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 The development of a Partial Gravity Water Recovery System (PGWRS) for a future 

long-duration mission to a lunar/planetary surface is an unmet need. The Water Recovery 

System currently used aboard the ISS recovers potable water from urine, flush water, and 

humidity condensate and necessarily employs microgravity-compatible technologies. A 

PGWRS, in comparison, is amenable to the inclusion of more reliable gravity-based 

separation techniques and may additionally be required to process hygiene and laundry 

wastewaters. Here, we discuss the anticipated compositions and flow rates of the types of 

wastewaters expected to be produced on an early planetary base, the general structure of a 

water recovery architecture capable of taking such waste streams to potable quality, and 

several different candidate technologies that can fulfill one or more processing functions. 

Additionally, we present a mathematical model of a Membrane Aerated Bioreactor (MABR) 

- Reverse Osmosis (RO) system that was used in trading four different simple water recovery 

architectures, each accommodating either a mixed waste stream or two segregated waste 

streams and featuring an RO system in either an internal recycle or MABR recycle 

configuration. Our analysis results suggest that the architecture masses are sensitive to certain 

parameters, such as the RO recovery fraction, with each of the four configurations being 

potentially lucrative under the appropriate set of operating conditions. Finally, we identify 

knowledge gaps for promising technologies that arose during our analysis and that we 

recommend closing via future modeling and/or testing efforts. 

Nomenclature 

 

[species] A = organics MF = multifiltration 

AC = activated carbon ORU = orbital replacement unit 

AES = Advanced Exploration Systems PGWRS = 
Partial Gravity Water Recovery 

System 

[species] B = inorganics 𝑄1 = volumetric flow rate of RO feed 

BPA = Brine Processor Assembly 𝑄𝐹  = 
volumetric flow rate of MABR 

feed 

𝐶1 = RO feed concentration 𝑄𝑃 = 
volumetric flow rate of RO 

permeate 

𝐶𝐴   = concentration of species 𝐴 𝑅 = intrinsic component rejection 

𝐶𝐴,0 = 
concentration of species 𝐴 in the 

feed to the MABR 
RO = reverse osmosis 

𝐶𝐵 = concentration of species 𝐵 TIC = total inorganic carbon 

𝐶𝐵,0 = 
concentration of species 𝐵 in the 

feed to the MABR 
TN = total nitrogen 

𝐶𝐹 = MABR feed concentration 𝑉𝐿 = bioreactor liquid volume 

𝐶𝑃 = RO permeate concentration VCD = Vapor Compression Distiller 

CM = crewmember VOC = volatile organic compounds 

DO = dissolved oxygen WHC = Waste Hygiene Compartment 

                                                           
1Modeling and Simulation Chemical Engineer, Engineering Dept., 2224 Bay Area Blvd./JE-5EA. 
2Engineering Specialist, Engineering Dept., 2224 Bay Area Blvd./JE-5EA. 
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EPB = Early Planetary Base WRS = Water Recovery System 

IE = ion exchange 𝛼 = 
fraction of RO concentrate 

recycled to MABR 

JSC = Johnson Space Center 𝛿 = intermediate variable 

𝑘 = first-order reaction rate constant 𝜃 = dimensionless constant 

LMLSTP = 
Lunar-Mars Life Support Test 

Project  
𝜑 = overall RO recovery 

LSS = Life Support Systems 𝜑𝑅𝑂 = single-pass RO recovery 

MABR = Membrane Aerated Bioreactor    

I. Introduction 

ATER is a critical life support consumable. Recovering potable water for crew consumption from spent 

wastewater instead of relying solely on costly resupply can result in considerable mass savings, especially over 

the course of a long-duration mission. Aboard the ISS, the Water Recovery System (WRS) currently employs 

microgravity-compatible subsystems and system components to process urine, flush water, and humidity condensate. 

A prospective partial gravity water recovery system (PGWRS) for use on the lunar or Mars surface, in contrast, may 

include technologies that take advantage of gravity-dependent phenomena, such as particle settling, gas sparging, and 

headspace degassing. Moreover, newly accessible hygiene activities on a planetary base, such as hand washing and 

showering, may require such a system to process a significantly larger volume of wastewater with a different 

composition. The confluence of these two factors necessitates that the trade space for partial gravity water recovery 

technologies be revisited. Here, we present constituent models and anticipated flow rates for the five types of 

wastewater expected to be produced on an early planetary base (EPB) and the general structure (as partitioned into 

functional blocks) of an architecture capable of converting such waste streams to potable water. We also describe 13 

different technologies that can satisfy one or more of these functions and present a mathematical model for a system 

that couples two of them: a Membrane Aerated Bioreactor (MABR) and a reverse osmosis (RO) module. We then use 

this model to trade four different simple water recovery architectures, each centered around one MABR-RO 

configuration, assuming a 1000-day mission with a four-person crew. Note that we used the mass of each architecture 

as the comparison parameter for the sake of this analysis, but acknowledge that this is just one consideration among 

several (e.g. reliability, safety, life cycle cost, promptness of re-startup following dormancy, etc.) that would ultimately 

go into selecting such a system. 

This analysis was part of a study to help identify candidate PGWRS architectures for further analysis and testing. 

II. Wastewater Constituents and Nominal Flow Rates 

From the literature, a constituent model was prepared for each type of wastewater considered in this analysis (urine1, 

flush water, humidity condensate2, hygiene wastewater [handwash and shower]3, and laundry wastewater3). Besides 

H2O, the major non-carbon-containing components (referred to as “inorganics”) were assumed to be Na+, K+, NH4
+, 

Cl-, NO2
-, NO3

-, H2PO4
-, SO4

-2, and CrO3 (a pretreatment chemical). HCO3
- (bicarbonate), the assumed major source 

of inorganic carbon, was also included in this category. The major carbon-containing components (referred to as 

“organics”) were assumed to be CH4N2O (urea), CH1.5N0.3O0.5 (a representative molecule of the organics found in 

urine, excluding urea), CH2.5O0.6 (a representative molecule of the volatile organics found in humidity condensate), 

and CH2.0N0.1O0.3 (a representative molecule of the surfactants found in hygiene and laundry wastewater).  

The concentrations of these components for the five wastewater models are given Table 1. The total organic carbon 

(TOC), total inorganic carbon (TIC), total nitrogen (TN), total inorganic dissolved solids (inorganic TDS), and total 

dissolved solids (TDS) for each type of wastewater are also given. Nominal wastewater volumes were based on the 

expected output of a four-person crew for an exploration mission beyond low earth orbit, as used during testing of the 

Alternative Water Processor4, and are given in Table 2. 
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Table 1. Wastewater Compositions 

Component Urine 
Flush 

Water 

Humidity 

Condensate 

Hygiene 

Wastewater 

Laundry 

Wastewater 
Units 

Na+ 2731 0 0 75 20 mg/L 

K+ 2307 0 0 11 3 mg/L 

NH4
+ 601 0 29 8 3 mg/L 

Cl- 5789 0 0 115 34 mg/L 

HCO3
- 0 0 109 24 7 mg/L 

NO2
- 0 0 0 0 0 mg/L 

NO3
- 0 0 0 0 0 mg/L 

H2PO4
- 2232 0 0 5 1 mg/L 

SO4
2- 1739 0 0 9 2 mg/L 

CrO3 0 0 0 0 0 mg/L 

CH4N2O (urea) 22833 0 9 14 7 mg/L 

CH1.5N0.3O0.5 (urine 

organics) 
8269 0 0 0 0 mg/L 

CH2.5O0.6 (volatiles) 0 0 448 0 0 mg/L 

CH2.0N0.1O0.3 (surfactants) 0 0 0 543 106 mg/L 

TOC 8423 0 225 325 64 mg-C/L 

TIC 0 0 22 4.8 1.4 mg-C/L 

TN 12464 0 26 50 13 mg-N/L 

inorganic TDS 38232 0 147 260 76 mg/L 

TDS 46501 0 595 803 182 mg/L 

 

 

Table 2. Nominal Wastewater Flow Rates 

Type Graywater Urine + Flush Water Mixed Units 

Urine - 1.20 1.20 L/CM-day 

Flush water - 0.30 0.30 L/CM-day 

Humidity condensate 1.95 - 1.95 L/CM-day 

Hygiene wastewater 7.24 - 7.24 L/CM-day 

Laundry wastewater 3.75 - 3.75 L/CM-day 

Total 12.94 1.50 14.44 L/CM-day 

III. Generalized Water Recovery Architecture 

The task of converting wastewater into potable water was broken down into several functional stages, illustrated 

in Figure 1. At this stage of development, it is not self-evident whether processing a mixed waste stream (whereby 

graywater [humidity condensate, hygiene wastewater, and laundry wastewater] and urine + flush water are mixed 

prior to being processed) or processing two segregated waste streams (whereby graywater is processed separately 

from urine + flush water) is more advantageous, so this generalized architecture is able to accommodate either 

operational regime. Note that not every stage needs to be utilized, and that some technologies can simultaneously 

perform multiple functions. 

The first step in processing wastewater (stage 1) is pretreatment. This step may be necessary in order to prevent 

fouling and off-gassing in collection/transfer lines and storage tanks. Additionally, lowering the pH of the water will 

limit microbial growth and performing partial oxidation can improve primary processing efficiency.  

The next step (stage 2) is to more strongly oxidize the wastewater, either via a biological or physicochemical 

process. This step will convert organics into CO2, NOx, etc., some of which are emitted as gaseous by-products. 

Afterwards, an optional step (stage 3) to remove additional organic carbon and any problematic compounds (e.g. 

chlorates, perchlorates) that were formed during the oxidation step via activated carbon is also included. This step can 

improve downstream processing and may be required in instances where corrosive compounds are produced upstream 

of a membrane-based separation technology, such as RO. Following oxidation and, if necessary, organic removal, a 
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separation process (stage 4) is introduced to further separate out contaminants from water based on differences in 

vapor pressure or molecular size. 

From here, the water enters the post-processing stages. Once more, an optional organic carbon removal step (stage 

5) can be introduced before sending the water to a deionization technology (stage 6). Some deionization technologies, 

such as capacitive deionization, require a feed with a relatively low TOC (≤ 15 mg/L) and may therefore necessitate 

the use of organic-carbon-lowering expendables upstream. The wastewater is then oxidized (and, by virtue of the 

oxidation process, disinfected) to remove any remaining, recalcitrant volatile organic compounds (VOCs) in stage 7. 

This can be accomplished using, for example, catalytic oxidation or photocatalytic oxidation, depending on the amount 

of carbon that needs to be removed. A final deionization step (stage 8) is included to remove ionic oxidation products 

prior to the dispensing of potable water. Separately, the brine generated from one or more technologies (e.g. 

distillation, RO, or capacitive deionization) can be sent to a brine dewatering technology in stage 9 to improve 

recovery. 

IV. Technologies 

In Table 3, several candidate technologies capable of satisfying one or more of the functional stages shown in Figure 

1 are described. 

Table 3. Candidate Technologies 

Technology Stage(s) Operating Principle 
Feed 

Requirements 

Chemical 

Pretreatment 
1 

Acid (with or without an oxidant) is added to lower the pH of 

wastewater. Excess hydrogen ions break down cell material to 

prevent unwanted biological growth and lower the scaling 

capacity of the system. 

N/A 

In-Situ Ozone 

Generation 
1 

Ozone is generated (either in the wastewater storage tank or in a 

separate reactor) via the electrocatalysis of water. Ozone has an 

exceptionally high oxidation potential and can be used for 

stabilization purposes in small quantities. 

N/A 

Membrane Aerated 

Bioreactor (MABR) 
2 

Microbes perform simultaneous nitrification and denitrification 

and aerobic carbon oxidation in one bioreactor to reduce the TOC, 

and, to a lesser extent, TN, of the wastewater. 

Sufficient 

NH4
+ 

 

 
 

Figure 1. Stages of a generalized water recovery architecture. Blocks highlighted in blue were filled in 

subsequent architecture analysis. 
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Table 3 (continued). Candidate Technologies 

Electrochemical 

Oxidation 
2 

An anode and cathode are placed in direct contact with 

wastewater. As voltage is applied to the electrodes, direct and/or 

mediated oxidation occurs. Inactivation of bacterial and viral 

organisms is typically achieved through the production of reactive 

chlorine and/or reactive oxygen species. 

N/A 

Supercritical Water 

Oxidation 
2 

In supercritical water (≥ 373.946 °C, 22.064 MPa), the liquid and 

gas phases become indistinguishable and high concentrations of 

dissolved oxygen are present. At elevated temperatures, nearly all 

organics are oxidized in a combustion-like process. Inorganics are 

unaffected. 

N/A 

Activated Carbon 

(AC) 
3, 5 

Activated carbon captures and traps organics. Note that a 

combination of AC + IE is synonymous with Multifiltration (MF). 

Low conc. of 

volatile 

organics 

Reverse Osmosis 

(RO) 
4 

A hydraulic pressure is applied to drive the transport of water 

across an RO membrane, typically with a pore size between 

0.00001 – 0.0001 μm. Contaminants are less able to pass through 

the membrane and mostly remain in the raffinate/brine. 

Low TOC 

(can cause 

fouling) 

Distillation 4 

Wastewater is heated and vapor is condensed and collected as 

distillate. Contaminants are separated out from wastewater by 

exploiting differences in component vapor pressures. 

N/A 

Capacitive 

Deionization 
6 

A low voltage is applied across porous carbon electrodes, which 

attract oppositely-charged ions in the wastewater. Electrodes that 

are saturated with charged ions can either be replaced or 

regenerated via desorption. 

TOC ≤ 15 

mg/L, inorg. 

TDS ≤ 4,000 

mg/L 

Catalytic Oxidation 7 

VOCs are oxidized to CO2, H2O, and other comparatively less 

harmful species, some of which can be vented. The inclusion of a 

catalyst enables operation at lower (albeit still above nominal) 

temperatures. 

Low inorganic 

TDS (can 

poison 

catalyst) 

Photocatalytic 

Oxidation 
7 

A photocatalyst generates reactive hydroxyl radicals, which can 

mineralize nearby organic molecules to CO2, H2O, and other 

comparatively less harmful species, which can be vented. 

TOC ≤ 10 

mg/L 

Ion Exchange (IE) 8 
Ion exchange resin captures and traps ionic species (inorganics). 

Note that a combination of AC + IE is synonymous with MF. 
N/A 

Brine Processor 

Assembly (BPA) 
9 

Wastewater is placed into a bag made up of both a hydrophobic 

microporous membrane and a Nafion membrane. As a sweep gas 

is passed over the bag, water vapor and other volatiles selectively 

pass through the membrane and are carried away. 

N/A (typically 

concentrated 

brine) 

V. Experimental Performance of Select Technologies 

A modular sizing tool that allows any of the technologies mentioned in Table 3 to be considered in one or more of 

the stages shown in Figure 1 is currently in development, but will require additional modeling and/or testing of certain 

technologies due to a contemporary lack of experimental data for relevant waste streams and poorly-understood 

relationships between performance and size. Here, we pose two specific questions that arose during the development 

of this tool that we were able to evaluate by directly comparing the performance of a few architectures containing 

well-understood technologies. To accomplish this sub-analysis, we developed a mathematical model that we plan to 

eventually integrate into the more comprehensive sizing tool.  

The first question is whether an architecture that accepts two segregated waste streams (graywater and, separately, 

urine + flush water) will require an untenable amount of mass from the additional processing equipment as compared 

to an architecture that accepts one mixed waste stream. The second question pertains to an MABR with a downstream 

RO, a configuration that has been studied considerably in the context of water treatment4-6. This question is whether 

it would be more advantageous to recycle the concentrate produced by the RO back to the RO inlet (internal recycle) 

or back to the MABR tank (MABR recycle). We created a mathematical model of an MABR-RO system and analyzed 



6  

International Conference on Environmental Systems 
 

 

four comprehensive water recovery architectures, each centered around one of four MABR-RO configurations, to try 

and answer these questions. These architectures are referred to as M-IR (mixed waste stream, internal recycle), S-IR 

(segregated waste streams, internal recycle), M-MR (mixed waste stream, MABR recycle), and S-MR (segregated 

waste streams, MABR recycle).  

As shown in Figure 1, stages 1A, 4A, 5, 6, and 9 in all four architectures were comprised of MABR, RO, MF, and 

BPA technologies, respectively, and were used in processing both the mixed stream and segregated graywater stream. 

Stages 1B and 4B in S-IR and S-MR were comprised of chemical pretreatment and distillation technologies, 

respectively, and were used to process the segregated urine + flush water stream. The required mass (fixed 

components, consumables, and spares for replacement) and performance data for these technologies that were used in 

our analysis are given below. More information for the RO and MABR technologies is also included under Section 

VI: Mathematical Model of MABR-RO System.  

A. Chemical Pretreatment 

The chemical pretreatment that is currently added in the Waste and Hygiene Compartment (WHC) aboard the ISS 

consists of 6.8 w/w% chromium trioxide (CrO3), 65.7 w/w% phosphoric acid (H3PO4), and 27.5 w/w% H2O.* 

Approximately 15.85 mL pretreatment is added to treat 1 L of urine + flush water. One pretreatment container, which 

weighs 9.47 kg and contains 5000 mL of pretreatment, can thus treat 315.4 L of urine + flush water. Although unlikely 

to be used for a planetary surface application, this pretreatment was included in the analysis in the absence of a current 

consensus on less hazardous alternatives.  

B. Membrane Aerated Bioreactor (MABR) 

The MABR is currently being developed for space-related applications and has been tested both in an independent 

configuration as well as upstream of additional processing equipment7-11. The system consists of a holding tank 

containing ammonia- and organic-carbon-oxidizing bacteria that colonize and form a biofilm on the surface of a 

siloxane membrane module. Under aerobic operating conditions, oxygen is supplied either as pure oxygen or air. As 

wastewater is fed into the reactor, the microbes perform simultaneous nitrification and denitrification, as well as 

aerobic carbon oxidation. Under aerobic operating conditions (dissolved oxygen concentration [DO] ≥ 2 mg/L), a 

significant and robust decrease in TOC (~ 85 – 90% for EPB-, Transit-, and ISS-type waste streams7,8,10,11) and a 

comparatively smaller and more inconsistent decrease in TN (~ 0 – 5% for an EPB-type waste stream10,11) has been 

observed. Experimentally, ~ 40 – 50% of the nitrogen-containing species in an EPB-type waste stream are converted 

to aqueous NO2
- via partial nitrification, and comparatively little full nitrification and denitrification (that is, further 

conversion to aqueous NO3
- and gaseous N2) takes place. 

The total bioreactor mass and volume in our analysis was scaled according to the required liquid volume by 

assuming that the MABR is a cylindrical reactor with two endplates, made entirely of acrylic (density = 1.18 g/cm3). 

Geometric reactor constants were based on the dimensions of the Counter-diffusion Membrane Aerated Nitrifying 

Denitrifying Reactor 20011. The total volume to liquid volume ratio was set to 1.78, the height to outer radius ratio 

was 5.42, and the shell thickness was 2.5 cm. The thickness of the two endplates was 3.8 cm.  Actual materials and 

designs for a flight system are likely to differ. 

C. Reverse Osmosis (RO) 

In Phase III of the Lunar-Mars Life Support Test Project (LMLSTP), a comprehensive water recovery system 

featuring an RO system was tested in a continuous manner using wastewater generated by a four-person crew in a 

closed chamber6. The RO system, which was placed downstream of two bioreactors, featured two commercially-

available SW30HR-4040 spiral-wound RO membrane elements in series. The influent to the RO system consisted of 

pre-processed laundry, shower, hand wash, oral hygiene, dish washing water, flush water, urine, and humidity 

condensate.  

Based on the dimensions and material composition of the RO modules12, they were estimated to weigh 5 kg each. 

Ancillary equipment used during testing (a filter, booster pump, pressurization pump, and recirculation pump) was 

estimated to weigh an additional 20 kg, bringing the total mass of the system to 30 kg. In our analysis, the mass of this 

system was assumed to be relatively insensitive to changes in wastewater composition and flow rate and was thus 

fixed. Realistically, the RO membrane change-out interval is a function of the incoming water quality and a more 

massive ultrafiltration module may be used upstream of the RO module(s) instead of or in addition to a particulate 

filter in order to remove high molecular weight contaminants and mitigate fouling. 

                                                           
*D. Muirhead. Email received September 16, 2019. 
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D. Distillation 

The Vapor Compression Distiller (VCD) is a microgravity-compatible distiller used in the ISS WRS for which 

reliable mass data exists. During an earlier distillation down-select study, the VCD was tested with pretreated urine 

and pretreated humidity condensate and component separation efficiencies were determined13. In our analysis, the 

TDS concentration of the outgoing distillate was determined using the TDS concentration of the incoming wastewater 

and the experimentally-observed component separation efficiencies (ranging from 0.597 – 0.999; median: 0.996). The 

water recovery was set at 85% for distillation of pretreated urine. 

E. Multifiltration (MF) 

Several characteristics of the MF bed Orbital Replacement Unit (ORU) used in the ISS WRS were used as a 

baseline for a generic MF system. The MF ORU has a volume of 3980 in3 (0.0652 m3)14. Of this, the available sorbent 

housing volume was estimated to be 3236 in3 (0.0530 m3). We assumed a modified MF system containing Barnebey 

Sutcliffe 580-26 activated carbon (density: 500 kg/m3) and Amberlite™ IRN-150 ion exchange resin (density: 710 

kg/m3). 

In lieu of adsorption capacity data for the Barnebey Sutcliffe 580-26 activated carbon (the commercial production 

of which has since been discontinued), test results for an activated carbon prepared similarly from coconut shell and 

subject to heat treatment at 1073K (800 °C) were used15. The average adsorption capacity of this activated carbon for 

the compounds tested was estimated to be 1.8 ± 0.5 mmol/g. In this analysis, it was assumed that the activated carbon 

removed 90% of the incoming organics.  

Amberlite™ IRN-150 resin has an average total exchange capacity of approximately 1.55 eq/L16. At a density of 

710 kg/m3 (g/L), this corresponds to 2.18 eq/kg. In this analysis, it was assumed that the ion exchange resin removed 

99% of incoming inorganics.  

Using the removal rate [mmol/day] of organics and inorganics required based on the inlet composition and flow 

rate, the required volume of each sorbent for the 1000-day mission was calculated and summed to determine the 

required number and mass of MF beds. This assumes that the MF-bed sorbent composition is tailored to the specific 

system configuration. 

F. Brine Evaporation 

The ISS BPA test article is a post-processing technology used to recover additional water from the brine produced 

by the VCD. The system employs Ionomer-membrane Water Processor technology, which consists of a double 

membrane bag made up of a hydrophobic microporous membrane and a Nafion membrane. As dry sweep gas (air) is 

passed over the filled bag, water vapor and trace amounts of other volatiles are selectively transported across the 

surface and carried into the cabin, where the humid air is condensed and converted to humidity condensate. 

Based on test data for the ISS BPA ground test17, the final water mass fraction of the brine generated by the BPA 

was 0.37. Per experimental results, the contaminant retention for NH4
+ in our analysis was set to 0.9998 and the 

organic contaminant retention was set to 0.9992. The retention of all inorganics was set to 1.0. The reference BPA is 

assumed to evaporate 1.14 kg water per day. It was also assumed that the installed BPA system mass scaled as a 

function of the required water evaporation rate according to a power-law relationship, with the required water 

evaporation rate divided by the reference rate and raised to the 0.7th power. Empty bladders (required consumables) 

were assumed to hold 8.75 kg of solids at the time of replacement. For simplicity, it was assumed that the condensate 

produced by the BPA is combined with the RO distillate, instead of recycled back to the wastewater holding tank as 

shown in Figure 1. 

VI. Mathematical Model of MABR-RO System 

A schematic of the simplified mathematical model developed to describe the behavior of a combined MABR-RO 

system is given in Figure 2. In this system, a bioreactor (e.g. MABR) tank housing a first-order reaction is placed 

upstream of an RO module. The constant 𝛼 can be set to 1 to represent the MABR recycle case or set to 0 to represent 

the internal recycle case. 

 

A. Equations 

From several steady-state mass and component balances (around the bioreactor tank, RO module, internal recycle 

node, and recycle split node, as well within the high-pressure side of the RO module) for any species in the wastewater, 

the following equation can be derived to describe the permeate quality exiting the RO, 
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𝐶𝑃

𝐶𝐹

=
(1 − 𝛿) ∙ [(1 − 𝜑𝑅𝑂)𝑅 − 1 + 𝜑𝑅𝑂]

(1 − 𝛼 ∙ 𝛿) ∙ (𝜑𝑅𝑂 − 𝜑) + 𝜑 ∙ (1 − 𝜑𝑅𝑂)𝑅
 (1) 

 

where 𝐶𝑃 is the concentration in the permeate, 𝐶𝐹 is the concentration in the feed (to the MABR), and 𝑅 is the local 

solute RO rejection coefficient (assumed to be constant). 𝑄𝑃, 𝑄𝐹 , and 𝑄1 are the volumetric flow rates of the permeate, 

MABR feed, and RO feed, respectively, 𝜑 is the overall RO recovery (𝜑 = 𝑄𝑃/𝑄𝐹), and 𝜑𝑅𝑂 is the per-pass RO 

recovery (𝜑𝑅𝑂 = 𝑄𝑃/𝑄1). In this analysis, we tracked wastewater quality in terms of the concentration of TOC (species 

𝐴) and inorganics (species 𝐵). 

  

Furthermore, 𝛿 is defined as, 

 

𝛿 =  (
𝜃

𝜃 + 1 + 𝛼 ∙ (
𝜑

𝜑𝑅𝑂
− 1)

) (2) 

 

where 𝜃 is a dimensionless constant, and 

 

𝜃 =  (
𝑘 ∙ 𝑉𝐿

𝑄𝐹

) 
(3) 

 

where 𝑘 is the first-order reaction constant and 𝑉𝐿 is the liquid volume in the bioreactor tank. Thus, the permeate 

quality, 𝐶𝑃, is a function of 𝑘, 𝑉𝐿, 𝑄𝐹 , 𝜑𝑅𝑂, 𝜑, 𝑅, and 𝐶𝐹. Of these, 𝑄𝐹  and 𝐶𝐹 were set in our analysis based on the 

constituent models and assumed flow rates of the waste streams, 𝑘 and 𝑅 were determined using experimental data, 

𝜑𝑅𝑂 was fixed at 0.250, and 𝑉𝐿 and 𝜑 were the independent variables. 

Although wastewater systems are dynamic by nature, certain operational modes coupled with long bioreactor 

residence times can approximate steady-state behavior.    

B. Determining Empirical Coefficients 

1. Membrane Aerated Bioreactor (MABR) 

Test results from the processing of various types of wastewater (EPB-, Transit-, and ISS-type waste streams11 and 

humidity condensate [as yet unpublished]) with the MABR were used to determine the operating parameters. Test 

data obtained under aerobic conditions suggest an approximate first-order reaction for organic carbon oxidation with 

a rate constant, 𝑘𝐴, of 1.21 d-1. Inorganics, unlike organics, are not consumed in the MABR, but the conversion of urea 

to inorganics (primarily NH4
+, NO2

-, and NO3
-) causes the inorganic TDS concentration exiting the reactor to be greater 

 
 

Figure 2. Schematic of the mathematical MABR-RO model. 
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than the inorganic TDS concentration entering the reactor. To account for this, a simplified model of the major 

reactions occurring in the MABR was created as follows. 

 

Urea hydrolysis: 

 

CH4N2O + H+
 + 2 H2O → HCO3

- + 2 NH4
+ (4) 

 

Heterotrophic bacteria growth: 

 

CH1.5N0.3O0.5 + 0.360 O2 + 0.376 H2O → 0.460 HCO3
- + 0.192 NH4

+ + 0.268 H+ + 0.108 C5H7O2N (5) 

  

CH2.5N0.0O0.6 + 0.530 O2 + 0.159 NH4
+ → 0.205 HCO3

- + 0.364 H+ + 0.727 H2O + 0.159 C5H7O2N (6) 

  

CH2.0N0.1O0.3 + 0.510 O2 + 0.053 NH4
+ → 0.235 HCO3

- + 0.288 H+ + 0.309 H2O + 0.153 C5H7O2N (7) 

 

Ammonia-oxidizing bacteria growth and NO2
- production: 

 

1.399 O2 + 0.078 HCO3
- + NH4

+ → 0.984 NO2
- + 1.907 H+ + 1.031 H2O + 0.016 C5H7O2N (8) 

 

In the equations above, C5H7O2N represents cell biomass. The extents of reactions (5) – (7) were determined by 

the TOC conversion in the bioreactor, assuming that all urea undergoes complete hydrolysis as per reaction (4). 

Subsequently, the net NO2
- produced was set as the minimum value between (a) the product of the limiting NO2

- 

production rate (80 g-N/m3-d from test results) and reactor volume and (b) the stoichiometric amount able to be 

produced based on the net conversion of NH4
+. The amount of NO2

- produced was then used to determine the extent 

of reaction (8). The concentration of inorganics entering the bioreactor was set equal to the calculated concentration 

exiting the bioreactor without recycle of RO concentrate as determined by Eq. (4) – (8), and 𝑘𝐵 was set to 0.  

In order to avoid operating the MABR in an NH4
+-limited manner, it was also assumed that 3% of the urine + flush 

water fed into S-IR and S-MR (the architectures accommodating two segregated waste streams) was split off and 

combined with the graywater prior to being fed to the MABR, with the remaining 97% processed separately. 

 

2. Reverse Osmosis (RO) 

During LMLSTP Phase III testing, the recirculation flow 

rate and brine flow rate in the RO system were manually set 

to achieve a per-pass recovery of 12.8% and overall recovery 

of 85%.  

Using the experimentally-observed rejection for each 

individual species, 𝐶𝑃/𝐶𝐹,  the intrinsic rejection value, 𝑅, 

was calculated using Eq. 1 by setting 𝛼 = 0 and 𝛿 = 0  

(corresponding to an internal recycle operation with no 

reaction occurring upstream), 𝜑𝑅𝑂 = 0.128, and 𝜑 = 0.853. 

The results are given in Table 4. The overall intrinsic 

rejection for species 𝐴, 𝑅𝐴, was set to the calculated value of 

0.945 for both the mixed and graywater & split urine + flush 

water waste streams. The overall intrinsic rejection of 

inorganics, 𝑅𝐵, was determined by calculating the weighted 

average of individual 𝑅 values based on the anticipated composition of the two waste streams. Accordingly, 𝑅𝐵 = 

0.955 for the mixed waste stream and 𝑅𝐵 = 0.961 for the graywater & split urine + flush water waste stream.   

VII. Results and Discussion 

The MABR-RO system was analyzed by calculating the TOC and inorganic TDS permeate concentrations as a 

function of 𝜑, at various fixed values of 𝜃 (which is functionally proportional to bioreactor size). The results are given 

in Figure 3. 

   

Table 4. Determination of 𝑹 

Component 
Observed 

Rejection 
𝑹 

Cl- 0.93 0.988 

H2PO4
- 0.96 0.993 

NO2
- 0.70 0.937 

NO3
- 0.77 0.955 

SO4
2- 0.91 0.985 

NH4
+ 0.79 0.960 

K+ 0.90 0.983 

Na+ 0.88 0.979 

TOC 0.73 0.945 
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Figure 3. Plots showing permeate quality (TOC and inorganic TDS) as a function of overall RO recovery, at 

various fixed θ. A. M-IR (Mixed, Internal recycle) B. M-MR (Mixed, MABR recycle) C. M-IR and M-MR (Mixed) D. 

S-IR (Segregated, Internal recycle) E. S-MR (Segregated, MABR recycle) F. S-IR and S-MR (Segregated). 

 

For the mixed waste stream, 𝑄𝐹  is nominally 57.76 L/day. For the segregated waste stream, 𝑄𝐹  is nominally 51.94 

L/day. 𝜃 values of 2.1, 4.2, and 6.3, given a 𝑘𝐴 value of 1.21 day-1, therefore correspond to a reactor liquid volume of 

100 L, 200 L, and 300 L, respectively, for the mixed waste stream architectures, and 90, 180, and 270 L, respectively, 

for the segregated waste stream architectures. Since 𝜃 is dimensionless, note that the plotted reactor performance can 

theoretically be achieved for higher or lower values of 𝑄𝐹 , provided that the reactor size is also scaled accordingly. 

Since 𝑘𝐵 = 0 for the inorganic species, 𝜃 = 0 and 𝛿 = 0. Thus, the inorganic TDS concentration of the permeate is 

solely a function of 𝐶𝐵,0 (inorganic concentration in the MABR feed), 𝜑𝑅𝑂, 𝜑, and 𝑅𝐵. 

For the internal recycle cases (M-IR (Fig. 3A) and S-IR (Fig. 3D)), the relationship between 𝐶𝐴,𝑃 and 𝜑 is somewhat 

exponential, with 𝐶𝐴,𝑃 increasing rapidly as 𝜑 tends towards 1. Increasing 𝜃, which corresponds to increasing reactor 

size and residence time, allows the same 𝐶𝐴,𝑃 value to be attained at a higher 𝜑.  

For the MABR recycle cases (M-MR (Fig. 3B) and S-MR (Fig. 3E)), the relationship between 𝐶𝐴,𝑃 and 𝜑 is more 

linear than exponential, with  𝐶𝐴,𝑃 gradually tending towards an apparent limit as 𝜑 tends towards 1. MABR recycle 

effectively increases the residence time for reaction of the organics without increasing the bioreactor volume. 

Increasing 𝜃 has functionally the same effect as the internal recycle cases, in that better permeate quality can be 

achieved at higher 𝜑. Therefore, recycling back to the MABR appears to offer a clear, two-fold advantage. (1) 𝐶𝐴,𝑃 

and 𝐶𝐵,𝑃 are significantly lower for S-IR (vs. M-IR) and S-MR (vs. M-MR) at every value of 𝜑 over the range of 𝜃 

values considered, and (2) there is not as large of a penalty in terms of a diminishment in permeate quality for organics 

as 𝜑 increases (linear vs. exponential trend). 

The difference between the mixed waste stream architectures (M-IR and M-MR) and the segregated waste stream 

architectures (S-IR and S-MR) is that 𝐶𝐴,0 is 910 mg/L for the former and 257 mg/L for the latter. Thus, although the 

general trend is the same, 𝐶𝐴,𝑃 at each point in Figure 3A and 3B, respectively, is approximately 3.5x the value of 𝐶𝐴,𝑃 

at each point in Figure 3D and 3E, respectively. Figure 3C and 3F follow a similar relation to 𝐶𝐵,0. 
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Subsequently, the total 

architecture mass for all four 

architectures was calculated as a 

function of 𝜑 (Figure 4). All 

architectures produce potable or 

near-potable water. Sizing of 

final polishing technologies 

(Stages 7 and 8 in Figure 1) was 

not included in the analysis, but 

is not expected to alter the 

predicted trends.  

As seen, the mass of the 

mixed waste stream architectures 

(Fig. 4A and Fig. 4C) varies 

considerably, depending on 𝜑. 

At lower recoveries, the masses 

of M-IR and M-MR are slightly 

smaller than the masses of the 

segregated waste stream 

architectures (S-IR and S-MR) 

because the of the added mass of 

the VCD and urine pretreatment. 

At higher 𝜑, however, the masses 

of S-IR and S-MR are lower than 

the masses of M-IR and M-MR, 

which increase considerably as 

the permeate quality worsens and 

more MF beds are required. 

Additionally, the masses of S-IR 

and S-MR undergo a minimum 

as 𝜑 increases resulting from the 

trade between lower BPA mass 

(from lower RO brine flow) and 

higher MF mass associated with 

the worsening of permeate quality.  MABR recycle reduces the mass for both mixed and segregated architectures.  

VIII. Conclusions 

In this analysis, we identified 13 candidate technologies that could be used in a prospective PGWRS, some of 

which rely on gravity-dependent separation techniques and/or have not been previously used in the context of water 

recovery in space. We conducted the sub-analysis described here to determine which MABR-RO system 

configuration, in the context of a comprehensive PGWRS architecture containing other well-understood technologies, 

would have the smallest required system mass. The results of our mathematical model suggest that the mixed waste 

stream architectures can be more lucrative at low RO recoveries, but are quickly eclipsed by the segregated wastes 

stream architectures at moderate recoveries (approximately 𝜑 > 0.75). Thus, architectures that process two waste 

streams separately can be feasibly implemented and do not require an untenable amount of additional mass at the 

appropriate operating conditions. Additionally, recycling back to the MABR is predicted to be desirable in all cases, 

as it can lead to lower contaminant concentrations in the permeate, a lower system mass, and allows the RO recovery 

to be increased without causing an exponential worsening of permeate quality for organics, as was observed for the 

internal recycle mode. 

As in any simplified model of complex processes, the predicted trends require experimental verification. The 

benefits recycling of RO concentrate back to an MABR may be reduced, for example, if unreacted organics leaving 

the MABR reflect a concentration of less biodegradable (recalcitrant) species.  The impact of increased salinity on 

MABR performance is also expected to be significant at some level.  

 
Figure 4. Plots showing total architecture mass as a function of overall RO 

recovery, at various fixed θ. A. M-IR (Mixed, Internal recycle) B. S-IR 

(Segregated, Internal recycle) C. M-MR (Mixed, MABR recycle) D. S-MR 

(Segregated, MABR recycle). 
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Our analysis also revealed knowledge gaps that future testing could help address, resulting in the improvement or 

elimination of some of our underlying assumptions. Successfully relating the RO influent wastewater quality to the 

required change-out interval (instead of assuming a fixed RO system mass, as was done here), is one such insight. 

This will additionally benefit the segregated waste streams configurations, potentially causing them to be 

advantageous over a broader range of operating conditions. Other useful insights include relating the performance of 

nascent technologies in the context of space applications, such as capacitive deionization, photocatalytic oxidation, 

and supercritical water oxidation, to mass, volume, and power requirements and determining the optimal operating 

conditions for established technologies, such as MABR, that will lead to the best system performance. 
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