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1 Guide to the Supplementary Information33

The supplementary material accompanying this study is distributed across several files, listed in34

Supplementary Table 1. This document collects the detailed carbon-accounting procedure, the for-35

mulation of the Bio-Process Sizing Framework, and the supplementary figures. The framework itself36

is additionally supplied as a separate, fully formula-driven workbook, so that it can be inspected,37

re-run, or cited independently of this document.38

Supplementary Table 1: Contents of the supplementary material.

Item Format Content

Supplementary Information PDF This document: the detailed carbon-accounting
procedure, the formulation of the Bio-Process Siz-
ing Framework, and the supplementary figures.

Supplementary Data 1 XLSX The Bio-Process Sizing Framework. Formula-
driven and directly editable workbook, and the
authoritative source for every value reported
in the main text: sheet descriptions and the
scenario legend (Description), physical con-
stants (Constants), the carbon stream inventory
(Inputs), all scenario parameters (Parameters),
stream interconversion and the allocation ma-
trix (Routing), the two bioprocess parame-
ter sets (Theoretical, Empirical), the route-
resolved sizing outputs and global carbon ledger
(Scenarios), and the inverse sizing case, in
which a given installed reactor volume deter-
mines processing capacity and the division of car-
bon between routes competing for one stream
(Volume-Limited).
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2 Carbon Accounting Procedure39

2.1 Basis, Normalization, and Complementarity40

The carbon accounting was constructed to be fully traceable, algebraically closed under explicitly41

stated simplifications, and robust to missing manifest-level detail. Three methodological choices42

follow from those requirements and govern everything below.43

First, accounting is rate-based rather than manifest-based. All quantities are expressed per44

crew member and per year, in kilograms of carbon, and are anchored to crew time in person-years,45

to logistics-only up-mass rates in metric tons per person-year, and to standardized consumable46

and waste-generation rates drawn from the NASA Baseline Values and Assumptions Document47

(BVAD)[1] and the primary literature. This is appropriate because the underlying operational48

processes are steady over the intervals considered, and because BVAD planning values already49

embed mission heterogeneity. A rate basis also permits variable-throughput items (food) and50

fixed-throughput items (toothbrushes) to be combined in a single ledger.51

Second, soft-goods logistics packaging is represented as a throughput tied to cargo mass rather52

than as a mass of bags discarded, using the Cargo Transfer Bag Equivalent (CTBE) as the normal-53

izing unit. Accounting in physical bag counts would require a mission-by-mission size distribution54

and would still not resolve packing efficiency, whereas NASA logistics models treat the CTBE as55

carrying a packaging mass independent of its contents. This yields a well-defined annual material56

throughput without requiring a model of container lifetime; container reuse enters separately, as57

the single steady-state factor described with the polymer partition.58

Third, streams are defined so that overlap is structurally impossible. Food adhered to packaging59

is counted as wet organics and excluded from packaging polymer; cotton in clothing is counted as60

cellulose and excluded from synthetic clothing polymer; CTB and M-bag textiles are counted as61

packaging and excluded from clothing and hygiene textiles. Where BVAD aggregates categories in62

a way that would create overlap, explicit subtraction or category reassignment was performed and63

is documented at the relevant subsection.64

All values refer to a representative crew member, defined as an astronaut of average mass65

consuming nominal quantities of each supply and producing nominal quantities of each waste.66
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Where a source reports nominal, lower, and upper values, the nominal value was adopted. The67

mass of sex-specific items was halved, so that the representative crew member approximates a crew68

of equal sex ratio.69

Several streams lie outside the accounting boundary. Propellant, maintenance and upkeep70

hardware, experimental payloads, and structural polymers not classed as logistics are excluded by71

definition. Medical supplies are excluded because their consumption is highly variable and mission-72

dependent, a limitation the BVAD states explicitly and for which it offers no planning value;73

consumption is not tracked operationally. Waste-collection hardware and containment bags were74

judged negligible against the streams retained, as was carbon dioxide respired by rodent payloads,75

which is both small and intermittent rather than steady-state.76

2.2 Crew-Time Normalization77

The continuous-habitation record from November 2000 to November 2025 was segmented into five78

operational eras, each corresponding to a stable baseline crew complement (Supplementary Table 2).79

Era-specific crew time was computed as the product of mean onboard crew and era duration, the80

mean including the transient increments that occur during crew handover, and converted from81

crew-days to crew-years. Summed across eras this gives 132.6 person-years, the quantity used both82

for per-capita normalization and for lifetime aggregation.83

The time-weighted mean crew complement over the record is84

N̄ =
∑︁

i Niti∑︁
i ti

, (1)

where Ni is the mean crew size in era i and ti its duration in days. Evaluating Eq. (1) over the five85

eras yields N̄ = 5.29±0.2, and this value is used throughout as the crew factor converting per-crew-86

member rates to absolute station-level fluxes. The stated uncertainty reflects the approximations87

in era durations, handover lengths, and rotation counts.88

2.3 Logistics Up-Mass Baseline and Era Scaling89

Logistics-only up-mass is defined as delivered pressurized cargo entering the ISS consumables or90

equipment inventory that can ultimately contribute to a carbon-bearing waste stream. Propellant91
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Supplementary Table 2: ISS operational eras used for crew-time normalization. Mean crew includes handover
increments. Logistics mass is pressurized cargo excluding propellant (Section 2.3).

Era Period Duration Base Mean Person- Logistics Rate
(d) crew crew years (t) (t/(p·a))

I Nov 2000 – Feb 2003 821 3 3.12 7.02 36 5.1
II Feb 2003 – Jul 2006 1246 2 2.08 7.10 30 4.2
III Jul 2006 – May 2009 1035 3 3.96 11.23 55 4.9
IV May 2009 – Nov 2020 4202 6 6.12 70.46 314 4.5
V Nov 2020 – Nov 2025 1847 7 7.27 36.79 113 3.1

Total 25.07 a 9151 5.29 132.6 548 4.1

transferred for reboost is excluded, and for mixed cargo-propellant vehicles, the propellant mass92

was removed before totaling. Per-vehicle logistics capacities and per-era flight counts were compiled93

from agency mission records, and the resulting era totals are given in Supplementary Table 2. The94

lifetime total of approximately 548 t over 25 years corresponds to about 22 t per year.95

Era IV (2009–2020) was adopted as the steady-state reference, with t4 = 4.5 t/(person·a).96

A dimensionless era scaling factor was defined as Se = te/t4, giving SI = 1.1333, SII = 0.9333,97

SIII = 1.0889, SIV = 1.0000, SV = 0.6889, and a person-year-weighted mean Smean = 0.9247. This98

factor is applied when extending a stream derived for Era IV across the full record, under the explicit99

assumption that era-to-era variation in up-mass per person-year reflects changing logistics demand100

rather than changing packaging or container efficiency; the latter is treated separately through the101

bounded packing cases of Section 2.7.1. The decline in Era V is attributed to improved water and102

air recycling, better spare-part inventory management, and tighter cargo mass budgeting, rather103

than to under-supply.104

2.4 Respired Carbon Dioxide and Its Disposition105

Respired CO2 was computed from a daily production rate of 1.08 kg CO2/(person·d) for a represen-106

tative 82 kg crew member on a heavy exercise regimen[2], giving 394.2 kg CO2/(person·a). Applying107

the stoichiometric carbon mass fraction of CO2, 12/44 = 0.2727, yields 107.5 kgC/(person·a). This108

stream is structurally independent of the logistics material streams and is therefore additive without109

risk of overlap.110

The disposition of scrubbed CO2 was resolved because it determines the form in which respired111

carbon leaves the station. CO2 is removed from cabin air by the Carbon Dioxide Removal Assembly,112
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the ESA Advanced Closed Loop System, and Vozdukh, and is then either vented directly or reduced113

in a Sabatier reactor. For steady-state operation, it was assumed that 47% of available CO2 is114

routed to Sabatier reduction at 99% conversion. Accordingly, 53% of respired carbon (57.0 kgC/115

(person·a)) is vented directly as CO2; 47% (50.5 kgC/(person·a)) enters the reactor, of which 99%116

(50.0 kgC/(person·a)) is vented as methane and the residual 1% as unreacted CO2. Product water117

is retained and electrolyzed, contributing to oxygen recovery, but the carbon is not recovered.118

2.5 Wet Organic Streams119

2.5.1 Food Supply and Its Partition120

The NASA food supply planning value is 2.39 kg/(person·d) as shipped, derived from the maximum121

six-month rate of food bags opened aboard ISS. Of this, 0.43 kg is packaging (0.40 kg food packet122

material, 0.03 kg bulk overwrap bag) and 1.96 kg is food, which is 51.3% dry matter and 48.7%123

water in unopened packets. The food fraction partitions into 1.56 kg consumed, 0.20 kg prepared124

but wasted, and 0.20 kg never opened.125

Dry matter was modeled stoichiometrically as 50% carbohydrate (C6H12O6), 27.5% fat (C5H9O2),126

and 22.5% protein (C6H15O2N2), consistent with the BVAD adhered-food model. The correspond-127

ing carbon mass fractions are 0.40, 0.59, and 0.49, giving a weighted dry-matter carbon fraction of128

0.472, rounded to 0.47. Annualizing the three subsets gives 137.24, 17.52, and 17.52 kgC/(person·a)129

respectively, for a nominal total food supply of 172.28 kgC/(person·a).130

2.5.2 Feces, Urine, and Human Detritus131

Fecal and urine masses were taken from BVAD per-day values and annualized, giving 44.90 and132

570.13 kg/(person·a) respectively at nominal. The fecal dry-solids fraction was computed from133

the BVAD solids tables and fecal carbon assumed to be 50% of dry solids[3]; urine carbon was134

computed from an organic fraction of 3.78% at an assumed carbon content of 13%. This gives135

8.07 kgC/(person·a) for feces and urine combined.136

Human detritus comprises sweat solids, skin cells, skin oils, hair, saliva solids, mucus solids,137

and nails, annualized from BVAD per-day values and assigned carbon by composition proxy: sweat138

and saliva solids as predominantly water and electrolytes with negligible carbon[4]; skin cells and139
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nails as 90% keratin and hair as 80% keratin, at a total carbon content of 51%[5, 6]; skin oils140

as lipid-dominated at 80% carbon[7]; and mucus as 97% water with 1.5% carbon in the solids[8].141

The total is 1.724 kgC/(person·a). Menstrual blood loss was computed from a mean 43.4 mL142

per cycle[9] over twelve cycles per year, at a whole-blood carbon content of 5.075% derived from143

a 55:45 plasma-to-cell split, and halved for crew sex ratio, giving 0.014 kgC/(person·a). These144

simplifications are acceptable because detritus is a minor contributor relative to the packaging,145

cellulose, and respiration streams, and uncertainty in its carbon fraction has negligible effect on146

the total.147

2.5.3 Residual Food Waste by Deductive Closure148

Residual food waste comprises food never opened, food adhered to package interiors, and plate149

waste. All three were assigned to wet organics rather than to packaging, which is what prevented150

adhered food from being implicitly counted as polymer.151

The magnitude of this stream was derived deductively rather than measured. At metabolic152

steady state, and assuming no net change in crew body mass, all carbon in consumed food must153

leave as respired CO2 or in a wet organic waste stream:154

food consumed = respired CO2 + wet organic waste. (2)

The right-hand side is fixed by the preceding subsections at 107.5 + 9.8 = 117.3 kgC/(person·a),155

whereas annualizing the supply planning value gives a nominal consumed figure of 137.24 kgC/156

(person·a). The difference of 19.94 kgC/(person·a) cannot be metabolized and is therefore routed157

to food waste. Adding it to the two explicit waste subsets gives a total residual food waste of158

17.52 + 17.52 + 19.94 = 54.98 kgC/(person·a), and a nominal wet organics stream, including feces,159

urine, detritus, and blood, of 64.8 kgC/(person·a).160

This treatment is justified on two grounds. The 2.39 kg planning value is the maximum six-161

month rate of food bags opened and is not the quantity a representative 82 kg crew member is ex-162

pected to consume, and food is deliberately supplied in surplus to avoid end-of-mission shortfall[2].163

Eq. (2) therefore functions simultaneously as a derivation and as a closure check on the metabolic164

streams.165
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2.6 Cellulose-Containing Solids166

Cellulosic items were treated as a dedicated stream because they are compositionally distinct from167

wet organics, being low-moisture fibrous solids, and because they must be separated from synthetic168

textiles to preserve complementarity with the polymer streams. Cotton and paper were taken as169

100% cellulose–non-cellulosic finishes and dyes being negligible against the mass uncertainty in170

supply rates–and cellulose carbon was computed throughout at fC = 0.44.171

Per-item supply rates were taken from the BVAD and from the ISS logistics literature[10, 11,172

12, 13]. Cotton in clothing was itemized at 0.207 kg/(person·d), or 75.56 kg/(person·a), giving173

33.24 kgC/(person·a); this figure is net of generalized clothing mass already carried in the CTBE174

packaging category, which was subtracted explicitly to avoid double counting. Cellulose in hygiene175

items, comprising towels and wipes at 0.475 kg/(person·d) together with sleeping-bag liners (one176

per 30 days at 400 g, taken as 100% cotton)[14] and tampons (97.2 g/(person·month) from BVAD,177

halved for crew sex ratio), totals 78.69 kgC/(person·a). Per the BVAD, paper is still used extensively178

aboard ISS for documentation, and the nominal value of 0.0260 kg/(person·d) sums to 4.18 kgC/179

(person·a). The cellulose stream carried forward is therefore 116.11 kgC/(person·a).180

2.7 Polymer Streams181

2.7.1 Soft-Goods Logistics Packaging182

The Era IV crew-normalized logistics rate is 4456.7 kg/(person·a), from 314 t delivered over183

4202 days at a mean crew of 6.12, equivalent to 70.46 crew-years. Packaging polymer mass per184

CTBE was treated as a fixed abstraction independent of contents, comprising 0.83 kg of CTB fabric185

and 0.10 kg of internal liner, for 0.93 kg polymer per CTBE.186

Because the CTBE is a capacity unit rather than a physical container, the number required to187

deliver a given cargo mass depends on packing efficiency. An effective load of 15.38 kg/CTBE was188

adopted, corresponding to the legacy planning requirement of 65 CTBE per 1000 kg of pressurized189

cargo. At the Era IV logistics rate this gives 290 CTBE/(person·a), and hence 269 kg polymer/190

(person·a); extension across eras follows Ne,k = N4,kSe.191

CTBE textile was treated as a mixed fabric of 7.5% polyamide, 7.5% polyester, and 85% aramid-192

dominant material, at carbon mass fractions of 0.637, 0.625, and 0.706 respectively, giving 0.646 kgC193
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per CTBE partitioned as 0.044 kgC polyamide, 0.044 kgC polyester, and 0.558 kgC aramid. At194

the person-year-weighted era scaling, this yields 173.3 kgC/(person·a), partitioned as 11.9 kgC195

polyamide, 11.7 kgC polyester, and 149.7 kgC aramid.196

Packing efficiency is the dominant uncertainty in this stream, which supplies roughly half of197

all recalcitrant polymer carbon. The certified mass-limited maximum of 26.81 kg/CTBE and198

the historically observed volume-limited loading of 10.26 kg/CTBE would give 99 and 259 kgC/199

(person·a) in place of the adopted 173.3, a range extending a factor of 1.75 below the reported200

figure and 1.5 above it.201

2.7.2 Packing Foam202

Foam masses were taken from CTB packing-foam inventory data supplied by the ISS Cargo Mission203

Contract program (Leidos, personal communication), averaged over 2022–2025. Two grades dom-204

inated the total and were retained: Plastazote LD45 FR, a flame-retarded crosslinked low-density205

polyethylene, at 7.57 kg/(person·a); and ZOTEK F30, a closed-cell crosslinked poly(vinylidene flu-206

oride), at 31.74 kg/(person·a). Polymer identities were taken from manufacturer technical data207

sheets and confirmed by the program technical lead[15].208

Carbon mass fractions were computed from repeat-unit stoichiometry assuming pure homopoly-209

mer composition: –(CH2–CH2)– for polyethylene (M = 28 g mol−1, wC = 24/28 = 0.857) and210

–(CH2–CF2)– for PVDF (M = 64 g mol−1, wC = 24/64 = 0.375). Integer atomic masses were211

used; substituting IUPAC standard atomic weights changes the result by less than 0.1%. The212

flame-retardant additive content of Plastazote LD45 FR is not specified by the manufacturer, so its213

mass was assigned in full to polyethylene, giving an upper bound on polyethylene-derived carbon.214

This yielded 6.49 kgC/(person·a) from the polyethylene foam and 11.90 kgC/(person·a) from the215

PVDF foam, for a total foam-derived carbon flux of 18.4 kgC/(person·a).216

2.7.3 Food Packaging and Bulk Overwrap Bags217

Food packaging plastic was treated as a polymer stream complementary to the residual food organics218

that adhere to it. From the 2.39 kg/(person·d) food planning value, 0.40 kg is packet material219

and 0.03 kg bulk overwrap bag (BOB). Packet material was taken as equal thirds polyethylene,220

polypropylene, and polystyrene per the BVAD, at carbon mass fractions of 0.856, 0.856, and 0.923,221
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giving a nominal 128.27 kgC/(person·a). BOB composition was taken as 25% polyethylene, 55%222

PET, and 20% aluminum, giving 2.36 kgC/(person·a) from polyethylene and 3.76 kgC/(person·a)223

from PET.224

2.7.4 Clothing and Hygiene Polymers225

Clothing supply was taken at 0.377 kg/(person·d) net of CTB mass[10], itemized by garment and226

assigned polymer composition by subcategory[12]. The resulting carbon contributions are 22.81227

(PET), 6.07 (polyamide), 3.11 (aramid), 4.75 (polyurethane/elastane), 1.97 (styrene-butadiene228

rubber), and 1.48 (ethylene-vinyl acetate) kgC/(person·a), for a total clothing polymer carbon229

of 40.19 kgC/(person·a), of which 28.88 is bio-deconstructable (PET and polyamide) and 11.31230

recalcitrant.231

Hygiene items were partitioned by material type into cellulose, treated in the preceding section,232

and polymer. Polymer contributions are 7.30 (PET), 18.21 (polyethylene), 10.99 (polypropylene),233

3.05 (polycarbonate), and 0.23 (polyamide) kgC/(person·a), for a total of 39.78 kgC/(person·a), of234

which 7.53 is bio-deconstructable and 32.25 recalcitrant. Nitrile gloves were accounted separately235

at 0.016 kg/(person·d), taken as a 35:65 acrylonitrile-butadiene copolymer at carbon mass fractions236

of 0.679 and 0.888, giving 4.76 kgC/(person·a), all recalcitrant.237

2.7.5 Partition into Bio-Deconstructable and Recalcitrant Polymer238

Polymer carbon was partitioned by whether the backbone carries a hydrolyzable linkage for which239

enzymatic depolymerization has been demonstrated. Polyesters and aliphatic polyamides were240

classed as bio-deconstructable, and polyolefins, polystyrene, polycarbonate, aromatic polyamides241

(aramids), fluoropolymers, and elastomers as recalcitrant. A reuse rate of 25% is assumed for242

cargo transfer bags under steady-state operations, based on operational experience of ISS cargo243

handling and stowage (K.H.R.), so only 75% of CTB-derived polymer mass reports to the waste244

stream and to the bioprocessing inlet. The factor is applied to all CTB-derived polymer, aramid,245

polyamide, and polyester alike. Summing across the streams above gives 42.6 kgC/(person·a) of246

polyester, 15.2 kgC/(person·a) of polyamide, and 309.6 kgC/(person·a) of recalcitrant polymer247

(Supplementary Fig. 1).248
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2.8 Closure Checks249

Three checks constrain the accounting. Internal complementarity is enforced by construction: any250

quantity that could be assigned to two categories is allocated to exactly one by rule, and each such251

rule is documented at the relevant subsection. Independently, the metabolic streams close through252

Eq. (2), which fixes wet organic waste against respired CO2 and food supply rather than leaving it253

to be estimated. A third check is available downstream, where lifetime terminal carbon computed254

from the disposal side and lifetime up-linked carbon computed from the supply side are derived255

independently and agree to within 0.04 kg across an 87 t total, as reported in Figure 2 of the main256

text.257

2.9 Simplifications and Their Justification258

Representative polymer-class carbon fractions were used rather than part-number-specific formu-259

lations, because polymer class dominates the elemental carbon fraction and is sufficient for the260

bio-deconstructable against recalcitrant differentiation that the analysis requires. Residual food261

carbon was treated with a BVAD-consistent stoichiometric diet model and a rounded dry-matter262

carbon fraction of 0.47, because diet composition varies less than the mass uncertainty in adhered-263

food and discard rates, and rounding avoids false precision while preserving consistency across264

the wet organic calculations. CTBE throughput was computed from a single stated packing effi-265

ciency rather than modeled mission by mission, because mission-specific packing behavior is poorly266

constrained by public data; the sensitivity of that choice is given in Section 2.7.1.267
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3 Bio-Process Sizing Framework268

3.1 Scope, System Boundary, and Steady-State Assumption269

The framework resolves carbon only. Water, nitrogen, phosphorus, trace nutrients, and energy are270

outside the system boundary, and no attempt is made to close balances in those elements. The271

station is treated as operating at quasi-steady state, so that accumulation of carbon within the272

habitat is negligible relative to throughput, and annual inputs can be balanced directly against273

outputs and transformations. All bioprocesses are evaluated under standard aqueous conditions,274

at the reference temperature and pressure recorded on the Constants and Parameters sheets of275

Supplementary Data 1.276

Carbon accounting was performed per crew member and per year, and scaled to absolute annual277

fluxes by the time-weighted mean crew complement (Inputs sheet). Consequently, every quantity278

in this supplement is an annualized mean; start-up transients, resupply cadence, crew handover279

peaks, and off-nominal operations were not represented.280

3.2 Carbon-Stream Interconversion281

Raw waste streams are not all directly bioavailable, so three thermochemical or biochemical in-282

terconversion steps precede the biological stage: anaerobic digestion of wet organics, pyrolysis of283

recalcitrant plastics, and Sabatier methanation of the pooled carbon dioxide. Their governing pa-284

rameters are given on the Routing sheet of Supplementary Data 1, together with the resulting285

pooled streams. Each pooled stream is then divided among the conversion mechanisms that can286

accept it, in the proportions given by the allocation matrix on the same sheet.287

Interconversion is resolved in a single forward pass. Products of one step are not returned to the288

inlet of another, and no iteration to a fixed point is performed. This keeps the model transparent289

and analytically tractable, but means that any recycle loop a real plant would operate, for example,290

returning Sabatier product water or unconverted pyrolysis gas, is not credited.291

The single largest structural difference between the two routing scenarios lies in the pyrolysis292

step. The Baseline scenario routes a small fraction of the recalcitrant plastic stream through plasma293

pyrolysis, whereas the Aspirational scenario routes the great majority through microwave-assisted294
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pyrolysis, which is represented with a higher carbon conversion efficiency and a product distribution295

shifted toward methane at the expense of carbon monoxide and carbon dioxide (Routing sheet).296

The scenarios also differ in the share of wet organics digested, 90% against 50%, and in the fraction297

of the pooled carbon dioxide methanated in the Sabatier step, 50% against 95%; the latter leaves298

little carbon dioxide for the autotrophic routes in the Aspirational scenario and supplies half of its299

methane.300

3.3 Bioprocess Sizing Chain301

Each conversion route is characterized by four quantities: the volumetric carbon processing rate302

rC , the volumetric carbon processing capacity Ccap, the biomass volumetric productivity PV , and303

the biomass yield on carbon YX/C . Capacity follows from rate-by-unit conversion, and the two304

sizing outputs (required reactor volume V and annual biomass output X) follow from the carbon305

stream allocated to that route:306

Ccap = rC
ta

1000 , V = Cstream
Ccap

, X = Cstream YX/C , (3)

where ta is the number of days per year (Constants sheet) and the factor of 1000 converts grams307

to kilograms. Equation (3) is the whole of the sizing chain: the modeling effort sits entirely in rC308

and YX/C , which are what distinguish the two models. The resulting distribution of reactor volume309

across routes is shown in Supplementary Fig. 3.310

In the Theoretical model, rC is derived from whichever physical process limits the route: light de-311

livery for photoautotrophy, gas–liquid mass transfer for lithoautotrophy, acetogenesis, and methan-312

otrophy, oxygen transfer for aerobic heterotrophy, and hydrolysis or depolymerization kinetics for313

cellulose and the polymers. The limiter for each route is named on the Theoretical sheet. In the314

Empirical model, PV and YX/C are taken from the reported performance of specific organisms, and315

rC and Ccap follow from them (Empirical sheet).316

For the gas-transfer-limited routes, the volumetric transfer rate of species i is317

Ni = u kLa Hcp
i pi, (4)
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with kLa the volumetric mass-transfer coefficient, Hcp
i the Henry’s-law solubility at the operating318

temperature, pi the partial pressure of i in the sparged gas, and u the fraction of transferred gas319

the culture utilizes. Carbon uptake then follows from whichever reactant limits the mechanism,320

converted to a mass basis by the molar mass of carbon MC : rC = MCNCO for the acetogen;321

rC = MC min
(︂
NCH4 , NO2/αO2/CH4

)︂
for the methanotroph, with αO2/CH4 the oxygen demand per322

methane oxidized; and323

rC = MC min
(︄

NCO2 ,
min(NH2 , 2NO2)

nH2/C

)︄
(5)

for the aerobic lithoautotroph, whose electron donor is supplied at the lesser of the hydrogen324

transfer rate and twice the oxygen transfer rate, and where nH2/C is the hydrogen demand per325

carbon fixed. The aerobic heterotrophic routes on volatile fatty acids and wet organics are oxygen-326

transfer-limited, rC = MCNO2/αO2/C; the mixotrophic route shares this rate and differs only in its327

yield.328

The photoautotrophic route is light-limited rather than transfer-limited, and is sized from the329

areal biomass productivity PA and the illuminated area per unit volume A/V :330

rC = fC,X PA
A

V
, (6)

where fC,X is the carbon mass fraction of biomass. This is the one route whose rC is expressed331

on a biomass-carbon basis rather than as a substrate uptake rate, so the identity PV = rCYX/C ,332

which holds for every other route in both layers, does not hold here; the photoautotrophic reactor333

is correspondingly sized as though all carbon taken up were fixed.334

The solid substrates follow first-order hydrolysis or depolymerization kinetics on the carbon335

loading CL, attenuated by a high-solids penalty:336

rC = us k CL ϕ, ϕ = max(0, 1 − β max(0, TS − TSref)) , TS = CL

1000fC
, (7)

with k the first-order rate constant for the substrate, us a utilization factor, fC the carbon mass337

fraction of the substrate, and β the penalty slope above the reference total-solids fraction TSref .338

The anaerobic digestion unit is not rate-limited in this sense and is sized instead on its slurry carbon339

loading and residence time, rC = CAD/τAD. All parameters are set on the Parameters sheet of340
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Supplementary Data 1, and the limiter applying to each route is named on the Theoretical sheet.341

3.4 Scenarios and Models342

Projections are reported over a two-by-two design. The scenario axis (Baseline versus Aspirational)343

varies the routing and operating parameters on the Parameters sheet: how much of each stream is344

made accessible, and how aggressively each process is operated. The model axis (Theoretical versus345

Empirical) varies where the bioprocess parameters come from, as described above. The two axes346

are independent, so each of the four combinations is a self-consistent parameterization rather than347

a scenario in the narrative sense. Carbon routed and biomass produced under each are shown in348

Supplementary Fig. 2.349

3.5 Known Limitations350

Several simplifications are deliberate and bound the interpretation of the results.351

Three rate and yield corrections apply to the Theoretical layer and not to the Empirical352

layer, whose measured parameters embed them implicitly. Henry’s-law solubilities are van ’t Hoff-353

corrected from the tabulated 298.15 K reference to the operating temperature Top, whose default is354

303.15 K; setting Top = 298.15 K evaluates the model at the tabulated reference condition. Growth355

carries a Pirt-type maintenance penalty, parameterized by a growth rate µgrowth and a maintenance356

coefficient mC,maint, which lowers the observed assimilation fraction at low growth rate. A high-357

solids penalty reduces solid-substrate rates above a total-solids threshold. All three are set on the358

Parameters sheet. Because they apply to one layer only, these corrections bear directly on the359

relationship between the two.360

The two layers are not nested, and neither is intended as a bound on the other. They are361

two independent estimates of the same quantity, derived from different premises, and their agree-362

ment is therefore a check on both: where they converge, the underlying assumptions are mutually363

corroborated, and where they diverge, the divergence localizes the assumption at fault. Under364

Baseline routing, the two agree to within a kilogram per year, at 1,693 kg/yr theoretical against365

1,694 kg/yr empirical. Under Aspirational routing, the Theoretical layer is the higher of the two,366

at 2,919 against 2,759 kg/yr, owing to the wet-organic routes the Empirical layer does not resolve367

and to depolymerization-limited rates no reported chassis yet attains, partly offset by cellulose.368
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Where an empirical yield was assumed rather than measured, the corresponding theoretical assim-369

ilation fraction is used, so that a difference between the two layers reflects the data rather than the370

bookkeeping.371

The organism and literature source underlying every empirical parameterization are recorded in372

the Chassis / Reference column of the Empirical sheet. The sources cover photoautotrophy[16,373

17], aerobic lithoautotrophy[18, 19], acetogenesis[20, 21], methanotrophy[22, 23, 24], heterotrophy374

on volatile fatty acids[25, 26], anaerobic digestion[27, 28, 29], cellulose[30, 31], polyesters[32, 33],375

and polyamides[34, 35, 33]. Every parameterization is drawn from a named strain in a single study.376

The aerobic heterotrophic and mixotrophic wet-organic routes have no empirical parameterization377

at all, since no single organism has been reported that represents the mixed cultures they assume;378

the mixotrophic route inherits the aerobic heterotrophic yield with a scenario-dependent uplift and379

is therefore unparameterized for the same reason. Both return #N/A rather than zero and are380

excluded from the empirical totals, which is the largest single source of the divergence between the381

two layers under Aspirational routing.382
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4 Supplementary Figures383

0 50 100 150 200 250 300 350 400

Plastic Carbon [kgC/(person·yr)]

Polyesters
42.6 kgC/(person·yr)

Polyamides
15.2 kgC/(person·yr)

Recalcitrant Plastics
309.6 kgC/(person·yr)

Recoverable*
15.7%

Not Recoverable
84.3%

Total 367.5 kgC/(person·yr)

* none of it is currently recovered

Supplementary Figure 1: Recoverable and non-recoverable plastic carbon. Annual plastic-carbon
inventory of one crew member, partitioned by whether the polymer backbone carries a hydrolyzable linkage
for which enzymatic depolymerization has been demonstrated. Fill color identifies the two recoverable
polymer classes as in the main-text figures; the recalcitrant fraction is drawn in neutral gray and hatched,
marking it as carbon for which the present framework provides no biological route. The bracket beneath
divides the bar at that boundary and gives each side as a percentage of the total, with the total itself marked
by the dashed rule at the right. The asterisk records that the recoverable fraction is an upper limit on
what biology could address rather than a description of current practice: no route assumed here is operated
aboard ISS, and none of this carbon is recovered.
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Supplementary Figure 2: Scenario-level carbon routing and biomass output. Annual routed carbon
(as kgC/yr) and the corresponding microbial biomass output (kg/yr) for the Baseline and Aspirational
scenarios, each under the Theoretical and Empirical sizing models; the scenario-level aggregate of the route-
resolved main-text data. Bars are colored by substrate and hatched by organism/process class (keys below);
the CO2 key is two-toned to distinguish photoautotrophic from lithoautotrophic fixation. Route-resolved
values are from the Bio-Process Sizing Framework (Supplementary Data 1).
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Baseline Scenario Aspirational Scenario

Theoretical
Model

Empirical
Model

13.4k L

1.3k L

25.6k L

5.4k L

Pie area is proportional to total reactor volume, on one scale across all four panels (largest / smallest = 19.4×)

Route (Fill Colour Denotes the Substrate)
A. CO2 | Photoautotroph (aerobic)
B. CO2 | Lithoautotroph (aerobic)
C. CO | Acetogen
D. CH4 | Methanotroph (aerobic)

E. VFAs | Heterotroph
F. Wet Organics | Heterotroph
G. Wet Organics | Mixotroph (aerobic)
H. Wet Organics | Acidogenesis

I. Cellulose | Enzymatic
J. Polyesters | Biochemical
K. Polyamides | Biochemical

Supplementary Figure 3: Reactor-volume distribution by bioprocess. Comparison of sizing model and
routing scenarios. Pie area (not radius) is proportional to the total reactor volume that case requires, so
a pie of half the diameter denotes a quarter of the volume. The in-figure note states the single area scale
and the ratio of the largest case to the smallest, and each pie prints its own total above it. Because that
one scale spans all four panels, areas are directly comparable throughout, between scenarios within a model,
and between models within a scenario alike. Every wedge is one conversion route, where its angle gives that
route’s share of its own case total, its fill identifies the substrate consumed, and the letter within it keys to
the route legend below, which also carries the substrate key. Wedges too narrow for an interior label carry
leader labels outside the rim; six slivers below 0.3% are left unlabeled. Route letters are as in Fig. 4 of the
main text. Exact values are tabulated route by route in the Scenarios sheet of Supplementary Data 1.
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