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The study presented in this paper provides an equivalent system mass (ESM) evaluation of the Synthetic 
Biological Membrane (SBM) compared to the current International Space Station (ISS) state of the art as 
defined by the Urine Processor Assembly (UPA) technology. Results of this trade study indicate that the 
SBM System has an 80% lower ESM than the UPA when combined with a forward osmosis/reverse osmosis 
(FO/RO) water treatment system.  Additionally, the ESM of the FO/RO is 50% lower when used with the 
SBM technology.  Water quality data are comparable between the SBM and UPA, with the UPA having a 
slightly better performance.  Differences between biological fatty acid (FA) synthesis and ground resupply 
of FA’s is minimal for the 182 day mission studied but increases with mission duration.  The majority of 
the nutrients needed for cyanobacteria and E. coli growth used in the SBM can be provided by the feed, 
using customized selective transport membranes.  This trade is not sensitive to FA bilayer replacement 
frequency assumptions. 

Nomenclature 
AWP = Advanced Water Processor 
ESM = equivalent system mass 
FA = fatty acids 
FO = forward osmosis 
FO/RO =   forward osmosis/reverse osmosis couple 
FOST = Forward Osmosis Secondary Treatment 
ISS = International Space Station 
JSC = Johnson Space Center 
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NASA = National Aeronautics and Space Administration 
OA = osmotic agent 
SBM = Synthetic Biological Membrane 
TOC = total organic carbon 
UPA = Urine Processor Assembly 

I. Introduction 
HIS paper presents a trade study for the Synthetic Biological Membrane (SBM). The objective is to compare the 
SBM technology against the current state of the art in spacecraft water recycling. A detailed description of the 

SBM technology or experimental results are not presented.  For a full description of the performance of the SBM see 
references.1, 2 & 3  The primary advantage of the SBM is that it improves the reliability of membrane based water 
recycling systems that have inherent mass, power and volume benefits over competing systems, but are typically not 
considered as reliable. The SBM is a novel biomimetic technology that reduces the need to replace separation 
membranes that become fouled or are damaged by oxidation. The technology is based on a new generation of 
biological membranes that have the ability to “heal” by replacing a sacrificial fatty acid (FA) coating on the 
membrane’s active side.  The FAs are generated in situ by genetically engineered organisms that live in contact with 
the membrane using nutrients that are extracted from the feed across the membrane.   
 The SBM technology enables the use of lightweight, low power membrane water recycling technologies by 
addressing key fouling limitations that were identified in earlier NASA testing.  This testing was conducted as part of 
the NASA Space Technology Mission Directorate, Next Generation Life Support, Advanced Water Processor project 
(AWP) 4. The AWP included a forward osmosis/reverse osmosis (FO/RO) system, called FOST, that was tested in an 
integrated test at Johnson Space Center (JSC) in 2015.  This testing demonstrated that non-recoverable membrane 
fouling occurred on the FO membrane after approximately 300L of feed (urine + hygiene water + condensate) was 
processed.4 & 5  This resulted in a membrane resupply requirement that adversely impacted the mass advantage of the 
FO/RO technology for long duration missions.  The AWP FO membrane was biopsied and analyzed and the foulant 
was identified as a biological polyamide such as the protein in skin and/or a synthetic polyamide such as a polymeric 
resin, inorganic silicate , a small amount of ester and an aliphatic hydrocarbon.5  Other operational testing with the 
International Space Station (ISS) Urine Processing Assembly (UPA) has identified mineral scale formation, such as 
calcium sulfate, as another potential foulant to the water treatment system6 and the phosphoric and chromic acid 
currently added as a pretreatment to urine on ISS represent a potential oxidant that could damage organic membranes.   
The SBM concept has been developed to resolve these fouling and oxidative damage mechanisms that currently limit 
the life of membrane based water purification systems.  The basic configuration of the SBM membrane is provided in 
Figure 1.   

 
  

Figure 1. Simplified diagram of structure and function of the Synthetic Biological Membrane. In this 
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model of the SBM feed passing tangentially across the top surface of the SBM comes in contact with 
the FA layer. Purified water passes through the membrane from the feed to the osmotic agent.  Minerals 
and organics which precipitate from the human urine feed as it concentrates bind to the FA on a layer 
on the surface of the lipid bilayer membrane. This FA layer is sacrificial and sluffs off do to shear 
forces of the feed flowing across it. Oxidants and biocides also react with this FA layer preferentially 
to the lipid membrane. The FA are replaced by organisms in the osmotic agent (OA) that have been 
engineered to hyper-express them. These organisms produce FA in the OA. The OA has been modified 
to increase the solubility of FA’s. The FA’s diffuse back across the SBM from the OA into the feed. In 
the feed they exceed their solubility limits and precipitate on the surface of the SBM thus replacing the 
sacrificial layer.  For a detailed description see references.1, 2 & 3 

 
 The SBM project has been developing a membrane that can self-regenerate.  A biomimetic approach is used to 
protect against organic and inorganic fouling from compounds in the feed and oxidative damage from urine 
pretreatment chemicals (such as chromic acid) or space radiation derived free radicals. Biological membranes are 
composed of lipid bilayers. Lipids are organic compounds that, due to their polar hydrophobic fatty acid tails, are able 
to self-assemble spontaneously as bilayer membranes in an aqueous environment. This lipid bilayer acts as a selective 
barrier allowing only specific molecules to cross the membrane. Fatty acids (FA) are a class of lipid that can pass 
through lipid membranes and weakly adhere to their surfaces.  In the SBM system FAs are used as a sacrificial coating 
on the lipid bio-membrane.  Organics and inorganics that bind to this FA sacrificial layer are removed (sluffed off) by 
the shear forces of the feed flowing across the membrane.  Oxidants will preferentially react with this protective FA 
layer protecting the underlying lipid membrane. 
 The SBM technology is being developed to integrate into an FO/RO system such as shown in Figure 2.  In this 
configuration the FAs on the surface of the membrane are replaced by genetically engineered organisms living in the 
osmotic agent (OA) of the FO/RO system.  Specifically, the cyanobacterium Synechococcus sp. PCC7002 has been 
genetically modified to hyper express the fatty acids palmitic, stearic and myristic acids and excrete them outside the 
cell.  This organism has a generation time of less than a day and excretes sufficient fatty acids (0.3 mg/L/hr) to fulfill 
the low demand for fatty acids of the SBM membrane.  These FAs are able to permeate through the lipid membrane 
from the OA into the feed side of the membrane. On the feed side, the solubility of the FAs decreases causing them 
to precipitate on the surface of the membrane producing a sacrificial coating. 

 
 

Figure 2. SBM forward osmosis/reverse osmosis (FO/RO) flow diagram.  The FO/RO system is a 
batch system where the feed is recirculated across the FO membrane using a pump in a feed 
recirculation loop.  On the other side of the FO membrane a salt solution with a higher osmotic 
potential than the feed is recirculated in an osmotic agent loop.  Water in the feed is drawn across the 
FO membrane by the osmotic potential between the feed and osmotic agent.  The osmotic agent is then 
circulated through a reverse osmosis system where purified water is produced and the salt solution is 
reconstituted and recycled back to the FO membranes.  A bioreactor is integrated into the osmotic 
agent loop to provide a source of fatty acids to protect the FO membranes.  The bioreactor uses 
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ambient cabin light and as energy source to grow cyanobacteria and a gas exchange membrane to 
solubilize carbon dioxide and get rid of excess oxygen with the cabin air.  A cross flow filter is used 
to prevent microbial debris from plugging up the high pressure reverse osmosis membranes.  The 
system uses a pressure intensifying energy recovery pump to pressurize the reverse osmosis 
membranes.  A UV light is used to control bacteria from growing in the osmotic agent loop. 

II. Trade Study Objectives 
 To date the SBM technology has been evaluated at the component level only.3 Prior to moving to the next phase 
of integrating the system into a fully functional prototype designed to support long duration testing it is necessary to 
evaluate the potential benefit of further development in comparison to the current state of the art.  The objective of 
this trade study is to provide a preliminary evaluation of the relative benefit of further development of the SBM as a 
spacecraft water recycling system.  The approach used is to compare the SBM with the current state of the art, as 
defined by the International Space Station (ISS) urine processing assembly (UPA).  This comparison assumes that the 
SBM and UPA are direct replacements for each other requiring no modification of collection, pre or post-treatment 
systems.  Thus, pre-treatment and post-treatment equipment, such as the ISS commode, pre-treatment or post treatment 
Volatile Removal Assembly are not included in this trade study as they are assumed to be interchangeable between 
the two systems. The engineering and performance details of the UPA as an individual subsystem have been taken 
from the Distillation Down-Selection report.7  This report is a trade study of three different distillation technologies 
that were used to direct past NASA investments in technology development.  It does not include pre or post-treatment 
subsystems. 
 Three case studies have been evaluated.  The first is the ISS UPA treating a combined urine and humidity 
condensate feed.  This is the baseline case and is taken directly from the Distillation Down Selection report7.  The 
second is a FO/RO system using the SBM concept but with direct addition of FAs rather than biological FA 
regeneration.  The third is the full implementation of the SBM concept, including the engineered cyanobacteria.  
Analytical water quality data comparing the UPA and FO/RO technologies is also provided.  The sensitivity of the 
trade to key assumptions was also evaluated. 

III. Methodology 
A. Mass, Power and Volume 
 The FO/RO system used for this study was scaled to match the UPA flow rate of 1.6 L/hr used in the Distillation 
down-Selection Report.  This version of the UPA has a mass of 202 kg, a volume 0.41 m2 and a power requirement 
of 473 W, not including any pre or post-treatment subsystems.7   No time depend mass or crew time values were 
provided in the Distillation Down Selection Report so they will be assumed to be zero.  
 FO/RO scaling to match this size system was calculated by 
plotting data from 3 existing FO/RO systems that NASA has 
constructed (FO System, FOST 2 and the NASA/US Army 
Forward Operating Base Gray Water Recycling System) and 
finding a best fit equation for the data. Figure 3 provides a 
representation of this fit for mass values. The equation describing 
this line was then used to extrapolate the mass, power, and volume 
of a theoretical FO/RO system that processes 1.6 L/hr. Table 1 
provides the mass, power and volume of the systems used for the 
extrapolation and the final extrapolated values for the 1.6 L/hr 
system. Descriptions of the individual systems used to fit the line 
are provided below the Table. 
  
 

Table 1. Mass, power and volume of the systems used for scaling and extrapolated values at targeted flow rate.  
All systems are FO/RO couples. 

 FO System FOST 2 System Army System Extrapolated 
System 

Flow (L/hr) 5.6  15 757  1.6 
Mass (Kg) 54.1 122.2 1821 23.4 
Power (W) 82.5 130.5 4000 25.4 
Volume (m3) 0.32 0.57 10.2 0.18 

Figure 3. Mass extrapolation plot 
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• The FO System is a small gray water FO/RO recycling system composed of an FO/RO 

couple.  It has been used primarily as a technology transfer demonstration of a standalone 
clothes washing machine water recycling system.  

• The FOST 2 System is the backup system for the primary FOST technology that was 
delivered to NASA JSC in 2014 and tested in 2015 as part of the Next Generation Life 
Support (NGLS) Advanced Water processor (AWP).  FOST was tested using human 
urine as feed, hygiene water, and humidity condensate as a post treatment step to a 
primary membrane bioreactor.  FOST 2 is identical to FOST in function.  FOST 2 has 
been tested using graywater and a urine + humidity condensate feed. 

• The NASA/US Army Forward Operating Base Gray Water Recycling System was a 
large scale FO/RO system that NASA developed and delivered to the US Army.  It was 
designed as a forward operating base water recycling system to treat all hygiene water, 
of which the majority is clothing wash water. 

 
The power requirements used in Table 1 are impacted by the use of pressure intensifying energy recovery pumps.  

All three systems use different energy recovery pumps with differing efficiencies.  The FO System uses a Katadyn 
40E pump, the FOST 2 System uses a Katadyn 80E and the Army System used a Pearson pump.  The differences of 
the operational efficiencies of these pumps make scaling problematic.   All are designed for use with seawater so all 
are designed to operate at high OA total dissolved solids (TDS).  The Katadyn 40E has a specific energy consumption 
8.6 Wh/L, Katadyn 80E has specific energy consumption of 7.4 Wh/L and a Pearson pump specific energy 
consumption is 2.7 Wh/L when operated as seawater desalination units.  As a result, scaling of power numbers is 
impacted by pump selection.   
 In addition, the power requirements provided in Table 1 reflect operation with gray water feed not the targeted 
urine, flush and humidity condensate feed.  When treating a urine and condensate water feed the power requirements 
can be expected to be higher.  This is because the osmotic potential of the salts in the urine is higher than the 
contaminates in gray water.  Thus, assuming the same water recovery ratio end point, the feed osmotic potential will 
be higher for the treatment of urine than gray water.  This does not impact the mass of the system or its volume but it 
does impact the pressure that the RO pump must operate and thus its power consumption. At the end point of the run 
when the osmotic potential of the feed is at its highest our testing has shown that the power consumption can double.   
Since we only have operational data on the FOST 2 System operating with a urine + condensate feed, a sensitivity 
analysis of this parameter based on this FOST 2 data is provided in section V.3 to evaluate its impact on the results of 
this trade study. 
 Equations used for scaling of the system are presented in the Equation column of Table 2.  Flow rates are x values 
and the scaled parameter is the calculated y value.  These equations represent Microsoft Excel’s best fit regressions to 
the data points provided.  All best fit formulas were power functions.  Table 2 also presents R2 values.  R2 values are 
a measure of the accuracy of the best fit, where a R2 value of 1 is a perfect fit.  The fit for mass is provided graphically 
in Figure 3. 
 

Table 2. Equations used for extrapolation of 1.6 L/hr FO/RO system and R2 values. 
Scaled parameter Equation R2 value 
Mass y = 16.805x0.7087 R² = 0.99896 
Power y = 17.413x0.8143 R² = 0.99319 
Volume y = 0.0884x0.7341 R² = 0.9988 

 y= mass, power or volume 
 x= process flow rate 

 
B. SBM Mass, Power and Volume additions 
 Implementing the SBM concept into an FO/RO system will require storing or producing FAs in situ. It will also 
require additional equipment to grow, store and inject FAs. In this study two approaches were investigated.  The first 
was based on stockpiling the needed fatty acids (FA) and equipment to directly inject them into the OA during FO/RO 
operation.  The second used a small photo bioreactor and cyanobacteria to directly produce the FA in the OA solution 
using ambient cabin light.  For the growth reactor, a genetically modified Synechococcous sp. that produces 0.3 
mg/L/hr of palmitic acid, 0.06 mg/L/hr of myristic acid and 0.02 mg/L/hr of stearic acid was used.3  This approach 
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requires the use of a transparent reactor and a gas exchange membrane module to add CO2 (air) to the OA and remove 
O2.  
 Estimates of fatty acid consumption rates were generated by calculating the moles and then mass of a single FA 
bilayer for a 1m2 membrane surface area, that is the size required for the specified 1.6 L/hr treatment rate.  A single 
bilayer of palmitic acid 1 m2 is calculated, using molecular structure assumptions, to estimate a weigh of 3.7mg.  It 
was then assumed that a single bilayer would be consumed during an individual run and thus would need to be 
regenerated every 24 hrs.  Experimental data indicates that this is a conservative assumption as oxidation testing has 
indicated that it takes about 14 days for FA to oxidize at room temperature and 5 ppm chloramine.3  Operational testing 
of the FOST at JSC indicated it would take about 2 weeks to foul the membranes with organics.5  Operation of the 
UPA on the ISS demonstrated it took about 1 month to foul the UPA with calcium scale build-up.6  Although there 
are differences in the UPA and FO/RO, the UPA calcium scale rate can be expected to be more rapid than the FO/RO 
as the UPA operates at a higher temperature and mineral scaling is a function of both concentration and temperature. 
A continuous FA generation rate of 0.154 mg/hr for palmitic acid was calculated for the daily case equaling a yearly 
consumption rate of 1.349 g/year.   
 For the photo bioreactor a design study was completed to size a bioreactor of appropriate size to generate the 
needed FA on a continuous basis.  Based on the FA consumption of 0.154 mg/hr a 0.5 L photo-bioreactor is required.3  
The bioreactor is made of low-density polyethylene (LDPE). LDPE is strong, chemical resistant, transparent, and 
flexible.  Table 3 provides a component mass summary the 0.5L bioreactor case study.  Light supply is ambient cabin 
light. 3 The photo bioreactor will be operated to keep the culture in a steady state (i.e., a chemostat) at the top of log 
phase growth where FA production is maximum. 3  
 We have determined through testing that most of the macronutrients needed by cyanobacteria can be supplied by 
urine in the feed stream.  This requires customizing the FO lipid membrane to allow some targeted inorganics to pass 
through it. We have determined experimentally that to keep the culture at the top of log phase growth, the fluid flow 
into the reactor will be at a constant rate of 0.002L/hr for a 0.5 L bioreactor. 3   
 The nutrient requirement mass to grow cyanobacteria is presented in Table 4.  The majority of the nutrients are 
provided from the feed.  The FO membrane is designed to allow specific nutrients to pass through into the OA at 
controlled levels. 
 The bioreactor system will also require a membrane gas exchange module and fan to add CO2 and remove O2 from 
the growth medium and a circulation pump.  It will also require a cross flow filter to ensure that cyanobacteria do not 
come in contact with the RO module and foul its high-pressure membrane.  Table 3 provides a summary of the mass 
power and volumes required to implement a fully functional photo bioreactor system for FA generation. 
 
Table 3. Volume and mass of the proposed bioreactor made of LDPE (daily replacement of FA). 

Chamber ID 5.64 cm 
Chamber wall thickness 0.3 cm 
Chamber OD 6.24 cm 
Chamber Ht. (internal) 20 cm 
Chamber ht. (external) 20.6 cm 
Total surface area (internal) 535.4 cm2 
Total surface area (external) 668.8 cm2 
Internal volume  0.5 L 
Total chamber volume (external) 0.63 L 
Material density LDPE 0.92 g/cm3  
Volume of chamber material (using 
Ext area) 

21.6 cm3 

Mass of chamber   20 g  
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Table 4. List of primary nutrients and their mass needed to operate the SBM photo-bioreactor for one year.  The 
Source column identifies if the requirement is met by permeation across the FO membrane, salt provided by OA 
resupply or as a dedicated resupply from Earth. 
 

Constituent Source Resupply Mass Required 
Fixed N Feed 0 
SO42- Feed 0 
K Feed 0 
Na and Cl Provided by OA 

resupply 
0 

Trace constituents including 
spectinomycin sulfate not supplied 
by the feed or OA 

Supplied by mission 0.05 g  

 
 
C. FO/RO System Time Dependent Mass 

Time dependent mass includes chemicals that are used to adjust the pH of the feed, anti-scale chemicals, salts for 
the OA, and a biocide.  It also includes replacement membrane modules for the no SBM FO/RO operation case.  It is 
estimated from AWP testing that a system using a non-regenerable membrane will have to replace the membrane 
every 333 L of feed processed.5  This results in a replace requirement of 16 membrane modules during one year of 
operation (for a 4-person crew).  Table 6 provides a list of all time dependent mass values.  The column to the right 
provides the values used for time dependent mass in the equivalent system mass (ESM) calculations.  This column 
was calculated assuming the same mission characteristics as used for the Distillation Down Selection report.7  It 
assumes a 4-person crew on a 183 day mission.7 Values in the Table 6 are provided on a yearly basis and then corrected 
for 183 days in the ESM calculations.  This is done because the official ESM template spreadsheet requires data to be 
input on a yearly basis. 
 
Table 5. Mass power and volumes required to implement a fully functional photo bioreactor system for FA 
generation utilizing ambient cabin lighting. 

 Part identification Mass 
(Kg) 

Power 
(W) 

Volume 
(m3) 

0.5L Reactor     
Reactor Custom Design 0.02  0.0005 
Degasser Liqui-Cel Extra-Flow 2.5X8 0.5  0.001 
Pump Cole Parmer 77120-62 0.91 12 0.001 
Blower Sunon GB1205PHVX-8AY.GN 0.03 2 0.00004 
Crossflow filter Researcher 24 Steamer 0.14  0.0005 
Consumables  0.02   
Plumbing 10% of mass and volume 0.16  0.0003 
Total  1.76 14 0.003 

 
 
Table 6. Time dependent mass values.   

Resupply Reagents Consumption Frequency 
Time 
Dependent 
Mass 

Osmotic Agent (OA) NaCl+SMB 0.2 g/L  Continuous 1 Kg/year 
OA Biocide Aquacar DBNPA5 0.5 g/day Once a day 0.182 Kg/year 
FO Membrane module 
replacement requirement Lipid membrane 5 Kg/module Every 300 L 

processed 
81 kg/year 

spectinomycin and 
nutrients* 

A + medium, 
supplemented 

0.05g/year Continuous  0.05g/year 

FA direct replacement Palmitic acid + others 1.35g/year Continuous 1.35g/year 
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D. Cooling 
Cooling is assumed to be equal to the power consumption because all energy produced in the spacecraft needs to 

be radiated to space eventually. 
 

E. Crew Time 
Crew time estimates are based on operations of the NASA Ames Green Building gray water recycling system and 

the Army System.  This system requires one hour of maintenance every 2 weeks (24 hr/year).8  Added to this total is 
the time it would take to replace the membrane if a urine only feed was used and the membrane module needed to be 
replaced in accordance with the results of the FOST NGLS testing at JSC (16 hr/year).  No crew time was specified 
for the UPA so it was assumed to be zero. 

 
F. Equivalency Factors 

Equivalency factors for volume, power, cooling and crew time were taken from the 2015 NASA Baseline Values 
and Assumptions Document. 9  Table 8 provides the equivalency factors used for a Mars transit and exploration 
mission using radiation shielded and unshielded architectures. 
 
Table 8. Long-Duration Mars Mission Infrastructure “Costs” 9 

  Assumptions 
Parameter Units Nominal Value 
Transit   
Shielded Volume Kg/m2 215 
Unshielded Volume Kg/m2 9.16 
Power Kg/KW 23 
Thermal Control Kg/KW 60 
Crewtime Kg/CM-h 0.56 
Surface   
Shielded Volume Kg/m2 215.5 

Unshielded Volume Kg/m2 9.16 
Power Kg/KW 87 
Thermal Control Kg/KW 146 
Crewtime Kg/CM-h 0.465 

See reference 2 for details of values. 

IV. Results 
ESM values were calculated for Mars Transit and surface missions using both shielded and unshielded architecture 

values.  The ESM values were calculated using the ALS ESM template.10 and the assumptions and values documented 
described in the methods section of this report.9  Table 9 provides ESM data for an FO/RO system that is non-
regenerative, meaning it does not use the SBM technology, but rather replaces membranes as they become fouled.  
Table 10 provides ESM data for an FO/RO system using the full SBM biological regeneration of the FAs, no 
membrane replacement. UPA data values were taken from the Distillation Down Selection report 7 and calculated 
using the equivalency factor from Table 8 and the ESM template.  The ESM templates for each case are provided in 
Appendix A. 
 
Table 9. ESM comparisons between ISS UPA and non-regenerative FO/RO system for Mars transit and surface 
missions (no SBM, just replace membranes) 

Mission  FO/RO System  UPA system ESM Reduction 
 Units ESM ESM  
Transit Shielded  Kg 82 329 75% 
Transit Unshielded  Kg 77 245 69% 
Surface Shielded Kg 83 400 79% 
Surface Unshielded  Kg 80 316 75% 
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Table 10. ESM comparisons between ISS UPA and regenerative FO/RO system for Mars transit and surface missions 
(including SBM bioreactor FA regeneration) 

Mission  FO/RO System UPA system ESM Reduction 
 Units ESM ESM  

Transit Shielded  Kg 40 329 88% 
Transit Unshielded  Kg 35 245 86% 
Surface Shielded Kg 45 400 89% 

Surface Unshielded  Kg 41 316 87% 
 
 
Analytical Comparison 
 Testing was completed to evaluate the performance of the FO/RO system when treating a feed that simulated the 
feed used by the UPA in the Distillation Down Selection.  This feed was composed of urine, flush water, and a 
humidity condensate simulant synthesized according to the formulas developed by Verostko et al. 11 & 12  This formula 
deviates from the Solution 1 formula used in the UPA Distillation Down Selection testing primarily in that it used a 
synthetic humidity condensate where the UPA testing used real humidity condensate.7  The urine in the FO/RO was 
also not treated with the chromic or phosphoric acid pretreatment.  These are relatively significant difference so the 
comparison should be considered qualitative. The results of this testing are provided in Table 11.  This table contains 
the common analytical results for both the UPA and FO/RO runs.  The FO/RO runs were completed using the FOST 
2 system. Sodium and chloride are elevated in the FO/RO product water because they are used as the osmotic agent. 
 
Table 11.  Comparative results of testing UPA and FO/RO             

  UPA7   FO/RO  

 Feed Product Brine Feed Product Brine 

pH 2.3 3.6 1.7 6.5 6.5 7.3 

TOC mg-C/L  1417  25 21260 1867 95 11000 

Chloride mg/L  1075 3.8 4087 920 50 9700 

Phosphate mg-PO4/L  339 0.6 <4  550 <0.5 3266 
Sulfate mg-SO4/L  2215 6.4 24980 360 1 3333 

Sodium mg/L  532  2.0  8417 707 35 6367 

Ammonia N mg/L  175 0.5 2399  223* 2.6* 3200* 

Potassium mg/L  911 2.6 17941  527 2.3 2967 
* Measured as NH4 

V. Discussion 
A. FA replacement from ground supplies 
 The results of this study are heavily impacted by the fact that only small quantities of  FAs are required to provide 
membrane protection.  It takes only 3.7 mg to provide a single FA bilayer coating on 1m2 of membrane. Both 
experimental and operational testing has indicated that membrane fouling is a very slow process taking weeks to 
months.  This means that the infrastructure and nutrients required to generate the FA using cyanobacteria or other 
microorganisms is quite small.  However, it is logical to ask; Would it be better to just supply FAs from the ground as 
a consumable?  Table 12 provides a comparison between direct FA replacement from the ground and the 
cyanobacterial photo bioreactor FA replacement approach.  The data presented in Table 12 demonstrates that the 
difference between these two cases is quite small and outside the resolution of this study. The additional equipment 
required to provide FAs from stored supplies is provided in Table 13. The weight of the FA required for direct supply 
is provided in Table 6.  
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Table 12. Comparison of direct FA replacement from stored supplies in comparison to FA generation using a 
cyanobacterial photo bioreactor. 

 Direct Resupply of 
FA  

Cyanobacteria FA 
generation 0.5L 

Mass (Kg) 25.19 25.16 
Power (W) 35 39 
Volume (m3) 0.018 0.021 
Resupply 
(kg/year) 1.18 1.18 

ESM Transit 
Un-shielded 35 35 

Table 13. Direct addition of FA from stored supplies additional equipment requirements. 

  Mass (Kg) Power (W) Volume (m3) 

Syringe pump   New Era NE-300 1.63 10 3.8x10-6 
Plumbing 10% of mass 0.163 - - 
Total  1.793 10 3.8x10-6 

 
B. Key assumption sensitivity analysis    
 One of the key assumptions used in this study is that the membrane FA bilayer will need to be replaced daily.  All 
of the data we have indicates that this is a conservative assumption, but long duration testing in an operational FO/RO 
system using the SBM technology will be required to fully verify this.  It will also be heavily dependent upon the 
characteristics of the feed.  As a result, it is impossible to fully verify this assumption at this time.   
 To better understand the impact of this assumption on the results of this study a sensitivity analysis was conducted 
on the FA bilayer replacement assumption.   Two cases were evaluated.  The first was the baseline daily replacement 
case, that is the basis for this study.  The second was an hourly replacement assumption.  The hourly replacement 
assumption requires a photo bioreactor with a volume of 12.3 L whereas the daily assumption required a 0.5L reactor. 
Data on mass and equipment estimates for the hourly FA replacement case study (the 12 L reactor) are provided in 
Tables 14 and 15.   
 Table 16 provides a comparison between the hourly (12.3 L) and daily (0.5 L) FA replacement assumption.  The 
results are again heavily influenced by the small quantity of FAs needed to produce a protective FA layer.  The 
difference between the 12L and 0.5L reactor case is about 50%.  However, even at this higher ESM the FO/RO system 
still represents a 75% reduction from the current state of the art.  Experimental work has also demonstrated the ability 
to deliver this higher FA requirement of 32g/year. 
 
Table 14. Volume and mass of the proposed bioreactor made of LDPE (hourly replacement of FA). Data for 1 hr FA 
replacement case study 
 

Parameter 12L  LDPE Reactor 
Chamber ID 29 cm 
Chamber wall thickness 0.3 cm 
Chamber OD 29.6 cm 
Chamber Ht. (int.) 18.63 cm 
Chamber ht. (ext.) 19.23 cm 
Total surface area (int) 1878.6 cm2 
Total surface area (ext) 1973 cm2 
Internal volume  12.3 L  
Total chamber volume (ext) 13.2 L  
Material  LDPE   
Material density LDPE 0.92 g/cm3  
Mass of chamber  LDPE 385.2 g  
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Table 15. Mass power and volumes required to implement a fully functional 12 L photo bioreactor system for FA 
generation.  Data for 1 hr FA replacement case study 

 Part identification Mass 
(Kg) 

Power 
(W) 

Volume 
(m3) 

12.3 L Reactor     
Reactor Custom Design 0.4  0.01 

Degasser Liqui-Cel Extra-Flow 2.5X8 3  0.006 
pump Cole Parmer 07554-90 4 37 0.005 
Blower Sunon GB1205PHVX-8AY.GN 0.03 2 0.00004 
Crossflow filter Researcher 24 Steamer 0.14  0.0005 
Plumbing 10% of mass and volume 0.757  0.002 
Total  8.30 39 0.02 

 
Table 16. Comparison between the hourly (12L) and daily (0.5L) FA replacement assumption. 
 

 Cyanobacteria FA 
generation 0.5L 

Cyanobacteria FA 
generation  12L 

Mass (Kg) 25.16 33.46 
Power (W) 39 78 
Volume (m3) 0.021 0.041 
Resupply (kg/year) 1.18 28.32 
ESM Transit Un-shielded 35 60 

 
C. Power scaling 
 Another key assumption is that the power scaling/extrapolation to size the FO/RO study system based on graywater 
operation does not create an error in the final conclusions of this report.  Graywater power requirements were used 
because only one of the three systems used in scaling in Section II of this paper had been tested with a urine, flush and 
humidity feed.  The data from this test is used here to evaluate the impact of the higher power values that were 
measured during these tests.  At the end of the batch run, when power consumption is maximized the FOST 2 power 
was double that of the average FOST 2 with a graywater feed. 13  Table 16 provides a comparison of the results of the 
ESM spreadsheet calculations for the two cases. 
 
Table 16. ESM comparisons between surface shielded missions with and without SBM for graywater power and urine, 
flush and condensate feed power. 

Mission  FO/RO System 
Graywater 
power 

FO/RO System 
Urine, flush, 
condensate 
power 

ESM Increase 
due to high 
power consuption 

 Units ESM ESM  

Surface Shielded – with SBM Kg 45 51 13% 

Surface Shielded – without 
SBM 

Kg 83 89 7.2% 

 
 So, for the surface shielded case with the SBM the scaling using graywater showed an 89% ESM reduction when 
compared to the UPA, see Table 10. If we use the ESM associated with the urine, flush and condensate power the 
ESM reduction drops to 87%.  Similarly with the surface shielded case without the SBM the ESM reduction drops 
from 79% to 78%.  Therefore, we can conclude that the scaling based on graywater power numbers had a small effect 
on the trade study results and can be considered negligible. 
 
D. Nutrient resupply from feed 
 Another key point is the assumptions used to calculate the nutrient resupply requirements for the microbial 
generation of FAs.  If the resupply requirements for nutrients is higher than the FA supply from the ground 
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requirement, the bioreactor approach would never trade well.  During our earlier research with E. coli this was an 
important issue.  As a result, we directed significant resources developing the capability to extract useful nutrients 
from the feed by manufacturing custom membranes that allow specific nutrients to pass through them.  This work was 
successful and identified organic carbon as the single largest requirement for the heterotrophic E. coli.3  The use of 
cyanobacteria has significantly reduced this requirement as carbon is now provided by CO2 from the atmosphere rather 
than the feed.  The next highest requirement, nitrogen, is provided by urea decomposition that produces ammonium.  
By adjusting the pH of the feed we can control the rate that ammonia passes through the bio membrane into the OA.3  
Cyanobacteria are capable of using ammonia as a nitrogen source.  We have also demonstrated the ability to provide 
the other inorganic salts required by modifying the membrane rejection characteristics to allow the necessary 
inorganics to pass through.3 This membrane modification is based on proper selection of support materials and the use 
of shape selective approaches during fabrication. 

VI. Conclusions 
The goal of this study was to evaluate the benefit if the SBM technology in comparison to the current state of the 

art as defined by the ISS UPA. The ESM metric was used to calculate a system mass for the base FO/RO system, the 
FO/RO system with the SBM modification and the ISS UPA.  Results indicate that the FO/RO with SBM modification 
reduces the equivalent mass of the FO/RO technology about 80%.  The FO/RO technology alone reduces the ESM by 
70%. The SBM technology reduces the FO/RO ESM by about 50%.  Analytical results show similar performance 
between the UPA and FO/RO system.     
 The study also investigated a comparison between regenerating the FA using a bioreactor and providing the FAs 
as a ground resupply item.  The results showed that both options have essentially the same ESM values.   
 The study also evaluated the impact of the key assumption dealing with the FA bilayer replacement requirement.  
Analysis showed that the impact of going from a daily replacement to an hourly replacement doubled the ESM but 
was still significantly below the UPA ESM. 
 Finally, the study also examined the feasibility of supplying the majority of nutrients required for cyanobacteria 
growth from the feed.  It was shown by previous work growing E. coli that the majority of nutrients required could be 
provided by the feed.   
 This study has shown that the SBM FO/RO configuration has significant ESM benefits over the ISS UPA.  These 
benefits are substantial enough that continued development is recommended.  The next logical step in the development 
of the SBM is to develop a test system that can be used for long duration testing to demonstrate the SBM technology 
truly does extend the life of the FO membranes beyond the limits of a Mars or other long duration mission.  
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Appendix A 
 
ESM Worksheets 
 
ESM Mars transit shielded 

 
 
 
ESM Mars transit unshielded 

 
 
 
ESM Mars surface shielded 

 
 
 
ESM Mars surface unshielded 

 
 
 

0.5

MIi SFIi*M Ii VIi Veqi VIi*Veqi Pi Peqi Pi*Peqi Ci Ceqi Ci*Ceqi CTi CTeqi CTi*CTeqi MTDi SFTDi *M TDi * VTDi VTDi *Veqi *D

kg kg/kg kg m3 kg/m 3
kg kWe kg/kW e kg kWth kg/kW th kg CM-h/y kg/CM-h kg kg/y kg/kg kg m3 /y kg kg

number / 
formula

number / 
formula

number / 
formula

number / 
formula number

number / 
formula

number / 
formula number

number / 
formula

number / 
formula number

number / 
formula

number / 
formula number

number / 
formula

number / 
formula

number / 
formula

number / 
formula

number / 
formula

number / 
formula

202.0000 1.0000 202.0000 0.4100 215.0000 88.1500 0.4730 ###### 10.8790 0.4730 60.0000 28.3800 0.0000 0.5650 0.0000 0.0000 1.0000 0.0000 0.0000 329
23.4000 1.0000 23.4000 0.0180 215.0000 3.8700 0.0250 ###### 0.5750 0.0250 60.0000 1.5000 40.0000 0.5650 11.3000 82.1820 1.0000 41.0910 0.0000 82
25.1600 1.0000 25.1600 0.0210 215.0000 4.5150 0.0390 ###### 0.8970 0.0390 60.0000 2.3400 24.0000 0.5650 6.7800 1.1820 1.0000 0.5910 0.0000 40

Rows for additional items are entered here, as needed.

SFTDi

Time-Dependent Mass Time-Dependent Volume

FOP (1.6 L/hr)regen

UPA (1.63 kg/hr)
System

Initial Mass

SFIi

Calcuated 
ESM Totals

FO (1.6 L/hr) non-regn

Power CrewtimeCooling

kg/kW th

60

Veq
kg/m 3

215

Peq
kg/kW e

23
kg/CM-h

0.565

Crewtime Equivalency Factor
See the ALS Baseline Values and Assumptions 

Document for mass equivalency factor values for 
specific mission segments.

Power Equivalency Factor Cooling Equivalency Factor

ESM Template

Volume Equivalency Factor

Initial Volume

System-Applicable Equivalency Factors

CTeqCeq

years

XXXX
Mission Segment Duration (in Terrestrial years) [D]

Mission Segment Name

SUBSYSTEMS

0.5

MIi SF Ii *MIi VIi Veqi VIi *Veqi P i P eqi P i*P eqi C i C eqi C i*C eqi CT i CT eqi CT i*CT eqi MTDi SF TDi *MT VTDi VTDi *Veqi *D

kg kg/kg kg m 3 kg/m 3
kg kW e

kg/kW

e kg kW th kg/kW th kg CM-h /y kg/CM-h kg kg/y kg/kg kg m 3 /y kg kg

number / 
formula

number / 
formula

number / 
formula

number 
/ number

number 
/ 

number / 
formula

numbe
r

number 
/ 

number / 
formula number

number 
/ 

number 
/ number

number / 
formula

number 
/ 

number 
/ 

number / 
formula

number / 
formula

number / 
formula

####### 1.0000 ####### 0.4100 9.1600 3.7556 0.4730 ##### 10.8790 0.4730 60.0000 28.3800 0.0000 0.5000 0.0000 0.0000 1.0000 0.0000 0.0000 245
23.4000 1.0000 23.4000 0.0180 9.1600 0.1649 0.0250 ##### 0.5750 0.0250 60.0000 1.5000 40.0000 0.5000 10.0000 82.1820 1.0000 41.0910 0.0000 77
25.1600 1.0000 25.1600 0.0210 9.1600 0.1924 0.0390 ##### 0.8970 0.0390 60.0000 2.3400 24.0000 0.5000 6.0000 1.1821 1.0000 0.5910 0.0000 35

Rows for additional items are entered here, as needed.

SUBSYSTEMS

Cooling Equivalency 

ESM Template

Volume Equivalency 

Initial Volume

years

XXXX
Mission Segment Duration (in Terrestrial years) [D]

Mission Segment Name

System-Applicable Equivalency Factors

CTeqCeq

Crewtime

See the ALS Baseline Values and 
Assumptions Document for mass 

equivalency factor values for specific mission 
segments.

Power Equivalency 

kg/CM-h

0.500

Crewtime Equivalency 

kg/kW th

60

Veq
kg/m 3

9.160

Peq
kg/kW e

23

Cooling Calculate
d ESM 
Totals

FO (1.6 L/hr) non-regn

Power

FOP (1.6 L/hr)regen

UPA (1.63 L/hr)
Systems

Initial Mass

SF Ii SF TDi

Time-Dependent Mass Time-Dependent 
Volume

0.5

MIi SF Ii *MIi VIi Veqi VIi *Veqi P i P eqi P i*P eqi C i C eqi C i*C eqi CT i CT eqi CT i*CT eqi MTDi SF TDi *MT VTDi VTDi *Veqi *D

kg kg/kg kg m 3 kg/m 3
kg kW e

kg/kW

e kg kW th kg/kW th kg CM-h /y kg/CM-h kg kg/y kg/kg kg m 3 /y kg kg

number / 
formula

number / 
formula

number / 
formula

number 
/ number

number 
/ 

number / 
formula

numbe
r

number 
/ 

number / 
formula number

number 
/ 

number 
/ number

number / 
formula

number 
/ 

number 
/ 

number / 
formula

number / 
formula

number / 
formula

####### 1.0000 ####### 0.4100 ###### 88.1500 0.4730 ##### 41.1510 0.4730 ###### 69.0580 0.0000 0.4650 0.0000 0.0000 1.0000 0.0000 0.0000 400
23.4000 1.0000 23.4000 0.0180 ###### 3.8700 0.0250 ##### 2.1750 0.0250 ###### 3.6500 40.0000 0.4650 9.3000 82.1820 1.0000 41.0910 0.0000 83
25.1600 1.0000 25.1600 0.0210 ###### 4.5150 0.0390 ##### 3.3930 0.0390 ###### 5.6940 24.0000 0.4650 5.5800 1.1821 1.0000 0.5910 0.0000 45

Rows for additional items are entered here, as needed.

SUBSYSTEMS

Cooling Equivalency 

ESM Template

Volume Equivalency 

Initial Volume

years

XXXX
Mission Segment Duration (in Terrestrial years) [D]

Mission Segment Name

System-Applicable Equivalency Factors

CTeqCeq

Crewtime

See the ALS Baseline Values and 
Assumptions Document for mass 

equivalency factor values for specific mission 
segments.

Power Equivalency 

kg/CM-h

0.465

Crewtime Equivalency 

kg/kW th

146

Veq
kg/m 3

215

Peq
kg/kW e

87

Cooling Calculate
d ESM 
Totals

FO (1.6 L/hr) non-regn

Power

FOP (1.6 L/hr)regen

UPA (1.63 kg/hr)
Systems

Initial Mass

SF Ii SF TDi

Time-Dependent Mass Time-Dependent 
Volume

0.5

MIi SF Ii *MIi VIi Veqi VIi *Veqi P i P eqi P i*P eqi C i C eqi C i*C eqi CT i CT eqi CT i*CT eqi MTDi SF TDi *MT VTDi VTDi *Veqi *D

kg kg/kg kg m 3 kg/m 3
kg kW e

kg/kW

e kg kW th kg/kW th kg CM-h /y kg/CM-h kg kg/y kg/kg kg m 3 /y kg kg

number / 
formula

number / 
formula

number / 
formula

number 
/ number

number 
/ 

number / 
formula

numbe
r

number 
/ 

number / 
formula number

number 
/ 

number 
/ number

number / 
formula

number 
/ 

number 
/ 

number / 
formula

number / 
formula

number / 
formula

####### 1.0000 ####### 0.4100 9.1600 3.7556 0.4730 ##### 41.1510 0.4730 ###### 69.0580 0.0000 0.4650 0.0000 0.0000 1.0000 0.0000 0.0000 316
23.4000 1.0000 23.4000 0.0180 9.1600 0.1649 0.0250 ##### 2.1750 0.0250 ###### 3.6500 40.0000 0.4650 9.3000 82.1820 1.0000 41.0910 0.0000 80
25.1600 1.0000 25.1600 0.0210 9.1600 0.1924 0.0390 ##### 3.3930 0.0390 ###### 5.6940 24.0000 0.4650 5.5800 1.1821 1.0000 0.5910 0.0000 41

Rows for additional items are entered here, as needed.

SF TDi

Time-Dependent Mass Time-Dependent 
Volume

FOP (1.6 L/hr)regen

UPA (1.63 kg/hr)
Systems

Initial Mass

SF Ii

Summatio
n Check

FO (1.6 L/hr) non-regn

Power Cooling

kg/kW th

146

Veq
kg/m 3

9.160

Peq
kg/kW e

87
kg/CM-h

0.465

Crewtime Equivalency See the ALS Baseline Values and 
Assumptions Document for mass 

equivalency factor values for specific mission 
segments.

Power Equivalency 

Mission Segment Name

System-Applicable Equivalency Factors

CTeqCeq

Crewtime

SUBSYSTEMS

Cooling Equivalency 

ESM Template

Volume Equivalency 

Initial Volume

years

XXXX
Mission Segment Duration (in Terrestrial years) [D]



48th International Conference on Environmental Systems ICES-2018-[insert submission number here, remove brackets] 
8-12 July 2018, Albuquerque, New Mexico 

Copyright © 2018 [insert Business, Academic Institution, or Author Name here, remove 
brackets] 

 


