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(CoMANDR 1.0, CoMANDR 2.0, and R-CoMANDR) over operating periods of ~1 year. 
These systems have successfully treated a variety of possible habitation waste streams 
including an ISS (urine + flush and humidity condensate) and Early Planetary Base (EPB) 
wastewater (urine, flush water, hygiene wastewater, and laundry). Biological stabilization 
has a number of advantages including: 1) elimination of hazardous pre-treat chemicals; 2) 
production of NOx species (that can be easily rejected by evaporative or membrane systems); 
3) elimination of volatile organic constituents; 4) a low pH effluent that facilitates membrane 
and distillation processes; and 5) a effluent that produces a better quality and less hazardous 
brine for water recovery. Previous work has primarily evaluated aerobic operation in which 
organic carbon and nitrogen is converted to CO2 and NOx-, respectively. An alternative to 
aerobic operation would be to include anoxic operation to promote denitrification and 
production of N2 gas. This allows for production of make-up gas as well as reduces the O2 
demand and can increase ammonia oxidation efficiency. We evaluated the operation of a full 
scale (2 crew/day) MABR operated to perform oxidation of organic carbon and nitrogen 
with and without simultaneous reduction of oxidized N to N2 
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Figure 6. Organic N oxidation volumetric transformation reaction rates in comparison to influent and 

effluent N loading. 

 
Figure 7. N loss volumetric transformation reaction rates in comparison to influent and effluent N loading. 
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Table 3. Overview of influent and effluent water quality and volume treated. 

Waste 
Stream 

Mode Operation  C/d Q 
(L/d) 

Volume 
Treated 
(L) 

Concentration (Standard Deviation) pH 
Influent (g/m3) Effluent(g/m3) 

DOC TN DOC TN NO x- NH4+ DO 
EPB C Aerobic 2 28.6 715 750(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 (80) 660 (70) 110 (22) 540 (60) 280 (52) 340 (140) 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 (110) 1.7 (0.6) 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 (60) 570(73) 290 (90) 320 (37) 3.9 (3.0) 6.4(1.1) 
EPB  P Anoxic 1.0 14.3 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 (40) 670 (180) 120 (69) 480 (230) 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 

(110) 
12 (2.5) 7.1 (02) 

ISS P Aerobic 2 6.9 255 2500 (620) 2900 (790) 150 (20) 2400 (210) 1200 (250) 1200 
(240) 

13 (2) 6.2 (0.5) 

ISS C Anoxic 2 6.9 455 1900 (470) 2500 (550) 90 (30) 1100 (330) 420 (140) 540 (160) 1.9 (1.9) 6.3 (0.3) 
ISS C Anoxic 2 6.9 193 2700 (500) 3100 (240) 290 (60) 1400 (76) 520 (30) 952 (170) 1.7 (0.7) 6.9 (0.5) 

ISS P Anoxic 2 6.9 524 2100 (380) 2900 (340) 320 
(130) 

1400 (270) 540 (130) 840 (160) 1 (1.8) 6.3 (0.5) 
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Table 4. Summary of reaction rates and influent and effluent loading for all test points.  
Waste 
Stream 

Mod
e 

Operatio
n 

C/
d 

Loading (g/d) Percent Transformation 
(Standard Deviation 

Reaction Rate  
(g/m3-d) 

Influent  Effluent DOC N 
Oxidation 

N Removal DOC N 
Oxidation 

N 
Removal C N C N 

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 

(10) 
35 (10) 26 (15) 113 70 60 

EPB  C Anoxic 1.5 13 15 2 11 80 
(10) 

38 (10) 26 (11) 108 60 40 

EPB C Anoxic 1.0 8 10 0.5 5 93 (2) 69 (4) 50 (10) 78 70 49 
EPB C Anoxic 1.0 10 12 2 8 82 (4) 70 (20) 30 (11) 90 92 40 

EPB C Anoxic 1.0 10 12 2 8 85 
(10) 

68 (40) 38 (27) 84 75 34 

EPB  P Anoxic 1.0 9 10 1.5 8 83 
(11) 

48 (7) 24 (12) 77 49 24 

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 

(10) 
80 (25) 55 (30) 85 105 75 

ISS C Aerobic 2 15 14 1.0 12 95 (2) 65 (6) 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 0.6 7 95 (2) 73 (9) 56 (15) 125 130 100 
ISS C Anoxic 2 18 21 2.0 10 89 (2) 69 (5) 56 (4) 158 152 120 
ISS P Anoxic  2 14 20 2.2 9.5 85 (5) 70 (7) 51 (9) 120 140 110 

    

F. Loading and Reaction Rates 
Carbon Oxidation- Influent loading rates of organic carbon for test points evaluating a 2 crew-d in fluent  rate 

generally varied from 16-22 g C/d regardless of waste stream as urine is the largest contributor to the carbon load 
and is present in all waste streams, although Transit and EPB are slightly higher (Figure 6; Table 4). Loading rate 
scales directly with flow rate so test points with lower inflow (1.5 and 1 crew-d) have corresponding lower influent  
loading rates. Effluent loading rates were generally low (1-3 g/d) and similar for all waste streams and flow rates . 
However, there was a clear increase (7 g/d) in effluent loading for treatment of the EPB waste stream for 2 crew-d 
flow rate under anoxic operation and the effluent loading for the ISS waste stream was generally  lower (1-2 g /d) 
than other waste streams at similar flow rates regardless of operating conditions. The lower effluent loading could be 
related to the lower influent C loading or may suggest that an organic component in the hygiene or laundry  is  not 
biodegradable.  

Carbon oxidation volumetric reaction rates are highest for test points with higher influent C loading rates (Figure 
6). This is largely due to the similarity of effluent C loading rates, suggesting that for mos t  operating condit ions 
evaluated the bioreactor is over sized with respect to C oxidation. C oxidation rates for anoxic treatment o f t ransit  
and ISS waste streams were similar to aerobic oxidation rates but anoxic treatment of EPB resulted in lower 
oxidation rates. Factoring in the impact of influent C loading, there did not appear to be any impact on feeding mode 
(continuous or pulse) on reaction rates.  For aerobic operation or for lower daily volumetric wastewaters, the reactor 
is thus capable of treating higher influent loading rates, whether they are due to increased concentration or additional 
flow rate (e.g. more crew day). The overdesign is with purpose as it allows the system to operate with  low exces s  
growth (long mean cell residence time) and provides a safety factor for off nominal events, but is mainly due to  the 
reactor sizing being primarily dependent on N oxidation, the rate controlling step. One exception as mentioned 
above was for the anoxic treatment of EPB wastewater for 2 crew-d, (for which the reaction rate was much lower), 
compared to the influent loading rate, suggesting a residence time limitation. Carbon oxidation rates are s imilar to  
previously reported rates for sub-scale and pilot scale MABRs treating EPB or ISS waste water (2 crew-d) 
regardless of membrane surface area (100-250 m2/m3) (Christenson et al., 2015 and Sevanthi et al., 2016). Thes e 
studies also supported the strong relationship between influent carbon loading and volumetric reaction rate 
supporting the excess processing capacity of the reactor. The rectangular configuration of the rCoMANDR 
incorporated lower SSA (~100 m2/m3) to prevent preferential flow due to biofilm bridging.  
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mode and aerobic and anoxic operation.  

 
 

Organic N Oxidation-Similar to organic C, organic N loading rates for all waste streams with similar flow rates  
(crew/d) were similar due to the N influent loading being dominated by urine (Figure 7). In general influent N 
loading was proportional to flow rate (crew-d), although there was significant variation for the transit waste stream. 
However, in contrast to organic C, organic N effluent loading was correlated to influent N loading. This supports the 
reactor design premise that volumetric sizing is limited by the nitrification rate. Also similar to C oxidation, aerob ic 
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organic N oxidation rate was proportional to influent N loading. Anoxic treatment of the EPB waste stream resulted 
in lower reaction rates for 1-2 crew-d flow rates. In contrast, organic N oxidation rates for anoxic treatment o f ISS 
wastewater were higher than aerobic due to increased organic N oxidation independent o f in fluent loading. The 
differences in aerobic and anoxic reaction rates for EPB and ISS waste streams is likely due to the longer hydraulic 
residence time for the EPB waste water even though the organic loading is similar this suggests that there is less of a 
kinetic limitation. The increased performance for the anoxic treatment of the ISS wastewater could be due to 
alkalinity generation during denitrification or a reduction in HNO2 which can inhibit ammonia oxidation (citations).  
There was no clear impact of continuous versus on production feeding on reaction rates. Organic N oxidation rates 
for subscale and early pilot scale generation MABRs treating habitation waste streams with SSA ranging from 100-
250 m2/m3 are similar to those reported here at similar flow rates (100-150 g/m3-d) (Christenson et al., 2015 and 
Sevanthi et al., 2016).  
Organic N Reduction- Little N loss is expected during aerobic operation although some will occur due to  areas o f 
thick biofilm, gaseous intermediate losses (N2O) and some N incorporation into cell mass. In  congruence with  N 
percent removal only relatively minor differences in N influent and effluent loading occurred and N removal rates  
were low accordingly (Figure 8). Interestingly, lowering the volumetric flow rate from 2 to 1 crew-d for EPB was te 
stream did not improve denitrification rates and the highest rate occurred during anoxic operat ion for a 2 crew-d 
inflow for which the system was overloaded (effluent carbon was higher and DO was less than 2 mg/l). Decreas ing 
the volumetric flow rate lowered C but also reduced N loss, likely due to a reduction in available C to support 
denitrification.  In contrast anoxic treatment of the Transit and ISS wastewater produced much higher N los s  rates 
and larger reductions in total N effluent loading rates. It is unclear why the N loss rates and overall N removal were 
lower for EPB even when considering lower influent loading rate at reduced flow. DO was similar between anoxic 
operation points and effluent carbon while higher for ISS wastewater was not always so nor was it higher for transit. 
Further, there is little change in the C/N ratio between waste streams. One possibility is that the higher nitrificat ion 
rates and efficiencies for transit and ISS anoxic 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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Figure 6. Organic C oxidation volumetric transformation reaction rates in comparison to influent and 

effluent C loading. 
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Figure 7. N loss volumetric transformation reaction rates in comparison to influent and effluent N loading. 
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G.Peripheral Operation Issues 
Treatment efficiency and rate of treatment are not the only issues that impact evaluation of the use of biological 

reactors in life support systems. Operational issues are also important. The rCoMANDR was operated for almos t  3 
years. During that time no maintenance was performed on any part of the system excluding the in-line sensors. The 
system is defined as everything downstream of the influent pump to the effluent tank. For ins tance, no recycling 
tubing or effluent tubing was changed or cleaned, the recycle pump was not cleaned or replaced, and no solids were 
removed from the reactor.  We also conducted 3 hibernation tests lasting from 2-4 weeks in which the s ystem was  
placed on recycle with a minimal air flow (~50m/min). After each hibernation period the system resumed treatment  
at the full pre-hibernation flow rate within 0-5 days. While not included here due to space and time constrain ts, the 
effluent is very stable. Tests evaluating the subsequent changes in DOC, pH, organic N, and solids  concentrat ion 
recorded very little change over a 3 week period with no preservation (results will be presented in a poster at ICES).  

IV.  Conclusion 
 

Overall, the system was able to treat a spectrum of habitation waste waters for almost 3 years  with  no los s o f 
function, performance, and no failures. Performance varied depending on waste stream and O2 availability  (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, and up to 50% of the total N can be removed with  
substantial production of N2 gas for Transit and ISS waste water. We also demonstrate that on-production feeding in  
which the biological reactor is used as the feed tank does not impact performance. The results o f th is s tudy with  
respect to previous studies have a number of important outcomes. The rectangular design with cross flow res u lts in  
similar performance as older designs which were cylindrical and utilized parallel flow. Membrane specific s urface 
area at or above 100 m2/m3 does not limit performance as long as DO can be maintained (e.g. use of pure O2). 
Anoxic operation lowers carbon oxidation capacity for short residence times (EPB flow rates) but can improve 
organic N oxidation. Nitrogen removal is enhanced for anoxic operation but only limited N removal occurred for the 
EPB waste water. Anoxic operation did reduce the maximum capacity of the system for the EPB wastewater in order 
to maintain DOC removal.   
 While we have not yet performed a detailed equivalent system mass analysis, we can propose volumetric 
requirements and consumable requirements. We propose that ~ 0.1m3 of reactor volume is  requ ired per crew for 
aerobic treatment of all waste waters. If N2 generation is beneficial to an overall consumable analysis, then for 1 
stage treatment of EPB waste water the volumetric requirement would double. As we have shown that the biological 
�U�H�D�F�W�R�U���F�D�Q���I�X�Q�F�W�L�R�Q���D�V���W�K�H���V�R�O�H���‡�I�H�H�G���W�D�Q�N�·�����Q�R���L�Q�W�H�U�P�H�G�L�D�W�H���V�W�R�U�D�J�H�������W�K�H���Y�R�O�X�P�H�W�U�L�F���U�H�T�X�L�U�H�P�H�Q�W���L�V���R�I�I�V�H�W���W�R���V�R�P�H��
extent based on required sizing for separate storage tanks for Urine, HC, and hygiene and laundry. While we have 
not yet evaluated O2 consumption for this study, previous work has directly measured O2 consumption, which is  in  
the range of ~50-60 g/d-crew (<5% of the requirement for 1 crew). The only energy consumption is due to the 
recycle pump. Further analysis is required to evaluate the impact of inclusion of biological reactors into habitation 
waste water recycling systems based on specific mission scenarios. Such analysis s hould  als o consider is s ues 
beyond mass and volume requirements but also consider issues such as reduced biofouling throughout the s ystem, 
impact on brine and reduced volatile carry over to the cabin, elimination of volatile organics to polishing s ystems , 
and flexibility to treat diverse waste streams.  
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