlargeobjectwhichcastsashadow. It wouldprotrudeawayfrom thefactorysothatits radiationis
not reflectedby thefactoryandsoit doesn’t receive otherradiationfrom thefactory. Radiatorsarebestmadeof
metalswhicharegoodheatconductorsandhave ahigh rateof emissivity.

Themostcommonactive radiatorspipeafluid to materiallymovetheheatfrom oneplaceto another, usually
a fluid thatevaporatesat thehot endandcondensesat theother(calleda “heatpiperadiator”,utilizing heatof
vaporizationandfusion). Anotherconceptis the“liquid dropletradiator”wherebya hot liquid metalis sprayed
from the hot endtowardsa collector(no evaporationor condensation,just spray),the ideabeingthat droplets
haveahighersurfaceareato radiate,perunit mass.Regardingradiatorswith workingfluids,micrometeorscould
puncturethem,or a large leakcouldcausea disaster, sothefluid mustbeprotectedsomeway. Oneinteresting
designhastheworking “fluid” in active radiatorsconsistof tiny metalballs ratherthana liquid. A fairly new
designis a “moving belt radiator”wherebya drum is connectedto the heatsourceanda long metalconveyor
beltmovesacrossthedrum.

Passive radiatorsaregenerallymuchsimplerandeasilymassproducedfrom asteroidalor lunar material.
In any case,the radiatorsin spacewill bemuchbiggerthanradiatorson Earthto performthesameamountof
cooling.

1.5.2 Multiple usesof heatgradient in factory complex

Differentindustrialprocessesrequiredifferentoperatingtemperatures.It maybe feasibleto designan overall
factorycomplex wherebyoneprocessutilizesthewasteheatfrom anotherprocess,rejectsits own wasteheatto a
third process,andsoon. However, if toomany processesareadded,thisresultsin averycomplex factorydesign.
The factorymustbeadaptableto theshutdown of a particularoperationdown thechain,asshuttingdown one
operationcouldaffect theoperatingtemperatureof thenext processunlessremedialmeasuresaretaken.

“Cogeneration”is a processwherebyelectricity is generatedusingthermalengines(e.g.,Stirling, Brayton
or Rankineengines)andtheir wasteheatis usedfor thermalheatin factories.Likewise,theotherway around,
wasteheatfrom high temperaturematerialsprocessingcouldbeusedfor electricitygeneration(thermalengines
or solid statethermoelectric).The valueof this in spaceis debatablein view of solarcells asan alternative
electricitygenerationscenario.Indeed,agoodplaceto puta radiatoris in theshadow of thesolarcell array.

2 SeparatingElementsand Minerals by SimpleMethods

Insteadof covering lunarmineralprocessingin the lunarsection,it is betterto cover it in an industrialsection
becauseit canbeappliedto processingasteroidalmineralsaswell. Ontheotherhand,becauseasteroidalmaterial
hasuniquenesses,i.e., free nickel iron metalandpreciousmetals,which cannotapply to lunar materials,the
simpleprocessingof asteroidalmaterialswith simplecrushers,magnetsandovenswasdiscussedin thesection
onasteroidalmaterial.However, advancedprocessingof asteroidalmineralsfor otherthingsbesidesfreemetals
andvolatileswasnotdiscussedthere,sinceit overlapswith lunarmaterialsprocessing.

2.1 Magnetic Separationof FreeMetals

As discussedin thesectiononasteroidresources,asteroidsarerich in freenickel-ironmetalgranules.TheMoon
hastracebut extractablequantitiesof thesegranulesaswell, left over from asteroidimpactsandpreservedonthe
waterless,rustlessMoon. Thoughtherearebig differencesin concentrationandsizeof granulesbetweenthetwo
sources,thebasicprocessis thesame.After grinding, thestreamsof materialareput throughmagneticfields
to separatethenickel-iron metalgranulesfrom thesilicategrains.Repeatedcycling throughthemagneticfield
giveshighly purebagsof freenickel iron metal.Oneof severalalternative waysis to dropa streamof material
ontomagneticdrums,asshown in thefigurebelow. This methodalsoshows animpactgrinderdiscussedin the
next paragraph.Thesilicatesandweaklymagneticmaterialdeflectoff thedrumwhereasthemagneticgranules
andmaterialholdingmagneticgrainsstick to themagneticdrumuntil thescrapeoff point.
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Figure1:
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An optionaladditionalpieceof equipmentis an “impact grinder” or “centrifugal grinder” wherebya very
rapidlyspinningwheelacceleratesthematerialdown its spokesandflingsit againstanimpactblock. Any silicate
impuritiesstill attachedto thefreemetalareshatteredoff. It’s feasibleto have drumspeedssufficient to flatten
the metalgranulesby impact. A centrifugalgrindermay be usedafter mechanicalgrinding andsieving, and
beforefurthermagneticseparation.In fact,mostof theshatteredsilicatewill besmallparticleswhich couldbe
sievedout. Magneticbeneficiationcanbeusednot only for separatingpurenickel-iron metalgranules,but also
for mineralswhichhaveweakmagneticproperties.This is doneatEarthmines.In space,wheregravity is lower
andmoresensitive processesarepossible,magneticbeneficiationcanplayasignificantlygreaterrole. Thereare
mineralsthatareattracted,repulsed,andunaffectedby magneticfields,basedontheir“permeability”to magnetic
fields. This is often illustratedby showing a pictureof magneticfield lines andgrainswhich attractlines by
bendingtheminto thegrain(concentrating),grainswhich repelthelines,andgrainswhich aren’t affected.The
degreesof magneticpermeabilitydiffer from mineralto mineral. Particleswhich concentratethe linesof force
andbecomepolarizedandconsequentlyattractedarecalled“paramagnetic”.Thosewhichdispersethelinesare
called“diamagnetic”.

Basedon magneticbehaviour, paramagneticmaterialsaresub-classifiedasferro-magneticandfeeblymag-
netic. Magneticseparatorsareclassifiedasdrum,pulley, disc, ring andbelt separators.They areall basedon
thesameprinciple,andall useaprovision for feedto run into andthroughthemagneticfield andvariousmeans
for discharging separatelythemagneticandnonmagneticportions.SeealsothePERMANENTsectionon elec-
trostaticbeneficiation,asimilarprocessfor separationof mineralsbaseduponelectrostatic,insteadof magnetic,
properties.

2.2 Thermal Extraction of Volatiles

Asteroidsarerich in volatile elementssuchaswater, hydrogen,carbon,sulfur, andotherelements.Extracting
theseis easy. The materialis channelledinto a solaroven wherethevolatilesarecooked out. In zerogravity
andwindlessspace,theovenmirrorscanbehugeandmadeof aluminumfoil. Thegasstreamis pipedto tanks
locatedin acold shadow of space.Thetanksareput in seriessothatthefurthestoneaway is coldest.This way,
watercondensesmorein thefirst one,whereascarbondioxide andothervaporstendto migrateandcondense
in thetanksdownstream.Notably, rocket fuel for thedelivery trip to Earthorbit canbeproducedby separating
oxygenandhydrogengasesfrom the mix, or by electrolysisof water. Alternatively, the hydrogencould be
chemicallybondedwith carbonto producemethanefuel. Tanksfor storingfrozenvolatilesfor sendingto Earth
orbit canbemanufacturedby someof thefreenickel iron metal,by useof asolarovenfor meltingthenickel iron
metal.For example,a castcanbemadefrom sandor glass-ceramicmaterialfrom meltedleftover ore. Thetank
doesn’t needto bea highly pressurizedtank,asthevolatileswill befrozento a very cold temperaturein space.
Alternatively, thin tankscouldbesent,remanufacturedfrom spentfuel tanksusedto getto orbit from Earth.Or
the spentfuel tankscould be sentas-is. The re-useof spentfuel tanksin spaceis discussedin the chapteron
productsandservices.

2.3 SeparatingMinerals by Electrostatic Beneficiation

Mineralscomein grains. For example,a scoopof lunar dirt will typically containa numberof minerals,but
thedifferentmineralswill comein theform of differentgrains,eachgrainbeinga glob of mostlyoneparticular
mineral. Usually two or moredifferentmineralgrainswill be fusedtogetherinto one,which requiresgrinding
thematerialin orderto separatethegrains.However, like sandonabeach,youoftenseefreepuregrainsbeside
differentfreepuregrains,or grainspredominantlyof onekind or another, dependinguponorigins.Thenaturally
pulverizedlunarsoil is like afinesandybeach.

At themine,it is easyto scoopup a mix of fine grainsandseparatepuregrainsof a particularmineralfrom
the rest,andgrainsof predominantlyonekind or another, usingoneor moreof the following processes:The
materialwill beinitially sievedby screensto separategrainsby size.Optionally, thegrainsof eachgivensizecan
bepassedthroughtheappropriatelysizedmechanicalgrindersandsievedagainfor uniformity. Thenext stepis
to separatethemineralgrainsby aprocesscalled“electrostaticbeneficiation”,whichmeanscharging themwith
staticelectricityandseparatingthemby passingthemthroughanelectricfield, aspicturedin thenext figure.
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Figure2:

An electrostaticbeneficiatorworks becausedifferentmineralshave differentelectrostaticaffinities – will
absorbdifferentamountsof chargedependingupontheircomposition,andhencearedeflecteddifferentamounts
by an electricfield. After grainsaresieved by size,they areplacedthrougha beneficiator. After a few passes
throughbeneficiators,we have separateddifferentmineralsfairly well. (There’s no changein physicalor chem-
ical identity; there’s only separationof minerals.)

Beneficiatorstypically usefree-fall of grainsthroughelectricfields. However, somebeneficiatorsslide the
grainsdown a ramp,andsomeput themacrossa rotatingdrumwith a certainelectrostaticchargesothatgrains
of acertainaffinity will stick to thedrumandotherswill fall to thegrounddueto gravity or thecentrifugalforce.
Thus,beneficiationseparatesmineralsaccordingto their electrostaticaffinity, aswell astheir differentdensities
(with gravity or thecentrifugalforce).

Thegrainsarechargedby any of thefollowing methods:charging thescreenthatsievesthem,or charging
anothersurfacewhich they slideover, or a diffuseelectronbeamasthey fall. Thecharging methodcandepend
uponwhichmineralswe wantto separate,sincedifferentmineralshave differentresponsesto differentmethods
(and indeedto different temperatures,too). The resultantmaterial is collectedin differentbins wherebythe
enrichedportionof thedesiredmineralis calledthe“concentrate”andtherestof theoutputis calledthe“gangue”
or “tailings”. While onEarthwe’reusuallyinterestedin justonemineralandonebin, ontheMoonwewill often
be interestedin usingmoreof the material. With an electrostaticbeneficiatorwe could have multiple bins at
thebottom,asthemineralstreamwill split up into multiple streamsdependinguponthedegreeof attractionor
repulsionof eachmineral.

Whereaselectrostaticbeneficiationis commonlyusedatminesonEarth,it world work evenbetterin orbital
spaceor on the Moon, dramaticallyso. The vacuumof spaceandthe Moon meansno air turbulencein the
dropchamber. Air doesnot tolerateelectricfieldsaswell asvacuum,andin factelectricfieldscanbetentimes
strongerin vacuum. In spaceandon the Moon, thereis no moistureto make grainsstick together. Moisture
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alsochangesminerals’electricconductivity andreducesthedifferencesbetweenminerals,henceon Earthwe
oftenhave to roastthematerialbeforebeneficiation.Theonesixth lunargravity dramaticallyslows the fall of
the materialthroughthe electricfield, therebygreatlyenhancingthe separation.If we beneficiatemineralsin
orbit (e.g.,asteroidalminerals),thecentrifugescouldcreateartificial gravity of any sensitivity, which would be
superiorto theMoon’s surfaceaswell.

Notably, thenaturallyfine lunarpowderon thesurfaceof theMoon wasof keeninterestin theearlydays,
asgrainswould stick to things,andsometimesshow levitationalpropertiessuchasgliding whenkicked. This
is dueto thevery high electrostaticaffinity of someof thegrains. Indeed,lunar dustwasa nuisance.Experi-
mentswith simulatedlunarsoil have producedexcellentresultsusingbeneficiatorsin a regularair environment.
(Notably, there’s alsoa lot of experienceatEarthminesin separatingthevaluablemineralilmenite,of particular
interestandabundanceon theMoon. Someengineeringcompaniesfocuson ilmenitein their first lunarmission
scenarios.)Metal-producingmineralsarenot theonly targetsof beneficiation.Quick productionof somekinds
of simpleglassproductsarealsoof interest.

For theSolarPowerSatellite(SPS),theGeneralDynamicsreportstates:“The presenceof largequantitiesof
fine glassparticlesin lunarregolith is particularlyrelevant to therecommendeduseof foamedglassasprimary
structurefor theSPSsolararrayandantennas.Foamedglassis commerciallymanufacturedfrom fineparticlesof
groundglassby theadditionof smallquantitiesof foamingagentsandtheapplicationof heat.Thus,beneficiation
of lunarregolith to recover thelargeamountsof fineglassparticlesmaypermitthedirectproductionof all of the
foamedglassneededfor theSPSwith few or no intermediatestepsrequiredto preparetheglassfor foaming.”

Beneficiationcouldoccureitherata centralprocessingareaon thelunarbaseor at themine.As is oftenthe
caseonEarth,locatingthebeneficiatorat thelunarminecouldsignificantlyreducehaulingof oreandhencethe
costof biggerhaulersandmoreenergy, but would requirethat thebeneficiatorbemobile. Somedesignsin the
literaturehaveamobilebeneficiatoraspartof themobileexcavationequipmentwherebythewasteis left behind
in thesamespotit wasdugup,aslandfill.

2.4 SeparatingMinerals by Floatation and Vibration

It’s possibleto separatesomemineralsby their density, oncewe have a sievedcollectionof grainsof thesame
size.Justvibratinga bedof samesizedgrainswill separatemineralgrainsinto layersfairly well basedon their
“weight” in a centrifugeor in lunargravity. Thedensergrainsfall to thebottom.Pouringmaterialinto a liquid
of intermediatedensitywill quickly separateadesiredgrainby floatation,thoughit mustbedriedthereafterand
thefluid recycled.Floatationcanbefine tunedbasedon thetheorydiscussedbelow.

In orbital space,zerogravity helpsin this process,asa centrifugecanprovide different levels of artificial
gravity asdifferentmineralssettleatdifferentrates.Floatationisbasedprimarily onsurfacephenomenon,notthe
specificgravity of themineral.Differentmaterialshavedifferentaffinities to aselectedliquid andtheair bubbles
introduced.The surfacetensionof the liquid is essentialto fully understandingtheprocess.Frothingreduces
the surfacetensionof the liquid. Of interestis minerals’ “wettability” or repellantproperties,relative degree
of readinessto adhereto bubbles,andaffinity for certaintypesof chemicalcompoundsor reagents.Sulphide
mineralsof all typesandsizesarethemosteasilyfloatable.

OnEarth,floatationisoftenoptedbecauseof its simplicity, selectivity andflexibility. Frothingandseparation
processesmaybefairly interestingin low gravity. Thedownsidein spaceis theneedto stringentlyrecycle the
liquid usedfor thefloatation,aslongasvolatilesremainin shortsupplyin earthorbit.

2.5 Electrophoresis– Super Mineral SeparationIn Orbit

“Electrophoresis”for mineralseparationcanwork only in zerogravity, but it is anextremelyhigh performance
processaswell asasimpleone.(Indeed,theuseof theSpaceShuttlefor smallmedicalpurposeelectrophoresis
payloadshasbeenandalwayswill bea majorprogram.)Electrophoresisworksbetterthanelectrostaticbenefi-
ciationbut is muchslower. A tank is filled with a fluid, andanelectricfield is createdacrossthetank,say, by
charging two oppositewalls or platesfacingeachother, onepositive andonenegative, asshown in the figure
below. Themineralgrainsto beseparatedareput into thefluid, wherethey will besuspendeddueto thezero
gravity environment.
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Figure3:

Electricchargeswill passthroughthefluid from onewall to theother, andthemineralswill collectelectric
charges.Dueto thediffering molecularnaturesof thedifferentmineraltypes,eachwill accumulatea different
net electriccharge with respectto the fluid. The differentmineralswill migratethroughthe fluid to a certain
positionbetweenthe two walls andbetweenother typesof mineralsof higherandlower “isoelectric” values.
Eachtype of mineralwill form a planeof materialparallelto the two walls andparallelto planesof theother
mineraltypes.

Electrophoresishasbeenemployed by medicaland biological fields sincethe 1930sfor separationand
identificationof enzymes,proteins,lipids, andbloodcells. Electrophoresishasalsobeenusedasa separation
techniquefor dissolvedclaysandlimestones.

However, electrophoresison Earthis limited to very lightweightmaterials.Whenit is used,it is performed
with difficulty andlimited effectivenessbecauseof Earth’s gravity, whichcausesconvectioncurrents,aswell as
gravitationalsettling.Somemedicalapplicationsof electrophoresiswhichwereexceedinglydifficult, elusive or
practicallyimpossibleon Earthdueto convectioncurrentsprovedquiteeasyon theSpaceShuttle.

A NASA-supportedresearchreportstates“One of the mostpromisingpropertiesof lunar soil is the wide
rangeof isoelectricpointsof the minerals. No two mineralshave the sameisoelectricpoint or, in practically
all cases,even similar isoelectricpoints ... [This propertyof lunar soil] makes it an ideal candidatefor elec-
trophoreticseparation;it meansthatfor agivensuspensionmaterialeachmineralphasewill separateandform a
discretebandwithin theelectrophoreticchamber.”

An experimentalseriesof studiesweresupportedat the NASA MarshallSpaceFlight Centerto testand
developtheconceptof electrophoresisof simulatedlunarsoil, andtheresultswerevery encouraging,including
separatingmineralswith closeisoelectricpoints. Electrophoresisis simple, takes little energy and is highly
automatable.Electrophoresiscanalsobehighly effective for separatingtraceminerals.
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3 Materials fr om Minimally ProcessedBulk Lunar/Aster oidal Soils

3.1 Overview of Lunarcrete,Astercrete,fiberglass,ceramicsand Glasses

Perhapseven more commonly than metals,we will use fiberglass, “lunarcrete” concretes,ceramics,glass,
foamedglassandclearglasses.Thesewill beusedto makestructuralbeams,walls,floors,sinks,pipes,electrical
insulators,waveguideson SPSsandcommunicationsantennafarms,andsubstratesto mountthingson. Clear
glasswill beusedfor windows andsolarcell covers.Ovens,metalcastingmolds,andotherindustrialrefractory
needscanbe satisfiedby sinteredcalcia (CaO),silica (SiO� ), magnesia(MgO), alumina(Al � O� ) and titania
(TiO� ). Of course,thesestablematerialsarecommonlyusedon Earthfor thesamepurposes,dueto their great
resistanceto heat,oxidation(they arealreadyfully oxidized),corrosionandabrasion.Someceramicshave low
thermalexpansionandareattractive for spaceenvironmentswhereawiderangeof temperaturesareexperienced.

Glassesandceramicsgenerallywork well in compressionbut not well in tension.Foamedglassstructural
beamscouldbereinforcedwith asteroidalnickel-iron steelso that they withstanda wide rangeof both tension
andcompression.However, many researchersthink thatsteelreinforcementwill usuallynot benecessary. For
example,NASA-sponsoredexperimentsusingsimulatedApollo 12 soil hasproducedglass-ceramicswith “su-
periormechanicalproperties... with tensilestrengthsin excessof 50,000p.s.i.” whichcanbe“usedasstructural
componentsof buildingsin spaceor ontheMoon.” Clear, puresilicaglass(SiO� ) is readilymanufacturablefrom
lunarmaterials,asareotherclearglassesthataremadeof simply beneficiatedlunarsoil.

Freenaturalglassis morecommonon the lunarsurfacethanon Earth. Thelack of wateron theMoon has
preserved theseglassesfrom their volcanic inceptionbillions of yearsago, in contrastto Earthwhere“devit-
rification” (i.e., decompositionby thechemicalactionof waterin the environment)breaksdown naturalglass
over the periodof millions of years. Notably, lunar-derived clearglasscanbe madeoptically superiorto that
producedon Earthbecauselunarglasscanbemadecompletely“anhydrous”– lacking in hydrogen.“With the
possibilityof containerlessmeltingplusthereadyavailability of ultrahighvacuum,theprocessingof highpurity
glassfibers[for fiberoptics,e.g., on largecommunicationssatelliteplatforms]canprobablybeachievedatmuch
reducedcostsin space...” Usinga simplerprocess,we canproducebulk fiberglass.“The manufactureof glass
filamentsis a standard,highly developedprocessandno problemsareforeseenin transferringthis processto
the lunar surfaceor to [an orbital basedfacility].” Theconservative GeneralDynamicsstudydesigneda 4 ton
fiberglassplant thatwould produce750tonsperyearof fiberglassassumingoperation91%of thetime, though
DarwinHo andLeonE. Sobonhave followedupon thiswork to improve thedesignof theplant.

Hard ceramicsusedfor industrialprocesses,called“refractories”,e.g., calcia,magnesia,titania,silica and
alumina,areusedfor castingmoldsandotherhigh temperature,high pressureandhighly abrasive processes,
aswell ascontactwith highly reactive chemicalswithout beingcorroded.On Earth,ceramicball bearingsare
evenusedin specialaircraftengines.Theserefractoryceramicsareproducedby “sintering”, wherebypowdered
materialof thesamecomposition(e.g.,CaO)is put togetherandmeltedat a very high temperaturethencooled
slowly to a solid andheldfor long periodsof time at that temperature.While this is a routineprocesson Earth,
it’s easyin orbital spacewith large solarovens,andworks betterin vacuumwherethereis no oxygen,water,
or othermoleculesto createimpurities,poisonthepristinesurfacesanddecreasemolecularattractionwithin the
desiredpurematerial.

3.2 Sintering of Lunar and Asteroidal Minerals

Sinteringis a simpleprocesswherebybulk basaltor a particularmineralor setof mineralsin powder form are
heatedto a high temperaturelessthanthe melting point, wherebythe particlesbondto eachother, producing
a porous(on a microscopicscale)material. The materialusuallyshrinkssignificantly, andoften the sintering
processoccursin a die with a compactionpressure.The vacuumin spacegenerallyhelpsthis process.The
heatcancomefrom eitherdirect solarenergy and/ormicrowave. Microwave heatingallows quicker uniform
heating. The result is a fairly low densitymaterialwhich canbe cut andshapedfairly easily, canhold small
loadsin compression,andprovidesgoodthermalinsulation,but cannottakemuchstressin tensionandis brittle.
Sinteringallows productionof partswithoutmeltingandliquid castingprocesses,i.e., dealingwith only powder
or finesand.
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Figure4: Source:GeneralDynamics/Convair reportfor NASA andUS Dept.of Energy on makingsolarpower
satellitesfrom lunarmaterials.Slightly rewordedby Mark Pradofor PERMANENT.

3.3 Glass-Ceramicsfr om Lunar Material

Lunarregolith or basalticrockcanbesimplymeltedandcastto form productswith greatermechanicalproperties
thansinteredmaterials.The resultantmaterialis calleda glass-ceramic.Additional propertiesof this material
includehigh resistanceto abrasionandchemicalelements,andfairly goodthermalshockresistance.Therehas
beenanentire“castbasalt”industrycommonin somecountries(mainlyEasternEuropean)for at least50years,
usedto manufacturebasalticpipes,tiles andotherindustrialproductsfrom Earthbasaltrockswhich have very
similar propertiesto lunarbasalt.To fully melt basalticrock, the requiredtemperatureis around1350� C. The
materialmay be pouredat around1200� C into sandor metallic molds,andwill solidify at around900� C to
1000� C. Much like concreteis reinforcedwith steelrods,theflexuralandtensilestrengthsof thisglassceramic,
andductility and fracturetoughness,may be improved by addingfiber reinforcements,eitherglassor metal
fibers. Preparationandtestingof samplesfrom ALS (Arizona lunar simulant)wereunderway by Desaiet al.
(1993)anda review of thesubjectis givenin Desaietal. (1992).

3.4 Glasses

A greatvariety of glassproductscan be producedfrom lunar and asteroidalmaterials,including fiberglass,
clearglass,andmaterialsfor itemssuchaswalls, pipesandsomekinds of structuralmembers.Freenatural
glassis morecommonon the lunarsurfacethanon Earth. The lack of wateron theMoon haspreserved these
glassesfrom their volcanicinceptionbillions of yearsagoandfrom asteroidimpacts,in contrastto Earthwhere
“devitrification” (i.e., decompositionby thechemicalactionof waterin theenvironment)breaksdown natural
glassover theperiodof millions of years.This glasscanbeseparatedusingsimpleelectrostaticbeneficiation.
OnEarth,glassisn’t usedfor structuralapplicationsbecauseglassproducedonEarthis heavily contaminatedby
watervaporpresentin theatmospherewhichmakesthematerialbrittle, weakandproneto cracks.“Anhydrous”
glass,i.e., glassproducedin the absenceof hydrogenor water, hassignificantlybettermechanicalproperties.
Thishasledsomeresearchersto analyzethepotentialuseof glassesfor structuralcomponents,e.g., theGeneral
Dynamicsreportendorsesuseof foamedglassin solarpower satellites,Blacic coverswider uses,andCarsley,
BlacicandPletkareporton themechanicalpropertiesof thesematerialsproducedfrom lunarsimulants.
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Soilsrich in iron oxide(FeO)producedarkbut mechanicallystrongglass-ceramics,whereas“colorlessglass
windows can be producedfrom basicallyanorthitealoneor with small additionsof CaO and/orSiO� . The
expansioncoefficient of suchglassesis likely to be lessthanthat of commonwindow glass. This shouldbe
an assetfor windows which will esperiencelarge changesin temperature.” Clear, puresilica glass(SiO� ) is
readilymanufacturablefrom lunarmaterials.Dueto thelack of hydrogen,superioropticalfiberscanbereadily
produced.Glasses,asopposedto glassceramics,areproducedby cooling themeltedmaterialfasterto create
a differentcrystallinestructure.Therehasalsobeendiscussedtheprospectsof foamedglassstructuralbeams
reinforcedwith asteroidnickel-iron steelso that the structuralmemberscould withstanda wide rangeof both
tensionandcompression.

PERMANENT – Chapter 6 – SpaceColonies

4 Coloniesin Orbit vs. Colonieson Planetary Surfaces

Coloniesin orbital spacearesuperiorto colonieson otherplanetsandmoons,contraryto popularbelief. “Plan-
etarychauvenism” is the tendency for peopleto think that coloniesin spacewould preferablybe locatedon
planetarysurfaceslike Marsor theMoon insteadof in orbital space.Considertheadvantagesof ahabitatbased
in orbit:

� A habitatbasedin orbit canbe wheel-shapedandrotatedto produceartificial gravity by the centrifugal
(centripetal)force.Choosethehealthiestgravity youwant.Earth-normalgravity maybeneededfor good
healthfor long-termstays.

� A habitatbasedin orbit hasaccessto sunshine24hours/day. No nights.Cropscangrow fasterby varying
sun(but not sunlit 24 hours/daysincemany plantsneednights,but opening/closingsunshadesor mirrors
for optimalsunlit periods),for moreeconomicaloutputperunit of habitatandtime. Year-roundgrowing
season.Orbit-basedhabitatswill be very green,glassystructureswith somevery exciting architectural
andrecreationalfeatures,includingareasfor humanflight.

� Productsandservicesfor sellingto Eartheconomieswill bemanufacturedandassembledin orbitalspace,
andoperatedthere. So, the suburbs in spacewill be locatedwherethe demandis, namely, next to the
factories,like it or not. (Why themanufacturingfacilitieswill belocatedin orbital spaceinsteadof on the
Moon is discussedelsewhere.)

Therewill eventuallybesettlementsonotherplanetsaswell, astherewill beall kindsof peoplewith diverse
preferences,but settlementsonotherplanetsandmoonswill befeasibleonly afterwehavesettlementsin orbital
spaceandtheeconomicsupportandphysicalinfrastructureto supportthem.

4.1 SpaceSettlements– How Realistic in Our Near Future?

Certainly more realistic than most peoplerealize. Reason:large spacehabitatswill not be blastedup from
Earth. Instead,we will usematerialsalreadyin spaceto make them, i.e., materialfrom asteroidsnearEarth
and/orthe Moon. After all, whenthe settlersof Americacame,they didn’t bring their bricks, cement,wood
andall their neededfood with them. As reportedin numerousengineeringpapersandreports,we canutilize
constructionmaterialsderived from Earth-crossingasteroidsand/orthe lunarsurfaceasconstructionmaterials
to make habitatsandlarge,valuablespaceproductsfor usein orbit aroundEarth,asdiscussedin othersections.

The20thcenturyhasbeenrevolutionarybeyondthegreatestimaginations.Now, we arepoisedfor another
greatleap. Oxygenfor habitatsis abundant– lunar soil averages42% oxygen,chemicallyboundassilicon
dioxide andmetaloxides(just like the dirt underyour feet). The oxygencanbe extractedusingsimplesolar
ovens.AsteroidsnearEartharerich in all life elements,asarecertainpermanentlyshadowedlunarpolarcraters.
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Agriculturewould benefitfrom 24 hoursunlightin orbit, no unwantedinsectpests,no pesticides,andper-
fectly controlledweather. Many kindsof peoplewill beneededthere– not justengineers,technicians,androbot
teleoperators,but alsoadministrators,cooks,agronomists,doctors,nurses,sociologists,factoryandconstruction
laborers,cleaners,... andreliablepeoplewho just do the diverseodd jobs that needto be done. It will be a
business-friendsatmosphere.Themostimportantskills neededaretheability to getalongwith otherspositively,
a resourceful,can-doattitude,andawillingnessto dowithout many conveniencesthatonewouldhave on Earth
duringtheinitial yearsin space.It maybeawhile beforeDominoesor PizzaHut deliver a pizza.

Huge, spacioushabitatsand colonieswill be locatedin orbits aroundEarth, and small outpostswill be
maintainedat near-Earth asteroidsbeingmined,maybeas far away asMars’ two asteroidalmoons. Oneor
morelunar basesmay alsobe operatedto supplythe orbital manufacturingfacilities with semi-raw materials.
The wheelcolony is what PERMANENT calls a “secondgeneration”spacecolony. “First generation”space
colonieswill mostfrequentlybemadefrom spentfuel tanksandtunneled-inhabitatson asteroidsandtheMoon
andwill bemuchsmallerthanthewheelcolony; whereas“third generation”spacecolonieswill bemuchlarger
thanthewheelcolony.

4.2 EcologicalIssuesand CELSS

To date,whenhumanshave goneto space,they have broughtwith themall theair they neededto breathe,their
waterand their food. All wastescreatedwereeitherflushedinto spaceor returnedto Earth in their original
form. (The waterastronautsdrankwasoften a byproductof electricpower generationby chemicalmeans-
hydrogen-oxygenfuel cells.) Gaseouswasteswererecycled by machines– carbondioxide wasprocessedto
produceoxygen,by “physical-chemical”processes.

In orderto becomeself-sufficient in space– independentfrom Earth– we will needto grow our own food
in space.Wecanusemachinesto recycle urineandwatervaporin theair to producedrinkablewater, but it will
eventuallybecomemoredesirableandeconomicalto recycle our humanwastesnaturallyratherthanonly by
machines,andto do sonaturallyin conjunctionwith food production.Machineswould beusedonly to sterilize
andpurify waterthathasalreadybeencycledthroughtheartificial biosphere.

On Earth,animalsbreathein oxygen(O2) from the air andbreatheout carbondioxide (CO2) asa waste.
Plantsabsorbthis carbondioxide from theair, andusingtheenergy of sunlightpluswaterandmaterialsfrom
thesoil andair producesugar, starchandotherthings– basedon a processcalledphotosynthesis.Plantsemit
oxygenasawaste.Thatcompletestheanimal-plantcycle. In thiscyclic manner, animalsandplantsaremutually
dependentuponeachother. Plantsproducebothfood andoxygenfor animals.In turn, animalsproducecarbon
dioxidefor plants.In addition,animalsproduceexcrementwasteswhichenrichthesoil. Deadplantsalsoenrich
thesoil andarenotwasted.Thisnaturalcycle canbemovedto space,in wholeor in part.

Early experimentsin the1950sand1960sfocussedon recycling air usingalgae,not food crops.Flat tanks
of algaewere put underartificial light in order to absorbcarbondioxide that humanshadexhaledin closed
chambers,andemittedthe oxygenfor the humansto breathe.It wasfound that eachhumanrequiredabout8
squaremetersof algaefor equilibrium. (The algaetanksweregenerallystacked asshelvesso that they took
muchlessthan8 squaremetersof floor space.)More recentresearchhasexpandedthis to includeproductionof
ediblefood,andrecycling of humanexcrementwastesanddeadplantwastesin thefoodcycle.

In the early yearsof spacecolonization,we will usea combinationof naturalsystemsandmachines.We
canalwaysimport pureoxygenandwaterfrom asteroidalmaterials,aswell ascarbondioxide if we wish. It’s
not necessaryto producea completelyclosedsystem.However, it is importantto maintainhealthyandhighly
productive crops,which requireswastemanagementand recycling skills. The technologiesrequiredmay be
brokendown asfollows:

� Exchangeof oxygenandcarbondioxidebetweenplantsandanimals(akaair revitalization)

� Productionof food (akaedibleproductproduction)

� Breakdown of humanwastes(akawastewatertreatment)

� Compostingof plantwastes
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� Purificationof waterfor drinking

� Eliminationof pollutantsfrom air

This field of study– regenerative life supportsystems– is called“ControlledEcologicalLife SupportSys-
tems(CELSS)” (alsocalledClosed... insteadof Controlled... though“closed” is probablynot attainablefor
awhile). Thereis a wealthof informationfrom variousinstitutionsaroundthe world on this topic, including
paperspresentedatconferencesdealingwith lunarandasteroidalmaterialsutilization.

In somecircles,theword “biosphere”is usedinsteadof CELSSto refer to largeclosedsystems.However,
just asfrequently, theword biosphererefersto Earthor oneof Earth’s ecosystems,not to spacebasedCELSS
systems.For example,if you searchdatabasesfor the word “biosphere”you will get a lot of hits on remote
sensingof theenvironmenton Earthby NASA satellites,andtheMissionto PlanetEarth(MTPE) program.But
you will alsogethits on Biosphere2, Bios-3,andBiosphereJ, all CELSSexperimentsfor spacecolonization.
A betterdatabasesearchword is “CELSS” (for ControlledEcologicalLife SupportSystems... or alternatively
ClosedEcologicalLife SupportSystems).

4.3 NASA BioHome

In 1989,NASA completeda small facility calledBioHome,which integrated“biogenerative” componentsfor
recycling air, waterandnutrientsfrom humanwastes– into a single,integratedhabitat. Maximumair closure
wasachieved, andexperimentswerebegun, which continueto date. A little larger thana mobile home,the
facility put living quartersin a compartmentbesidethecropsandwasteprocessingfacilities,circulatingair and
waterbetweenthem.Drinkablewaterwastakenfrom air condensate.

The facility initially focussedon wastewater treatment. Aquatic andsemi-aquaticplantsknown for their
ability to processsewagewerestudied.Thesewerenot edibleplants,but wereinsteadaquaticandsemi-aquatic
plantschosenfor their history in makingexcellentcompostmaterialfor food plants,after they grow basedon
thesewage.After growing to a certainsize,they areharvested,cleanedandcomposted.This composthasbeen
usedasa completegrowth mediafor tomatoes,sorghum,corn, potatoes,cucumbersandsquash.The facility
grew edibleplants,thoughthatinformationwasnotavailableon thewebat thetimeof thiswriting.

PVC pipesslowly moved sewagedownstream.The pipeshadholescut in themin which the plantswere
emplaced. Experimentsmeasuredthe effectivenessof several plants,eachof which can utilize raw human
sewageasacompletegrowth media.Samplesof thewaterweretakenatdifferentpointsin theflow andstudied.
In theend,theeffluent waterflowed throughan ultraviolet unit to assurecompletekill of all microorganisms,
especiallythosepathogenicto humans.Thiswaterwasthensuitablefor usein toiletsandwateringplants.

Drinking watercamefrom condensatefrom theair (e.g., dehumidifierandair conditionercondensate),which
wasalsodisinfectedby ultraviolet equipment.The plant leavesemittedquite amplesuppliesof watervapors.
It wasalsofoundthat theplantspurifiedtheair of many manmadesubstancessuchasformaldehyde,benzene,
tolueneandotherundesirableorganics.Foliageplantswereplacedthroughouttheliving quartersfor absorbing
thegasesfrom thenewly constructedandfurnishedfacility.

4.4 RussianCELSSStudies

The Russianswere the initial pioneersinto the field of CELSS.The conceptstartedwith the greatvisionary
KonstantinTsiolkovsky, andthemoredetailedanalysesof biospheresby V.I. Vernadsky advancedthisscientific
field. Thefirst experimentsinto closed,unmannedecosystemswereperformedby theRussiansin the1950sand
1960s.Thiswork expanded,culminatingin themannedclosedBios-3facility, a315cubicmeterhabitatlocated
at theInstituteof Biophysics,Krasnoyarsk,Siberia.

Thefirst sealedmannedexperimentoccurredin 1965whenalgaewasusedto recycleair breathedby humans
in aclosedfacility in Krasnoyarsk,Siberia.Thealgaewaschlorella(a photosynthesizingunicellularorganism).
It absorbedthecarbondioxide that thehumansbreathedout andreplenishedtheair with oxygen. Theculture
of chlorellawascultivatedunderartificial light, needingeightsquaremetersof exposedchlorellaperhumanto
achieve a balanceof oxygenandcarbondioxide. However, thewaterandnutrientswerestoredin advance,and
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Figure5: Biosphere2 – OracleArizona

work startedinto recycling thoseaswell. By 1968,theoverall systemefficiency hadbeenraisedto 80-85%by
recycling waterandothergases.

Next, theRussiansstartedaddingregenerative foodcropsto thesystem,e.g., wheatandvegetables.TheBios-
3 facility hasconductedanumberof longdurationtwo-peopleandthree-peopleCELSSexperiments.Crewshave
inhabitedthesealedfacility for periodsof up to six months.Their only contactwith theoutsideworld wasvia
telephone,television and the windows. Bios-3 is divided into four equalquarters. Onequarterprovides the
housingfor the crew – threesinglecabins,a kitchen,a toilet, anda control room with variousequipmentfor
foodprocessing,measurements,andrepairs,aswell assystemsfor additionalpurificationof air andwaterwhen
necessary. The other threequartersof the facility arewherethe wheat,vegetables,andother food plantsare
grown, aswell astheculturesof chlorella. Thecrews plant thefood, cultivateit, andharvestit – managingthe
entiresystemandprocessingtheharvest. In theseexperiments,naturalair andwaterrecycling metmostof the
crew’s needs,andthecropsproducedover50%of thefoodneedsof thecrews.

Notably, the plantscould not clearall the excessorganicgaseousemissions,anda thermo-catalyticfilter
wasemployedto achieve this. Drinking waterwasadditionallypurifiedby ion-exchangefilters. Waterfor other
useswassimply boiled. “Crew who stayedinsidethe complex for six months,did not manifestany signsof
deteriorationto theirhealth,includingnoharmfuleffectsto themicrofloraof theirskinandmucousmembranes,
nor the contractionsof any allergies from contactwith the plants. Testsalso reveal that the air, water and
vegetablepartsof thefooddid not losetheir qualitieswhile insidethecomplex.” (ref: Gitelson)

Oneof themainchallengeshasbeenachieving equilibriumof theecosystemandahigherdegreeof autonomy
– humaninteractionin thesystemhasbeencritical to thehealthof thesystem,andwe haven’t comecloseto an
autonomoussystem.Anotherchallengeis creatingandmaintainingasufficiently diverseandefficientcollection
of plantspeciescapableof supplyingman’s nutritionalneedswhile alsorecycling all of man’s excretions.

4.5 Biosphere 2

“Biosphere2” is awell known experimentalcomplex (thanksto theirpublic relationsefforts)with aclosedeco-
logical system.Fundedby Texasmultimillionaire EdwardP. Bass,SpaceBiospheresVenturesbuilt anairlock-
sealedhabitatin Arizona,USA, initially stockedwith over3000species(sincenobodycouldpredictwhichones
would survive asfood chainsevolved) - food producingandotherplants,fish, trees,etc.,anda crew of eight
people.It is thelargestclosedecologicalsystemeverbuilt, at2.3acres- about13,000squaremeters.In Mission
1, thefacility wasclosedandsealed,andthecrew livedinsidefor two yearsfrom 1991to 1993.

Biospherewasheavily instrumentedfor research,safetyandoperationsmanagement,with over 2000points
of datacollection.The3000specieswereseparatedinto severaldifferentminiaturizedbiomesbasedondifferent
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earthecosystems,land systemsrangingfrom rain forestto desert,andmarinesystemsrangingfrom marshto
coral reef. The diet wasnutritiousanddiverse,utilizing over 80 cropsalongwith goat’s milk, eggsandsome
animalmeat,with averagedaily caloric intake of approximately2200calories,including 70 gramsof protein
and32 gramsof fat.

Thereweresomesmallleaksin thefacility, but air exchangewaskeptto lessthan10%peryear. In thesecond
year, theoxygenlevel hit a low point (14%,ascomparedto 20%in earth’s atmosphere)andcarbondioxide a
highpoint in thewinter (9.5hoursof sunshine)dueto lesssunlightplusunusualcloudinessdueto an“El Nino”
weatherevent in the region that year (the cloudiestwinter in more than 50 years– worst casescenariobad
luck!). Thecarbondioxidelevel variedbetween1000partspermillion (ppm)in June1992(14 hourssunshine)
and2700ppm in December1991,with sunny daily/nite fluctuationson summerdaysresultingin 600 to 800
ppmchanges.(In thecontinuoussunshineof orbit, exchangingcarbondioxideandoxygenbetweenplantsand
animalsshouldn’t bea problemat all, with mirror controlsincreasingeitherto any reasonablelevel. Of course,
there’s plentyof oxygenin thedirt of theMoonandasteroids,andplentyof carbonin asteroids,but it wouldbe
niceto have anaturallybalan

After an initial shakingout of somespecies,theecosystemreacheda fairly stableoverall equilibriumwith
carefulhumanmanagement.Thefacility produced90%of thecrew’s dietaryneedsover this time. (With more
sunshinein space,food self-sufficiency shouldbe readilyattainable.)Most of theother10%camefrom foods
grown in thefacility beforethecrew arrived,andfrom seedstock. (Therewasalsosomefudging,asdiscussed
in a moment.)Many lessonswerelearnedaboutmanaginga small closedecologicalsystemin Mission1, and
therewereproposedchangesin thespeciesstockingin preparationfor a Mission2. Facility sealingto give an
air leakageof just1%peryearwasanticipatedfor Mission2.

As oneof the live-in researcherswrote: “As we prepareto eventually testanddeploy preliminary, small
biological life-supportsystemsin space,andthenmoveon to biosphericsystemsconstructedof space-available
materials,we mayfeel constrainedby thelimitationsandrequirementswhich life systemsimpose.But we may
alsobe surprised,as we have beenin Biosphere2, by the adaptabilityof natureand by its resourcefulself-
organizationinto viablesystems.As we createmini-worlds for spaceexplorationandhabitation,theprospect
beckonsthatwe will createa profusionof new andbeautifulworldsnever beforeseenon Earth. And asthese
worldsmaturein their uniquemetaboliclinkages? we canexpectthatwe andthey will continueto adaptand
evolve in response.” (Ref: Princetonconferencebelow)

A goodreportentitled“Biosphere2 andIts Lessonsfor Long-DurationSpaceHabitats”(ref.) wasgivenat
theSSI/AIAA Princetonconferencein 1993.A vastbibliographyof papersandbookson“biospherics”is given
at theWWW homesiteof themanagerswho workedon this initial Biosphere.

However, a Mission 2 will apparentlynever happenin Biosphere2, andindeed,Biosphere2 hasbeenre-
treatinginto oblivion asregardsapplicationto spacehabitats.Its financierhasapparentlyreactedto criticism by
not only changingthemanagementbut alsochangedthepurposeof Biosphere2 alongthe linesof interestof a
new joint venture.

4.5.1 What Happened?

During the courseof Mission 1, the managementof Biosphere2 installeda carbondioxide scrubberandalso
providedsomesuppliesfrom theoutsidewithout reportingtheseactionsto outsidersobservers.To makematters
worse,two of the managerstook a defensive stancewhencriticismswereraisedregardingthe degreeof self-
sufficiency andthelofty claimsof theproject. (We’re not surewhetherit wasdishonestor misleadingactions.)
It would have beenunderstandable(thougha little bit disappointing)if the managershadreportedunforeseen
problemswith Mission1 andreportedthemeasuresthey haddecidedto take. If they hadbeenopen,theproject
would have beenseenasa greatlearningexperiencenevertheless,thoughnot a completesuccess.Surely, some
journalistsandegotisticalscientistswould still have takenshotsandsoughthigh profile publicity by criticisms
in any case,but it wouldnothave beensuchsensationalcriticism,andtherewouldhave beenduerespectby the
low key portion of the scientificresearchcommunitywhich truly matters.Therealmostcertainlywould have
beenaMission2 basedon thelessonsof Mission1.

Instead,thepresshadenoughjustificationto engagein a feedingfrenzy. UnderstandthatbeforeMission1,
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thepressbuilt up Biosphere2 asoneof thegreatestongoingprojectson Earth,e.g.,Discover magazinecalled
it “the mostexciting scientificprojectundertaken in theU.S. sincePresidentKennedylaunchedus toward the
Moon”, andPhil Donahuedid a live on-sitebroadcast,calling it “one of themostambitiousman-madeprojects
ever”. Oncesomethingbecomesthat famous,it attractsegotistical journalistsandupwardly mobile scientists
who rely on criticismsof othersto raisethemselvesup - the biggerthe target, the greaterthe benefitto one’s
self if they canlanda valid punch.Beforelong, practicallynobodywould defendtheelementsof Biosphere2
thatwereworthappreciating,andthestoriesfocusedonly on its misgivings. Indeed,thefocusquickly migrated
to sensational,juicy personalmatters,e.g.,characterizingthegroupasa cult. In termsof sociopoliticaltrends,
Biosphere2 hadg

Whentheabove issueswereraised,thescientificmerit of theprojectalsocameundera mediamicroscope.
While the project collectedvaluablescientific dataandpracticalexperience,it was never set up as a proper
scientificlaboratoryaccordingto certainstandards.(Indeed,it’s difficult to take on sucha large andcomplex
taskasBiosphere2 with a near-termscheduleandstick to thestringentscientificstandardsof academiaandthe
slow, onestepat a time processof exact science.)Whenthe project’s opennessandhonestywascalled into
question,thevalueaswell astheintegrity of thescientificdatawasalsocalledinto questionby someelements
of thepopularsciencemediaaswell ashardsciencemediaanalysts.

In orderto dealwith thisoverwhelmingpressureanddramaticlossof face,thefinancierof SpaceBiospheres
Venturesfired themanagementof Mission1 andreplacedit with highly respectedscientistsof themostimpec-
cablecredentials.After almosttwo years,a differentprojecthadtakena life of its own, albeitmuchdrier, less
ambitiousandlowerprofile. Thelaterprojectbenefittedfrom thepublicity andsupportof theformerproject,but
without thecorrespondingambitionandrisk. Accordingto a pressreleaseby ColumbiaUniversity, Biosphere
2 startedworking closelywith ColumbiaUniversity’s Lamont-DohertyEarthObservatory in 1994,oneof the
world’s leadinginstitutionson studyingEarth’s complex systems,in a joint venturenamedBiosphere2 Science
Consortium,which includedscientistsfrom many leadinguniversitiesandinstitutionsaroundtheworld. For ex-
ample,scientistsfrom Harvard,Yale,StanfordandAustralianNationaluniversities,theSmithsonianInstitution
andothershave beenworking aspartof theconsortiumon issuesrangingfrom biogeochemistryto ecology. (I
don’t know wheretheincomefor all this camefrom, but they areapparentlypulling it in.)

In late1995,Biosphere’s entrepreneurialbacker, EdwardP. Bass,announceda 5 yearagreementto extend
this joint venturewherebyLamont-DohertymanagesanddirectstheBiosphere’sscientific,educational,andvisi-
torscenteroperations,andwill sharerightsto thecommercialapplicationof all new technologiesandinventions.
TheBiosphere2 WWW homepageis quitenice.Thepurposeof thefacility is nolongerhabitatsfor space,but is
for studyingearth’secosystems.Therewill benomoresealedmissionsof peopleinsidethehabitat,andthework
doesnot look directly applicableto spacehabitatsany more.SpaceBiosphereVenturesis out, andBiosphere2
ScienceConsortiumis in.

5 Artificial Gravity and the Effectsof Zero Gravity on Humans

Zerogravity hasmany effectson thehumanbody, someof which leadto significanthealthconcerns.It is clear
that it would be muchhealthierfor crews to provide artificial gravity for long durationspacehabitation.This
meansrotatingthehabitatto produceartificial gravity by thecentrifugal(centripetal)force. Deleteriouseffects
of zerogravity on astronautsto datearewell documented.Becausethis is a long topic, anda topic of frequent
inquiry, we have startedaseparatepage– thePERMANENTpageon theadverseeffectsof weightlessness.

Oneissueregardingspacesettlementsrotatingfor artificial gravity is thebeginning of the “comfort zone”
asregardstheradiusof therotatingstructure.For example,if we wantto connecttwo fuel tanksby a cableand
rotatethemto produceartificial gravity asstrongasEarth’s gravity, how far shouldwe put themapart?Some
peopleaskhow muchartificial gravity weneedin orderto stayhealthyandlive in spacefor therestof our lives.
WecouldassumeEarth-normalgravity anddesignaccordingly, but lessmightbefoundto beacceptable.There’s
literatureon this but it’s notcoveredhereyet.

For very smallhabitats,rotatingthemto produceartificial gravity resultsin somevery noticibledifferences
with realgravity dueto thecoriolis effect. Whenyou dropanobject,it doesnot fall straightnow, but falls by a
curve (accordingto theperspective of thepersoninsidetherotatinghabitat).Likewisefor objectsbouncingup.
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Whenyoustandup,yourupperbodywill find itself significantlyleanedover if youarein asmallhabitatrotating
fast. For larger habitats,theseeffectsarediluted to wherethey arehumanlyunnoticable.If we wantartificial
gravity in spacecraftor smallhabitats(includingindustrialones)andstrive for a mosteconomicaldesign,then
we needto understandthesignificanceof rotationon humans.Theanalogyto thecomfortof sailorson shipsat
seais appropriate.Large,steelhulledshipsaremorecomfortablethansmall,fiberglasshulledships.

Basedon experimentson peoplein centrifugesandslow rotationrooms,it appearsthattheminimumradius
for an artificial gravity habitatis about20 meters(i.e., diameter40 meters).This is not very long. Secondly,
themaximumrotationrateappearsto bearound4 revolutionsperminute.If agravity of aboutonethird Earth’s
is permissable,thena shortradiushabitatmaybecomfortable.Themainreasonfor lowering radiuswould be
simplyeconomicsin anearlyspacehabitatin thatlowerradiusmeanslessmaterialneeded,includingdesignsfor
stress.However, in a scenariousingasteroidalor lunarmaterialwherebythecostsof materialin orbit is much
lower, we will probablyopt for largerhabitatsandperhapsevenEarth-normalgravity.

Therearenumeroustechnicaldesignsfor smallspacecraftwith artificial gravity, e.g., for missionsto Mars.
Spacestationsin low Earthorbit to datehave not usedartificial gravity for several reasons:so that they could
be smallerandcheaper;many of the experimentsto be conductedby the stationwerein microgravity (where
gravity is undesirable),anddockingsystemsaresimplerwhenthestationis not rotating. For connectingspent
fuel tanksto producea spacestationsituatedin orbit, we canjust put a long cablebetweenthemandrotatethe
structure.Peoplein spacewill startto move away from anentirely“up vs. down” senseof reference,andstart
to integratethecircularelementsinto their frameof referenceasopposedto rectangularelementsonEarth.

5.1 Artificial Gravity and the Comfort Zone

“Much of theresearchinto thehumanfactorsof rotatinghabitatsis twentyor thirty yearsold. Sincethe1960s,
severalauthorshave publishedguidelinesfor comfort in artificial gravity, includinggraphsof thehypothetical
“comfort zone”. The zoneis boundedby valuesof acceleration,head-to-footaccelerationgradient,rotation
rate,andtangentialvelocity. Individually, thesegraphsdepictthecomfort boundariesasprecisemathematical
functions. Only whenstudiedcollectively do they reveal the uncertainties.“With regardto the rotationrate,
perhapsthemostenlighteningcommentaryon humanadaptationwaspublishedby Graybielin 1977[30]:

In brief, at1.0RPMevenhighly susceptiblesubjectsweresymptom-free,or nearlyso.At 3.0RPMsubjects
experiencedsymptomsbut werenotsignificantlyhandicapped.At 5.4RPM,onlysubjectswith low susceptibility
performedwell and by the secondday were almostfree from symptoms. At 10 RPM, however, adaptation
presentedachallengingbut interestingproblem.Evenpilots withoutahistoryof air sicknessdid not fully adapt
in aperiodof twelvedays.“Thecomfortgraphsdescribedabovearesuccinctsummariesof abstractmathematical
relationships,but they donothingto convey thelook andfeelof artificial gravity. Consequently, therehasbeena
tendency in many designconceptsto treatany pointwithin thecomfortzoneas“essentiallyterrestrial”,although
thathasnot beenthecriterionfor definingthezone.Thedefiningcriterionhasbeen“mitigation of symptoms”,
andauthorsdiffer asto theboundaryvaluesthatsatisfyit. This suggeststhatthecomfortboundariesarefuzzier
thanthe individual studiesimply. Comfort may be influencedby taskrequirementsandenvironmentaldesign
considerationsbeyondthebasicrotationalparameters.

“Perhapsa more intuitive way to compareartificial-gravity environmentswith eachotheraswell aswith
Earthis to observe thebehavior of free-falling objects.Figure1 shows, for Earth-normalgravity, thetrajectory
of aball whenlaunchedfrom thefloor with aninitial velocityof 2 meterspersecond,andwhendroppedfrom an
initial heightof 2 meters.Of course,bothtrajectoriesarestraightup anddown. The“hop” reachesa maximum
heightof 0.204meters,indicatedby ashorthorizontalline. The“drop” is markedby dotsat0.1-secondintervals.
In anartificial gravity system,theball trajectoryis not straightup anddown, but curvesrelative to theobserver.
Thelargerthehabitat,or thelongerthecablein a tetheredhabitat,thelesscurve thereis.
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Figure6: In thisfigure,thefive“hop anddrop” diagramscorrespondto fivedifferentsizesof habitatandratesof
rotation,correspondingto a typical comfortchartfor artificial gravity, after thatof Hill andSchnitzer- onefor
eachboundarypointof thecomfortzone.Thetwistingof thefree-fall trajectoriesin artificial gravity revealsthe
distortionof thegravity itself.
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5.2 How much artificial gravity do weneed?

Many researchersthink thatone-thirdEarth-normalgravity is sufficient to preventpracticallyall thesignificant
biological changesassociatedwith zero gravity. However, we don’t know for surebecausewe haven’t put
humansinto artificial gravity situationsand studiedthe effects. What we do know for sureis that artificial
gravity preventsphysiologicalchangesassociatedwith zerogravity. Humansadaptverywell to space.However,
there’salot wedon’t know aboutthelongtermeffectsof weightlessnessonhumans.Wecan,however, eliminate
thatconcernentirelyby usingartificial gravity with rotatingspacehabitats.

5.3 Adverseeffectsof weightlessness

Theentirefollowing text is extractedfrom a paperby Dr. TheodoreW. Hall entitled“Artificial Gravity andthe
Architectureof Orbital Habitats”,andis Copyright 1997by TheodoreW. Hall, All RightsReserved.Reprinted
by PERMANENTwith permission.“It is ironic that,having goneto greatexpenseto escapeEarthgravity, it may
benecessaryto incur theadditionalexpenseof simulatinggravity in orbit. Beforeoptingfor artificial gravity, it
is worth reviewing theconsequencesof long-termexposureto weightlessness.

1. fluid redistribution: Bodily fluidsshift from thelowerextremitiestowardthehead.Thisprecipitatesmany
of theproblemsdescribedbelow.

2. fluid loss:Thebraininterpretstheincreaseof fluid in thecephalicareaasanincreasein totalfluid volume.
In response,it activatesexcretorymechanisms.This compoundscalciumlossandbonedemineralization.
Blood volumemay decreaseby 10 percent,which contributesto cardiovasculardeconditioning.Space
crew membersmustbewareof dehydration.

3. electrolyteimbalances:Changesin fluid distribution lead to imbalancesin potassiumand sodiumand
disturbtheautonomicregulatorysystem.

4. cardiovascularchanges:An increaseof fluid in thethoracicarealeadsinitially to increasesin left ventric-
ular volumeandcardiacoutput. As thebodyseeksa new equilibrium,fluid is excreted,the left ventricle
shrinksandcardiacoutputdecreases.Uponreturnto gravity, fluid is pulledbackinto the lower extrem-
ities andcardiacoutputfalls to subnormallevels. It may take severalweeksfor fluid volume,peripheral
resistance,cardiacsizeandcardiacoutputto returnto normal.

5. redbloodcell loss:BloodsamplestakenbeforeandafterAmericanandSoviet flightshave indicatedaloss
of asmuchas0.5 liters of redbloodcells. Scientistsareinvestigatingthepossibility thatweightlessness
causesa changein splenicfunction that resultsin prematuredestructionof red blood cells. In animal
studiesthereis someevidenceof lossthroughmicrohemorrhagesin muscletissueaswell.

6. muscledamage:Musclesatrophyfrom lackof use.Contractileproteinsarelostandtissueshrinks.Muscle
lossmaybeaccompaniedby achangein muscletype: ratsexposedto weightlessnessshow anincreasein
theamountof “f ast-twitch”whitefiberrelative to thebulkier “slow-twitch” redfiber. In 1987,ratsexposed
to 12.5daysof weightlessnessshowedalossof 40percentof theirmusclemassand“seriousdamage”in 4
to 7 percentof their musclefibers.Theaffectedfiberswereswollen andhadbeeninvadedby white blood
cells.Bloodvesselshadbrokenandredbloodcellshadenteredthemuscle.Half themuscleshaddamaged
nerve endings.Thedamagemayhave resultedfrom factorsotherthansimpledisuse,in particular:stress,
poor nutrition, andreducedcirculation– all of which arecompoundedby weightlessness;andradiation
exposure– whichis independentof weightlessness.Thereis concernthatdamagedbloodsupplyto muscle
mayadverselyaffect thebloodsupplyto boneaswell.

7. bonedamage:Bone tissueis depositedwhereneededandresorbedwherenot needed.This processis
regulatedby thepiezoelectricbehavior of bonetissueunderstress.Becausethemechanicaldemandson
bonesaregreatlyreducedin micro gravity, they essentiallydissolve. While corticalbonemayregenerate,
lossof trabecularbonemaybeirreversible.Diet andexercisehavebeenonly partiallyeffective in reducing
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the damage. Short periodsof high-loadstrengthtraining may be more effective than long endurance
exerciseon the treadmillsandbicyclescommonlyusedin orbit. Evidencesuggeststhat the lossoccurs
primarily in theweight-bearingbonesof thelegsandspine.Non-weight-bearingbones,suchastheskull
andfingers,do not seemto beaffected.

8. hypercalcemia:Fluid lossandbonedemineralizationconspireto increasetheconcentrationof calciumin
theblood,with aconsequentincreasein therisk of developingurinarystones.

9. immunesystemchanges:Thereis anincreasein neutrophilconcentration,decreasesin eosinophils,mono-
cytesandB-cells, a rise in steroidhormonesanddamageto T-cells. In 1983aboardSpacelabI, when
humanlymphocyte cultureswereexposedin vitro to concanavalin A, theT-cellswereactivatedat only 3
percentof therateof similarly treatedcultureson Earth. Lossof T-cell functionmayhamperthebody’s
resistanceto cancer– adangerexacerbatedby thehigh-radiationenvironmentof space.

10. interferencewith medicalprocedures:Fluid redistribution affectsthewaydrugsaretakenup by thebody,
with importantconsequencesfor spacepharmacology. Bacterialcell membranesbecomethicker andless
permeable,reducingtheeffectivenessof antibiotics. Spacesurgery will alsobegreatlyaffected: organs
will drift, bloodwill notpool,andtransfusionswill requiremechanicalassistance.

11. vertigoandspatialdisorientation:Withoutastablegravitationalreference,crew membersexperiencearbi-
traryandunexpectedchangesin theirsenseof verticality. Roomsthatarethoroughlyfamiliarwhenviewed
in oneorientationmaybecomeunfamiliarwhenviewedfrom adifferentup-down reference.Skylabastro-
nautEdGibsonreportedasharptransitionin thefamiliarity of thewardroomwhenrotatedapproximately
45degreesfrom the“normal” verticalattitudein whichhehadtrained.Thereis evidencethat,in adapting
to weightlessness,thebraincomesto rely moreon visualcuesandlesson othersensesof motionor posi-
tion. In orbit, Skylab astronautslost thesenseof whereobjectswerelocatedrelative to their bodieswhen
they could not actuallyseethe objects. After returninghome,oneof themfell down in his own house
whenthelightswentoutunexpectedly.

12. spaceadaptationsyndrome:About half of all astronautsandcosmonautsareafflicted. Symptomsinclude
nausea,vomiting,anorexia, headache,malaise,drowsiness,lethargy, pallorandsweating.Susceptibilityto
Earth-boundmotionsicknessdoesnotcorrelatewith susceptibilityto spacesickness.Thesicknessusually
subsidesin 1 to 3 days.

13. lossof exercisecapacity:Thismaybedueto decreasedmotivationaswell asphysiologicalchanges.Cos-
monautValeriy Ryuminwrote in his memoirs:“On theground,[exercise]wasa pleasure,but [in space]
we hadto forceourselvesto do it. Besidesbeingsimplehardwork, it wasalsoboringandmonotonous.”
Weightlessnessalsomakesit clumsy:equipmentsuchastreadmills,bicyclesandrowing machinesmustbe
festoonedwith restraints.Perspirationdoesn’t drip but simply accumulates.Skylab astronautsdescribed
disgustingpoolsof sweathalf aninch deepsloshingaroundon their breastbones.Clothingbecomessatu-
rated.

14. degradedsenseof smell andtaste:The increaseof fluids in the headcausesstuffinesssimilar to a head
cold. Foodstake on an auraof samenessandthereis a craving for spicesandstrongflavoringssuchas
horseradish,mustardandtacosauce.

15. weightloss:Fluid loss,lackof exerciseanddiminishedappetiteresultin weightloss.Spacetravelerstend
not to eatenough.Mealsandexercisemustbeplannedto preventexcessive loss.

16. flatulence:Digestive gascannot“rise” towardthemouthandis morelikely to passthroughtheotherend
of thedigestive tract– in thewordsof Skylab crewman-doctorJoeKerwin: “very effectively with great
volumeandfrequency”.

17. facialdistortion:Thefacebecomespuffy andexpressionsbecomedifficult to read,especiallywhenviewed
sidewaysor upsidedown. Voicepitch andtoneareaffectedandspeechbecomesmorenasal.
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18. changesin postureandstature:Theneutralbodypostureapproachesthefetalposition.Thespinetendsto
lengthen.Eachof theSkylabastronautsgainedaninchor moreof height,whichadverselyaffectedthefit
of their spacesuits.

19. changesin coordination:Earth-normalcoordinationunconsciouslycompensatesfor self-weight.In weight-
lessness,themusculareffort requiredto reachfor andgrabanobjectis reduced.Hence,thereis atendency
to reachtoo “high”.

“Many of thesechangesdo not poseproblemsas long as the crew remainsin a weightlessenvironment.
Troubleensuesuponthereturnto life with gravity. Therapiddecelerationduringreentryis especiallystressful
astheapparentgravity grows from zeroto morethanone“g” in a matterof minutes.In 1984,aftera 237-day
mission,Soviet cosmonautsfelt thatif they hadstayedin spacemuchlongerthey mightnothavesurvivedreentry
[3]. In 1987,in the laterstagesof his 326-daymission,Yuri Romanenko washighly fatigued,bothphysically
andmentally. His work daywasreducedto 4.5hourswhile his sleepperiodwasextendedto 9 hoursanddaily
exerciseon abicycle andtreadmillconsumed2.5hours.At theendof themission,theSovietsimplementedthe
unusualprocedureof sendingupa “safetypilot” to escortRomanenko backto Earth[22].

“Soviet cosmonautsVladimir Titov andMoussaManarov broke theone-yearbarrierwhenthey completed
a 366-daymissionon 21 December1988. SubsequentRussianmissionshave surpassedthat. Theselong-
durationspaceflights areextraordinary. They aremilestonesof humanendurance.They arenot modelsfor
spacecommercialization.”
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