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Table 3. Overview ofinfluent and effluent water quality and volume treated.

Waste | Mode | Operation [ C/d | Q Volume Concentration (Standard Deviation) pH
Stream (L/d) TLreated Influe nt (g/m3) Effluent(g/m3

L) DOC ™ DOC ™ NOx NH" DO
EPB | C Aerobic | 2 286 | 715 750(270 | 780 (240 30(6) 710(50) | 350(28) 410 (140 | 3.7(0.2) | 6.2(0.8
EPB C Aerobic 2 28.6 | 514 722 (190 880 (260 110(79) | 740(80 370(27) 730(140 | 10(3.2) 6.8 (1)
EPB | P Aerobic | 2 28.6 | 1172 | 580(8Q | 660(70) 110(22) | 540 (60 | 280(52) | 340(14Q | 11(3.6) | 6.2(0.5)
EPB | C Anoxic | 2 28.6 | 1172 | 630(110) | 720(120) | 240(79) | 520(50) | 35 (19) 610 (300 | 1.7(0.8) | 7.1(0.3)
EPB C Anoxic 1.5 21.4 | 792 610 (90 700 @80) 110(48) | 520(42) 90(36) 370(11Q | 1.7 (0.9 6.9 0.2
EPB C Anoxic 1.0 14.3 | 429 590 (70 690 (80 40 (9) 350 (35) 140(23) 220(33) 1.2(0.13) | 6.5(0.3)
EPB | C Anoxic 1.0 | 14.3 | 987 780 (120 | 830 (120 140 (30 | 560(45) | 370(51) | 320(70) | 2.3(0.4) | 6.0(0.8)
EPB | C Anoxic | 1.0 | 14.3 | 328 730(160) | 810 (110) | 140(6Q | 570(73) | 290(90) | 320(37) | 3.9(3.0) | 6.4(L.1)
EPB P Anoxic 1.0 [ 143 | In

progres

s
Transit| P Aerobic | 2 | 21 | 1008 | 990 (410 |590(190 | 130(16 | 780(320 | 380(32) | 43(18) |13(2.6) |5.6(0.2)
Transit| P Anoxic | 2 | 21 | 1743 | 1000 (240 | 1500 (520 | 140 (4Q | 670(18Q | 120(69) | 480 (23Q | 0.75(3.2) | 6.7 (0.5)
Transit| P Anoxic 1 10.5 | 872
ISS C Aerobic 2 6.9 269 2200 (380 | 2100 (340 100(30 1800 (130 | 1100 (66) 1000 12(2.5) 7.1(02

(110)
ISS P Aerobic 2 6.9 255 2500 (620 | 2900 (790 150 (20 2400 (210 | 1200 (250 | 1200 13(2) 6.2 (0.5)
(240)
1SS C Anoxic | 2 | 6.9 | 455 1900 (470 | 2500 (550 | 90(30) | 1100 (330 | 420 (14Q | 540(16Q | 1.9 (1.9) | 6.3 (0.3)
1SS C Anoxic | 2 69 | 193 2700 (500 | 3100 (240 | 290(60) | 1400(76) | 520(30) | 952 (17Q | 1.7(0.7) | 6.9(0.5)
1SS P Anoxic | 2 | 6.9 | 524 2100 (380 | 2900(340) | 320 1400 (270 | 540 (13Q | 840 (160) | 1 (1.8) 6.3 (0.5)
(130)
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Table 4. Summary of reaction rates and influentand effluentloading for all test points.

Waste | Mod Operatio | C/ Loading (g/d) Percent Transformation | Reaction Rate
Stream | e n d (Standard Deviation (g/m’-d)
Influent Effluent DOC | N N Removal | DOC N N
C N C N Oxidation Oxidation | Removal
EPB C Aerobic 2 21 22 1 20 95 (2 | 51 (10) 8 207 200 19
EPB C Aerobic | 2 20 25 | 3 21 86 (6 | 58 (6 14 (15) 176 150 42
EPB P Aerobic | 2 17 19 | 3 15 81 (4) | 60 (8 17 (12) 134 110 33
EPB C Anoxic 2 19 21 7 15 62 35 (10 26 (15 113 70 60
(10
EPB C Anoxic 1.5 [ 13 15 | 2 11 80 38 (10 26 (11) 108 60 40
(10
EPB C Anoxic 1.01] 8 10 05 |5 93 (2 | 69(4) 50 (10 78 70 49
EPB C Anoxic 1.0 | 10 12 2 8 824 | 70 (20 30 (11) 90 92 40
EPB C Anoxic 1.0 [ 10 12 | 2 8 85 68 (40 38 (279 84 75 34
(10
EPB P Anoxic 1019 10 1518 83 48 (7) 24 (12) 77 49 24
(11)
Transit | P Aerobic 2 21 12 3 16 85 (4) | 63 (9) 16 (14) 180 81
Transit | P Anoxic 2 22 31 3 14 85 (6 | 62 (10) 59 (11) 190 190 165
Transit | P Anoxic 1 10 15 | 2 8 86 80 (29 55 (30 85 105 75
(10)
ISS C Aerobic 2 15 14 1.0 | 12 95 (2 | 65(© 13 (13) 150 95 23
ISS P Aerobic 2 17 20 1.0 | 16 94 (2) | 59 (19) 13 (31) 160 120 35
ISS C Anoxic 2 13 17 (06 |7 952 [ 73(9) 56 (15) 125 130 100
ISS C Anoxic 2 18 21 | 2.0 ] 10 89 (2) [ 69 (B) 56 (4) 158 152 120
ISS P Anoxic 2 14 20 | 2.2 | 9.5 85(5) [ 70 (1) 51 (9) 120 140 110

F. Loading and ReactionRates

Carbon OxidationInfluentloading rates of organic carbon for testpoints evaluating a 2-drenfluent rate
generally varied from 182 g C/d regardless of waste streamas urine is the largestcontributorto the carbon load
andis present in alvaste streamslthoughTransitand EPB are slightligher (Figure 6; Table/4Loading rate
scalesdirectly with flow rate so test points with lower inflow (1.5 and 1 cotvave corresponding lower influent
loading rates. Effluent loading rates weragrlly low (3 g/d) and similar for all waste streams and flow rates.
However, there was a clearincrease (7 g/d) in effluent loading for treatment of the EPB waste streamfed 2 crew
flow rate under anoxc operation andthe effluent loading for thevés%e streamwas gendlsalower (1-2 g/d)
than othewaste streams atmilarflow ratesregardless of operating conditiofi$ie lower effluentloading could be
related to the lowerinfluent Cloading or may suggest that an organic component in time bydeundry is not
biodegradable.

Carbon oxidation volumetric reaction rates are highestfor test points with hifinentrC loading rates (Figure
6). This is largely due to the similarity of effluent Cloading rates, suggesting that formost eoygecatiditions
evaluatedthebioreactoris over sized with respect to C oxidation. C oxidation rates foranoxc treatment of transit
and ISS waste streams were similar to aerobic oxidation rates but anoxc treatment of EPB resulted in lower
oxidation rateskactoringin the impact of influent Cloading, there did not appearto be any ionfaetling mode
(continuous or pulse) on reactionrates. Foraerobic operation or for lower daily volumetric wastewaters, the reactor
is thus capable oftreating higlwfluent loading ratesvhether they are due to increased concentration or additional
flow rate (e.g. more crewday). The overdesignis with purpose as it allows the systemto operate with low excess
growth (long mean cellresidence time) and providedetysfactor for off nominal events, butis mainly dueto the
reactor sizing being primarily dependent on N oxdation, the rate controlling step. One exception as mentioned
above was forthe anoxc treatment of EPB wastewater for 2a&rder which the raction rate was much loav),
compared to the influent loading rate, suggesting a residence time limitation. Carbon oxdation rates are similar to
previously reported rates for sisiwale and pilot scale MABRs treating EPB or ISS waste water (2drew
regadless of membrane surface area {260 m2/m3) (Christensonetal., 2015 and Sevanthietal., 2016). These
studies also supported the strong relationship between influent carbon loading and volumetric reaction rate
supporting the excess processing capaaftthe reactor. The rectangular configuration of the rCoOMANDR
incorporated lower SSA (~10C) to prevent preferential flow due to biofilmbridging.
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Organic N OxidatiorSimilar to organic C, organic N loading rates for all veestreams witkimilar flow rates
(crew/d) were similar deito the N influent loading begqhdominatedby urine (Figure ¥ In general influent N
loading was proportional to flow rate (crady, although there was significant variation for the transit waste stream.
However, in contrast to organic C, organic N effluent loading was correlatdtiieninN loading. This supports the
reactor design premisethatvolumetric sizing is limited by the nitrification rate. Also similarto C oxidation, aerobic
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organic N oxidation rate was proportional to influent N loadifinoxic treatment of the ERfBastestreamresulted

in lower reaction rates ford.crewd flow rates. In contrast, organic N oxidation rates for anoxc treatment of ISS
wastewater were higherthan aerobic due toincreased organic N oxidation independent of influent loading. The
differencesdn aerobic and anoxic reactionrates for EPB and ISS waste streams is likely due to the longer hydraulic
residencetime forthe EPB waste water eventhough the organic loading is similar this suggests thatthereis less ofa
kinetic limitation. The increasd performance for the anoxc treatment of the ISS wastewater could be due to
alkalinity generation during denitrification or a reduction in HNO2 which can inhibit ammonia oxdation (citations).
There was no clearimpact of continuous versus on proddieéding on reaction rates. Organic N oxidation rates

for subscale and early pilot scale generation MABRSs treating habitation waste streams with SSA rangingfrom 100
250 mi/m?® are similar to those reported here at similar flow rates-{500y/ni-d) (Christenson et al., 2015 and
Sevanthiet al., 2016).

Organic N Reductioflittle N lossis expected during aerobic operation although some will occurdue to areas of
thick biofilm, gaseous intermediate losseg@Nand some Nincorporationinto cellmass. bngruence with N

percent removal only relatively minor differences in N influent and effluentloading occurredand Nremoval rates
were low accordingl{Figure 8) Interestinglylowering the volumetric flow rate from 2 to 1 crelfor EPB waste
streamdidhot improve denitrification rates and the highest rate occurred duringanoxic operation for a-8 crew
inflow for which the systemwas overloadedf{ient carbonwas higherand DO was less thrag/D. Decreasing

the volumetric flow rate lowered C bulsa reduced N losdikely due to a reduction in available C to support
denitrification. In contrastanoxc treatment ofthe Transit and ISS wastewater produced much higher N loss rates
and largerreductionsin total N effluent loading rates. It is unalbg the N loss rates and overall N removal were
lower for EPB even when considering lower influentloading rate at reduced flow. DO was similar between anoxic
operation points and effluentcarbon while higher for ISS wastewater was notalways soihbighagor transit.

Further, there ifittle change in the C/N ratio between waste streams. One possibility is that the higher nitrification
rates and efficiencies for transit and ISS anoxc test points reduce DO in the biofilm allowing a larger zone of
denitrification to occur, although it is unclear why that would not result in differences in bulk DO.
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G.Peripheral Operation Issues

Treatment efficiency ahrate of treatmentare not the only issues that impact evaluation ofthe use of biological
reactors in life support systems. Operational issues are also important. The rCOMANDR was operated for almost 3
years. During that time no maintenance was perfooneahy part of the systemexcluding thdiire sensors. The
systemis defined as everything downstream of the influent pump to the effluent tank. Forinstance, no recycling
tubing or effluent tubing was changed or cleaned, the recycle pump was notidegaced, and no solidswere
removed fromthe reactor. We also conducted 3 hibernation tests lastingfnveeks in which the system was
placed on recycle with a minimal air flow (~50m/min). After each hibernation period the systemresumeadtreatme
at the full prehibernation flow rate within-® days. While not included here due to space and time constraints, the
effluent is very stable. Tests evaluating the subsequent changes in DOC, pH, orgadisdlids concentration
recordedery little change over a 3week period with no preservgtiesults will be presented in a poster at IQES

[V. Conclusion

Overall, the systemwas able to treat a spectrumof habitation waste waters foralmost 3years with no loss of
function, performance, and no faits. Performance varied depending on waste streamanai@bility (anoxic
or aerobic) but in general most organic carbon can be removed (>80% up to 95%). Organic N oxidation is more
variable but can approach 70% with adequate residence time, an80%p tdthe total N can be removed with
substantial production offgas for Transit and ISS waste water. We also demonstrate tpaidurction feeding in
which the biologicalreactoris used as thefeed tank does not impact perforftenies ults of ths study with
respect to previous studies have a numbiempdrtant outcomed.herectangular design with cross flowresults in
similar performance as older desigvisich were cylindrical and utilized parallel flow. Membrane specific surface
areaat orabove 100n?/n? does not limit performancaslong as DO can bmaintainede.g. use of pure
Anoxc operation lowers carbon oxidation capacity for short resideémes (EPB flow rates) but can improve
organic N oxidation. Nitrogen removalis enhancedhfooxic operation but only limited N removal occurred for the
EPB waste water. Anoxc operation did reduce the maximum capacity of the systemfor the EPB wastewater in order
to maintain DOC removal.

While we have not yet performed a detailed equivadgretem mass analysis, we can propose volumetric
requirements and consumable requirements. We propose thaf efxéactor volume is required per crew for
aerobic treatment of allwaste waters.dfgénerationis beneficial to an overallconsumablelyasia, then for 1
stage treatment of EPB waste water the volumetric requirementwould double. As we have shown that the biological

UHDFWRU FDQ IXQFWLRQ DV WKH VROH $fIHHG WDQN:- QR LQWHUPHGLDW
extent lased on required sizing for separate storage tanks for Urine, HC, and hygiene and laundry. While we have

not yet evaluated £2onsumption for this study, previous work has directly measwedrumption, which is in
the range of 50-60 g/d-crew (<5% of he requirement for 1 crew). The only energy consumption is due to the

recycle pump. Further analysis is required to evaluate theimpact of inclusion of biological reactors into habitation
waste water recycling systems based on specific mission scenadbhsa®alysis should also consider issues

beyond mass and volume requirements butalso considerissues such as reduced biofouling throughout the system,
impact on brine and reduced volatile carry overto the cabin, elimination of volatile organics tmgadigste ms,

and flexibility to treat diverse waste streams.
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