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EXECUTIVE SUMMARY 
 
 
Development of a highly reliable and efficient Water Recovery System for the space habitat to 
recover potable water from the wastewater generated by crewmembers has become a necessity to 
reduce costly water resupply needs for long duration space missions.  
 
Many water recovery technologies have been developed since the 60’s.  Besides the International 
Space Station Water Recovery System (ISS WRS), two other Integrated Water Recovery Systems 
(IWRS) that can generate potable quality H2O are the Bioregenerative Water Recovery System 
(BWRS) and the Vapor Phase Catalytic Ammonia Removal (VPCAR) process. 
 
BWRS, developed by JSC since 1991, adopts the biological wastewater treatment technology, a 
widely accepted technology currently used for treating industrial and municipal wastewater.  
After years of system improvement and redesign, BWRS was able to demonstrate its capability to 
generate potable water and was used as the water treatment system for the Lunar-Mars Life 
Support Test Project 90-day Test to continually produce potable water in 1997. 
 
VPCAR developed since 1968 was designed to remove ammonia (NH3) and volatile organic 
compounds (VOC) from the wastewater stream for space applications.  After years of system 
improvement and redesign by different organizations, Ames Research Center has finalized the 
design with the current configuration.  Its latest experimental results have proven its capability to 
generate potable water from wastewater as well. 
 
Although many trade studies have been done based on similar functions of the H2O treatment 
technologies, none of them seem to have performed a thorough evaluation of the IWRS for 
potable quality H2O recovery from the feed stream containing an equivalent mixture of the 
wastewater from crewmembers different activities during the mission.  Therefore, 
NASA/JSC/EC management initiated the idea to perform a detailed evaluation of the IWRS that 
can generate potable water and are currently under development.  Two of the IWRS that qualify 
to fall into this category are VPCAR and BWRS.  
 
A thorough process evaluation of the BWRS and VPCAR for space application using ISS WRS 
as a trading basis was initiated and completed. 
 
The study concluded that the BWRS is a promising process for TOC removal.  More work is 
required to validate and refine the nitrification process.  The longer startup/turnaround time is a 
disadvantage for this system in case any unpredicted malfunction occurs to the biological reactors 
or any unpredictable microorganisms behavior takes place during operation. 
 
VPCAR system is a promising NH3 and VOC converter.  Suppression of biological 
contaminants in the product water is the advantage for this process, because product H2O is 
condensed out from a H2O vapor stream of 250 C.  VPCAR is very competitive with the BWRS 
and ISS WRS from a mass, power and volume standpoint.  Its power intensity may make the 
system less attractive to deal with large volume of gases at the vacuum condition.  



 
More work is required for the nitrification process of the BWRS, and VPCAR is at its early 
stages of development for space application.  Due to the different strengths and weaknesses of 
the two systems, it is difficult to conclude that one process is better than the other at this point in 
time. 
 
For a more in-depth understanding of the VPCAR and BWRS feasibility for different space 
applications, it is strongly recommended to continue the following efforts: 
 
1. Continue development of the VPCAR and BWRS, and prepare for integrated testing 
2. Continue analysis and re-visit this trade study after VPCAR testing is complete and all the 

major equipment of the BWRS is better defined. 
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I. INTRODUCTION 
 
In conjunction with human missions to Mars in the near future, reduction of costly potable water 
(H2O) resupply needs in the Mars Transit Vehicle or on the Martian surface has been a popular 
issue in the space industry.  Development of a highly reliable and efficient water recovery system 
for the space habitat to recover potable water from the wastewater generated by the crewmembers 
has become an essential goal for long duration space missions.  For that reason, NASA has 
funded its research centers, affiliates, universities, and private sector to identify and develop 
different water recovery processes for space applications since the 60’s.  (Ref. 14, 15, 19, 22, 23, 
24, 26-30) 
 
Besides the International Space Station Water Recovery System (ISS WRS), two other Integrated 
Water Recovery Systems (IWRS) that can generate potable quality water are the Bioregenerative 
Water Recovery System (BWRS) and the Vapor Phase Catalytic Ammonia Removal (VPCAR) 
process. 
 
BWRS, developed by JSC since 1991, adopts the biological wastewater treatment technology, a 
widely accepted technology currently used for treating industrial and municipal wastewater.  
After years of system improvement and redesign, BWRS was able to prove its capability to 
generate potable water and was used as the water treatment system for the Lunar-Mars Life 
Support Test Project 90-day Test to continually produce potable water in 1997. 
 
VPCAR, developed since 1968, was designed to remove ammonia (NH3) and volatile organic 
compounds (VOC) from the wastewater stream for space applications.  After years of system 
improvement and redesign, Ames Research Center has finalized the design with the current 
system configuration.  Its latest experimental results have proven its capability to generate 
potable water from wastewater as well. 
 
Trade studies for different water treatment technologies for similar functions have also been 
conducted (Ref. 7, 11, 17, 19.)  These studies have based on a combination of several key factors:  
on-orbit mass and volume, resupply and return to Earth logistics, power consumption, technology 
readiness level, heat rejection, chemicals requirements for the system, and scheduled 
maintenance time, etc. 
 
Although many trade studies have been done, none of them seem to have performed a thorough 
evaluation of the Integrated Water Recovery Systems (IWRS) that can generate potable quality 
water from the feed stream containing an equivalent mixture of wastewaters from crewmembers’ 
different activities during the mission.  Without a detailed sizing of the systems from their up-to-
date process/experimental data, it is not likely that a good trade can be made possible.  For that 
reason, NASA/JSC/EC management initiated the idea to perform a more detailed evaluation of 
the IWRS that can generate potable water and are currently under development.  Two of the 
IWRS that qualify to fall into this category are VPCAR and BWRS. 
 
A thorough process evaluation of the VPCAR and BWRS for space application using ISS WRS 
as a trading basis was initiated. 
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Literature search and review of the information related to the ISS WRS, the BWRS, and the 
VPCAR processes were conducted.  
 
Sizing data for the ISS WRS were collected from published information (Ref. 2, 3, 4, 12, 25) and 
MSFC personnel.  Sizing data for the VPCAR were collected from Ames Research Center 
(ARC)’s system principal investigator (Ref. 5, 7, 9, 10) and validated with VPCAR recent test 
results from experiments conducted at ARC.  The VPCAR experimental protocol and test results 
are included in Appendix A and B respectively.  Process data of the BWRS next generation unit 
were collected from NASA/JSC system principal investigators/monitors, and support contractors.  
Sizing estimate of the major equipment of the BWRS system was performed. 
 
The VPCAR and BWRS systems were sized based on the ISS WRS daily potable water 
requirement with a shower.  Assessment of the integrated water recovery systems was conducted 
based on their specific mass, estimated system volume, specific energy, and annual resupply.  
 
 
II. BRIEF DESCRIPTION OF THE WATER RECOVERY SYSTEMS AND THEIR 

DEVELOPMENT HISTORIES  
 
A. International Space Station Water Recovery System (ISS WRS) (Ref. 12, 25) 
 
With years of research and development, MSFC has completed designing an integrated Water 
Recovery System.  It is currently under the preliminary design review.  
 
The ISS WRS comprises the Urine Processor Assembly (UPA) and the Water Recovery 
Assembly (WRA).  
 
The UPA currently selects the Vacuum Compression Distillation (VCD) technology to treat the 
urine and urinal flush stream before its distillate is combined with other wastewater streams in 
the hygiene water tank for further treatment.  
 
Figure II.1 shows the Process Block Diagram of the ISS WRS.  The distillate from the VCD goes 
to the WRA’s Hygiene Water Storage Tank and combines with the wastewater streams from 
crew activities such as shower, oral hygiene, hand wash, and aspiration/perspiration.  
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Figure II.1.  ISS WRS Process Block Diagram 
 
 
The WRA contains:  the Hygiene Water Storage Tank ORU, Mostly Liquid Separator (MLS) 
ORU, the Pump ORU, Separator Filter ORU, Particulate Filter ORU, Multifiltration Bed #1 (MF 
#1) ORU, Multifiltration Bed #2 (MF #2) ORU, Catalytic Reactor Assembly (VRA) ORU, Phase 
Separator ORU, Ion Exchange Bed & Microbial Check Valve (IX & MCV) ORU, the Product 
Water Tank ORU.  
 
The MLS separates the gas from the wastewater and provides the process pump with gas-free 
water to prevent gas binding of the multi-filtration beds.  
 
The Separator Filter ORU removes odors from the gas separated from the wastewater in the 
MLS.  
 
The Particulate Filter ORU removes particulate from the wastewater to protect the MF beds. 
 
The Multifiltration Beds #1 and #2 then remove the non-volatile organic and inorganic impurities 
from the wastewater.  The two beds are used in series with #2 unit rotating into #1 position at 
change out.  
 
The VRA catalytic reactor oxidizes the volatile organic compounds remaining in the wastewater 
and provides microbial control.  
 
The Gas Separator removes free oxygen (O2), carbon dioxide (CO2), and any dissociated gas 
from the system.  The gas is vented to the cabin interface while the liquid stream is sent to the 
Ion Exchange Bed for further polishing.  
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The Ion Exchange Bed removes the remaining byproducts (bicarbonates, acetic acid, and 
propionic acid) produced by the catalytic reactor and iodinates the processed water. 
 
The Microbial Check Valve ORU prevents back-flow of the wastewater and microbes from the 
wastewater loop to the clean water loop.  Iodine is added for microbial control with a dosage of 1 
to 4 ppm at 69 to 113 degree F, or with a dosage of 1 to 10 ppm at 113 to 137 degree F. 
 
The Product Water Tank holds the processed delivery water for use.   
 
 
B. Vapor Phase Catalytic Ammonia Removal (VPCAR) 
 
The development of the VPCAR technology dates back to 1968 when both AiResearch and the 
Aerospace Medical Research Laboratories had active research programs.  (Ref. 14, 15)  These 
initial programs resulted in the development of lab-scale glassware configurations.  During the 
late 1960's and early 1970's, General Electric developed and tested a VPCAR like system and in 
1989 Texas A&M University refurbished and re-tested this unit (Ref. 13).  Work conducted by 
GARD for Ames Research Center (Ref. 8, 17), from 1977 to 1985, resulted in the development 
of a bench scale unit whose configuration is conceptually close to the current VPCAR design. 
(Ref. 9) 
 
In addition to the government funded work, both Wheelabrator Clear Air Systems, Inc.  (formerly 
Chemical Waste Management, Inc.) and ARI Technologies developed a process called 
PO*WW*ER technology which is functionally similar to VPCAR.  The PO*WW*ER 
technology is used to treat and reduce complex industrial and hazardous wastewater containing 
mixtures of inorganic salts, metals, volatile and nonvolatile organics, etc.  A commercial plant 
with a capacity of 50 GPM using PO**WW**ER technology is in operation at Ysing Yi Island, 
Hong Kong.  A pilot-scale unit, with a capacity of 1 to 1.5 GPM, is available at RUST Remedial 
Services’ Clemson Technical Center in South Carolina (Ref. 18).  VPCAR is in the early stage of 
development for space application.  
 
Figure II.2 shows the process flow diagram of the VPCAR system with detailed operating 
conditions.  
 
 
 



 

5 

Tank#2 Tank#3

Lyophilization
or AES

Evaporation

Condensation

Distillate

Product Stream
Brine

Bleed Stream

Recycle Stream

Vapor 
Compressor

Vapor StreamFeed Stream
WFRD

O2 supply

Oxidation Reaction
250 C, 2 psia 
0.5% Pt – Al2O3

O2, N2,
H2O, CO2,
N2O

Non-condensable
O2, N2, CO2, N2O

H2O, NH3, VOC

(Non-VOC, H2O) 

R

O2, N2, CO2

Reduction Reaction
450 C, 1 psia
0.5% Ru – Al2O3

Wastewater
Storage

(Feed Tank)

Brine 
Storage

H2O
Storage

Cabin Vent

1

7
6

8

11

10

9

14

13

1215

17

4

5

60 - 80 C
2 psia

39 C
1 psia

MX1
MX2

MX3

SP1

SP2

HX1

19

O2, N2,
H2O, CO2,
N2O

18

Vac Pump

2
3

Tank#1

Tank#2 Tank#3

Lyophilization
or AES

Evaporation

Condensation

Distillate

Product Stream
Brine

Bleed Stream

Recycle Stream

Vapor 
Compressor

Vapor StreamFeed Stream
WFRD

O2 supply

Oxidation Reaction
250 C, 2 psia 
0.5% Pt – Al2O3

O2, N2,
H2O, CO2,
N2O

Non-condensable
O2, N2, CO2, N2O

H2O, NH3, VOC

(Non-VOC, H2O) 

R

O2, N2, CO2

Reduction Reaction
450 C, 1 psia
0.5% Ru – Al2O3

Wastewater
Storage

(Feed Tank)

Brine 
Storage

H2O
Storage

Cabin Vent

1

7
6

8

11

10

9

14

13

1215

17

4

5

60 - 80 C
2 psia

39 C
1 psia

MX1
MX2

MX3

SP1

SP2

HX1

19

O2, N2,
H2O, CO2,
N2O

18

Vac Pump

2
3

Tank#1

Lyophilization
or AES

Evaporation

Condensation

Distillate

Product Stream
Brine

Bleed Stream

Recycle Stream

Vapor 
Compressor

Vapor StreamFeed Stream
WFRD

O2 supply

Oxidation Reaction
250 C, 2 psia 
0.5% Pt – Al2O3

O2, N2,
H2O, CO2,
N2O

Non-condensable
O2, N2, CO2, N2O

H2O, NH3, VOC

(Non-VOC, H2O) 

R

O2, N2, CO2

Reduction Reaction
450 C, 1 psia
0.5% Ru – Al2O3

Wastewater
Storage

(Feed Tank)

Brine 
Storage

H2O
Storage

Cabin Vent

1

7
6

8

11

10

9

14

13

1215

17

4

5

60 - 80 C
2 psia

39 C
1 psia

MX1
MX2

MX3

SP1

SP2

HX1

19

O2, N2,
H2O, CO2,
N2O

18

Vac Pump

2
3

Tank#1

Evaporation

Condensation

Distillate

Product Stream
Brine

Bleed Stream

Recycle Stream

Vapor 
Compressor

Vapor StreamFeed Stream
WFRD

O2 supply

Oxidation Reaction
250 C, 2 psia 
0.5% Pt – Al2O3

O2, N2,
H2O, CO2,
N2O

Non-condensable
O2, N2, CO2, N2O

Non-condensable
O2, N2, CO2, N2O

H2O, NH3, VOC

(Non-VOC, H2O) 

RR

O2, N2, CO2

Reduction Reaction
450 C, 1 psia
0.5% Ru – Al2O3

Reduction Reaction
450 C, 1 psia
0.5% Ru – Al2O3

Wastewater
Storage

(Feed Tank)

Brine 
Storage

H2O
Storage

Cabin Vent

11

7
66

8

11

10

9

1414

1313

1215

17

44

5

60 - 80 C
2 psia

39 C
1 psia

MX1
MX2

MX3

SP1

SP2

HX1

19

O2, N2,
H2O, CO2,
N2O

18

Vac Pump

2
3

Tank#1

 

Figure II.2.  VPCAR Process Flow Diagram 
 
As mentioned in reference 9, the core of the VPCAR process is the Wiped-Film Rotating-Disk 
evaporator (WFRD).  The WFRD removes inorganic salts and non-volatile organic contaminants 
with high molecular weight from the feed water stream by concentrating these undesirable 
components into a bleed/brine stream.  The WFRD evaporator uses thin flat stainless steel disks 
as a heat transfer surface and flexible wiper blades to distribute the feed on the evaporation side 
of the disk.  Condensation occurs on the opposite side of this disk (Ref. 9, 10). 
 
Therefore, the WFRD is used as the evaporator of the feed stream and the condenser of the 
product stream coming from the oxidation reactor.  The WFRD is used in the VPCAR process 
for its high heat transfer coefficient and its functioning as a gas-liquid separator.  
 
The vapor stream carrying waste H2O, NH3, and VOC leaves the evaporating chamber of the 
WFRD and is compressed by a blower to 2 psia and 60-80 C.  The pressurized gas, after 
combining with the O2 feed, flows through a cross heat exchanger where it is preheated by the 
250 C product stream from the reactor. 
 
The waste stream with oxygen enters the reactor filled with platinum-alumina catalysts.  At 
250 C, 2 psia, and with 700% excess oxygen, NH3 and VOC are reacted and converted into H2O, 
CO2, N2, and nitrous oxide (N2O).  The product stream is precooled inside the cross heat 
exchanger (not included in the current VPCAR system); H2O is condensed in the condensing 
chamber of the WFRD.  The gas stream containing the non-condensables such as N2, O2, CO2, 
and N2O leaves the WFRD condensing chamber and is constantly sent through a bleed valve to 
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the reduction reactor filled with ruthenium-alumina catalysts (not included in the current VPCAR 
system).  At 450 C and 1 psia, N2O is decomposed into N2 and O2.  The product gases are vented 
to the cabin. 
 
The 2-3% of water remaining in the brine stream can be recovered either by the Lyophilization 
process or by the Air Evaporation process.  It is also possible that the 2-3% water may be 
extracted from the Martian base resource as a makeup for the water loss in the brine stream.  
 
Reactions involved in this process are listed below: 
 
Ammonia (NH3) Removal: 
 
 Pt-Al2O3 
 4 NH3  +  3 O2 =============>  2 N2  +  6 H2O Primary Reaction (1a) 
 250 C, 2 psia 
 
 Pt-Al2O3 
 2 NH3  +  2 O2 =============>  N2O  +  3 H2O Secondary Reaction (1b) 
 250 C, 2 psia 
 
 Ru-Al2O3 
 2 N2O =============>  2 N2  +  O2 (2) 
 450 C, 1 psia  
 
 
Volatile Organic Compounds (VOC) Removal: 
 
 Pt-Al2O3 
CxHy  +  (x+0.25y) O2 =============>  x CO2  +  0.5y H2O (3) 
 250 C, 2 psia 
 
 
 
C. Bioregenerative Water Recovery System (BWRS) 
 
The BWRS adopts the biological wastewater treatment technology as its key element of the 
treatment process.  It is a well-established technology for municipal and industrial wastewater 
treatment.  Work started at JSC in 1991 for development of a system for space applications.  
Numerous variations of the system were tested between 1991 and 1997.  The system was used as 
the water treatment system for the Lunar-Mars Life Support Test Project 90-day Test to 
continually produce potable water.  BWRS is in the middle stage of development for space 
application. 
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The BWRS comprises the following major equipment:  the Packed-bed Biological Water 
Processor (PBWP), the Nitrification Biological Water Processor (NBWP), Gas Liquid Separator 
#1 (GLS#1), the Nitric Acid (HNO3) tank (for start-up), Gas Liquid Separator #2 (GLS#2), the 
Reverse Osmosis Subsystem (RO), the Air Evaporation Subsystem (AES), and the Ion Exchange 
Mixed Bed Subsystem for trace inorganic salts/organic compounds removal.  
 
Figure II.3 shows the Process Flow Diagram of the Bioregenerative Water Recovery System.  It 
reflects the current configuration before system optimization will be done. 
 
The wastewater stream, a mixture of urine/urinal flush, shower water, oral hygiene water, and 
hand wash water is fed to the PBWP.  The operating condition of the PBWP is controlled at 25 
psig, 27 C, and at a pH value between 6.5 & 7.5.  The pH value is controlled by adding HNO3 to 
the PBWP’s feed.  Effluent from the PBWP is sent to the GLS#1 through an automatic valve 
controlling the back pressure of the PBWP. 
 
GLS#1 separates the gas constituents, mainly CO2 and N2, from the liquid and the gases are 
vented to the cabin through a filter for deodorizing.  From the GLS#1, 55% of the liquid is sent 
to the NBWP for nitrification, while the balance is recycled to the PBWP by combining it with 
the fresh feed from the feed tank and with the recycled stream from the NBWP after GLS#2. 
 
The gas liquid separation technology to be used by the GLS#1 and #2 for microgravity 
application has not yet been determined.  It is expected that either membrane technology or 
centrifugal separation will be used. 
 
HNO3 from the nitric acid supply tank serves two purposes:  1. To control the pH of the 
PBWP, 2. To provide the nitrogen and oxygen source to the microbes in the PBWP at startup.  
Two to three weeks after the startup, the NBWP will generate NO3

- needed for the TOC 
digestion.  
 
In the NBWP reactor, oxygen is injected and ammonium salts from the PBWP are nitrified by the 
selected micro-organisms to mainly NO3

-, and NO2
- as byproduct. 

 
The effluent of the NBWP goes to GLS #2 to separate the excess oxygen from the liquid.  Part of 
the effluent from the NBWP reactor is fed to the Reverse Osmosis (RO) subsystem feed tank 
(Storage Tank #5), the remainder being recycled back to the inlet of the PBWP.  The RO 
subsystem is a single-stage pressure-driven membrane process that operates in a batch mode.  
Batch mode operation was chosen because it yields significantly higher average permeate quality 
than continuous mode operation at high levels of permeate recovery.  The RO subsystem utilizes 
a positive-displacement energy-recovery pump with 0.65 sq m of membrane area.  It produces 
permeate at a nearly constant flow rate of 12.9 L/hr, while the feed pressure increases as each 
batch becomes more concentrated.  At the end of each batch, the highly concentrated retentate 
brine is purged from the subsystem and sent to the Air Evaporation Subsystem (AES) feed tank.  
The RO subsystem achieves 85-90% recovery of the feed waste water as permeate. 
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Figure II.3.  BWRS Process Flow Diagram 
 
 
 
The brine stream containing the remaining 15% of the processed water rejected by the RO is 
further processed by the AES.  The AES evaporates water from the brine stream by retaining 
dissolved salts on a fiber wick housed in the evaporator section of the subsystem.  Water vapor is 
condensed and collected in the AES condensate tank.  The condensate combines with the RO 
permeate for further polishing. 
 
The EDU 3-Tube Beds subsystem uses a combination of the ion exchange technology and the 
absorption technology to remove any residual inorganic salts, and organic compounds that 
remain in the RO permeate and AES condensate.  The first column is packed with cation and 
anion resins for removing the residual inorganic salts by ion exchange.  The second column, 
packed with carbonaceous material and cation resins further removes the residual anions and 
organic compounds in the processed water.  The third column packed with carbonaceous material 
and cation resin is for further polishing of the processed water.  
 
Three sets of 3 columns are operated in series, a single set of 3 columns is removed from service 
and repacked as the capacity of each bed is expended. 
 
The processed water is polished by the EDU 3-Tube Bed, it then flows through a 0.2 micron 
filter to provide disinfection.  The water then passes through a microbial check valve (MCV) that 
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adds 2-5 mg/l of iodine to the water as a residual disinfection.  The TOC of the product water is 
controlled under 0.5 ppm (500 ppb). 
 
 
Reactions in the PBWP are: 
 
342 NO3

-  +  55 C9H16N2O4 (organics)  +  25 H2O ===>  
 171 N2  +  400 HCO3

-  +  91 NH4
+  +  33 OH-  +  19 C5H7NO2 (biomass) 

 
50 NO2

- + 5 C9H16N2O4 (organics) + 12 H2O ===>  
 25 N2  +  35 HCO3

-  +  8 NH4
+  +  23 OH-  +  2 C5H7NO2 (biomass) 

 
 
Reactions in the NBWP are: 
 
 Nitrosomonas 
55 NH4

+  +  76 O2  +  5 HCO3
-  +  47 H2O =============> 

 54 NO2
-  +  104 H3O

+  +  C5H7NO2 (biomass) 
 
 Nitrobacter 
400 NO2

-  +  195 O2  +  5 HCO3
-  +  NH4

+  +  H2O =============>  
 400 NO3

-  +  4 OH-  +  C5H7NO2 (biomass) 
 
 
III. SIZING REQUIREMENTS AND RESULTS OF THE WATER RECOVERY SYSTEMS 
 
All water recovery systems were sized based on the ISS WRS requirement with a shower (no 
laundry), to recover potable water for a crew size of 4, and to process 50.9 kg daily.  The feed 
stream consists of 6.82 liters of urine, 2.27 liters of urinal flush, 9.54 liters of humidity 
condensate, and 32.26 liters of hygiene water including shower, oral hygiene, and hand wash 
water. 
 
A. International Space Station Water Recovery System (ISS WRS) 
 
The ISS WRS is designed to process 50.9 kg/day (112 lb/day) of wastewater generated by a 
4-member crew (Ref. 12) in 8 hours.  The resupply mass was calculated based on a 10- year life 
for all major equipment.  The annual resupply mass was computed by averaging the value over 
the period of ten years.  (Ref. 12, 25) 
 
Table III.1 shows a detailed breakdown of the mass, volume, and power of the major equipment 
of the ISS WRS system. 
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Table III.1.  Sizing Data of the ISS WRS (1) 

S u b s y s te m M a s s , k g P o w e r, w a tt (P e a k /Av g ) R e s u p p ly , k g /y r
P res s ure Control &  P um p 51.36 12.84

F luid Control &  P um p 51.36 25.68

Rec y c le F ilter Tank 19.20 230.40

W ater S torage (UA ) 12.84

Dis t illat ion A s s em bly 71.91 17.98

S eparator P lum bing 15.41 15.41

P ower M odule 13.75

Data M odule 9.82

E lec tric al Cabling TB D

Interc onnec ting P lum bing TB D

UP A  (V C D) 245.65 429 302.31

W as te W ater 82.23 8.22

P um p/M LS 26.45 30 13.05

M LS  F ilter 4.95 4.95

M ult ifilt rat ion B ed #1 &  #2 106.80 ? 282.70

S ens or 7.10

Rac k  Res ident - Rac k  2 30.95

S u b to ta l  Ra ck #2 258.48 539 308.92

P art ic ulate F ilter 17.23 156.77

Cataly t ic  Reac tor 55.77 255 5.58

G as /Liquid S eparator 31.10 40 30.50

Ion E x c hange B ed 11.73 71.55

P roduc t W ater S torage 46.73 4.67

W ater Delivery  s y s tem 43.82 10 8.76

M ic robial Chec k  V alve 3.73 4.50

P roc es s  Controller 42.82 180 4.28

Rac k  Res ident - Rac k  1 113.64

Reac tor Health S ens or 14.45 2.90

S u b to ta l  Ra ck #1 366.57 1249 289.51

V alves  (13) 10

S tart-up F ilter 8.64

T o ta l  IS S  W RS , kg 879.34 2227/1450 900.74

  

Notes :

1. S iz ing data ex trac ted from  OG A /W RA  DR#1 by  Ham ilton S tandard &  O GA /W RA /UP A  P DR by  M S FC  
 
 
B. Vapor Phase Catalytic Ammonia Removal (VPCAR)  
 
The VPCAR system is designed to process 10 kg/hour of wastewater.  The N2O reduction reactor 
and the heat exchanger are not included in the current system.  Mass of the reduction reactor and 
heat exchanger are estimated and included in the system total mass. 
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Table III.2 shows a detailed breakdown of the mass, volume, and power of the major equipment 
of the VPCAR system. 
 
 

Table III.2.  Sizing Data of the VPCAR Process 
 

S ubsystem M ass, kg  (2 , 3) P ow er, w att (4) R esupp ly , kg /yr (5)

Oxidation Reactor 200 2

Reduction Reactor 15  

Compressor  1300

Vacuum pump 550

Pumps 150

W FRD 180

Heat Exchanger (HX) 4

Feed Tank #1 (6)

Brine Tank #2 (6)

Product W ater S torage #3 (6)

P iping, 5%  of equip total 12.3

Instrumentation, 10%  equip total 24.6

Tota l V P CAR 283 2380 2

 

Notes:

1. Current process ing rate =  5.6 kg/hour

2. Total mass of components  inc luded in current sys tem = 227 kg 

3. Current system does not inc lude HX and Reduction Reactor. Estimated mass of HX (4 kg)

 and Reduction Reac tor (15 kg) are added to the total mass.

4. Ac tual power consumption measured by running the experiment

5. Assum ing that the catalys ts  will be replaced annually  (TBD)

6. Not inc luded in  total mass estimate by assum ing that both VPCAR and BW RS will need all 3 tanks

 for the feed, brine, and produc t water s torage  
 
 
 
C. Bioregenerative Water Recovery System (BWRS) 
 
The BWRS is sized to process 50.9 kg/day and to operate 24 hours daily.  Major equipment of 
the BWRS system is sized based on the process information provided for the system’s next 
generation, although BWRS system process flow diagram reflects the current system 
configuration.  Sizing results will be updated whenever system optimization is completed in the 
near future. 
 
Table III.3 gives a detailed breakdown of the mass, volume, and power of major equipment of the 
BWRS system. 
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Table III.3.  BWRS Sizing Results 

 
Subs y stem Mass, k g  (1) Mass, k g  (2) Pow er, w atts R esuppl y ,k g /y r

PBW P (TOC converter) (3) 153.93 82.27  

GLS #1 (12) 10.00 10.00 TBD TBD

NBW P (Nitrifier) (4, 5, 6, 7) 117.38 117.38  

GLS #2 (12) 10.00 10.00 TBD TBD

Feed Pump (P1) (10) 2.00 2.00 10.00

Total Feed Pump (P2) (10) 2.10 2.10 50.00

Nitrifier Recyc le Pum p (P3) (10) 2.00 2.00 15.00

GLS#1 harves t pump (P4) (10) 2.00 2.00 15.00

Nitrifier Harves t Pump (P5) (10) 2.00 2.00 10.00

A ir P ump (P 6) (11)    

Feed Tank # 1 (8)

Brine Tank # 2 (8)

Product H2O S torage Tank # 3 (8)

HNO3 Tank # 4 (9)

NBW P Product water Tank #5 (9)

RO Permeate Tank # 6 (9)

EDU 3-Tube Bed Product H2O Tk #7 (9)

Reverse Osm osis  (RO) 30.20 30.20 125.60 5.00

A ir E vaporator (AES) 45.30 45.30 577.90 26.07

EDU 3-Tube Bed 11.70 11.70 147.26

P iping, 5%  of equip total 19.43 15.85

Ins trum entation, 10%  of equip total 38.86 31.70

Tota l BW RS 408.04 332.80 803.50 178.33

Assumptions  for BW RS s iz ing: 

1. TOC converter: SS 316L vessel

2. TOC converter: SS 316L flat heads, polymer shell

3. The current s ize of the TOC will hold the liquid and subs trate only . The operating condition (P  &  T) spec ified 

    for the TOC converter will be suffic ient to keep the gases, such as  CO2, N2, and O2  in the liquid phase.

4. Spiral type reac tor for nitrification; made of polymer

5. Nitrifier will func tion at the convers ion effic iency  c laimed by  A llied-S ignal. 

6. No hydrocyc lone is  needed to recyc le the m ic robes from  the nitrifier. Nitrifier will be des igned to ensure

    that no m ic robes will be present in the effluent.

7. The nitrifier will be optim ized to generate suffic ient nitrate for the TOC converter as  predic ted by  

    Kevin Lange’s  Model. 

8. Not inc luded in  total mass es tim ate by  assum ing that both VPCA R and BW RS will need all 3 tanks

    for the feed, brine, and product water s torage

9. A ll 4 tanks  inc luding the HNO3 tank , the nitrifier product tank , the RO perm eate tank ,  &  the EDU 3-TUBE  Bed

    product H2O tank , will be elim inated after optim ization.

10. Mass and power consumption of all pum ps are es tim ated.

11. A ir pump will be removed if O2 is  used for the nitrifier ins tead of air

12. Membrane type separators  will be used for gas-liquid separation. No m icrobes ex is t in the effluent s treams

     from  the bioreac tors . Mass es timate inc ludes  membrane and pump. TBD for power requirement and resupply .  
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IV. ADVANTAGES AND DISADVANTAGES OF THE WATER RECOVERY SYSTEMS 
 
A. International Space Station Water Recovery System 
 
Advantages 
 
1. High technology readiness level for most of the treatment processes used in the system except 

for the VCD.  The multifiltration beds, the ion exchange beds, and the VOC reactor are all 
well-established technologies.  They have been used in the industry for many decades. 
Operation of the system is expected to be relatively trouble-free. 

 
2. Low risk:  subsystems such as the multifiltration beds, ion-exchange beds, and VOC reactor 

are well-established technologies.  The multi-filtration beds can be accounted for the removal 
of most of the organic compounds and the inorganic salts in the wastewater stream until the 
capacities of the absorbents/ion-exchange resins in the beds become exhausted.  And, at that 
point, the spent unit can be easily replaced with the new ones.  The VOC reactor is a reliable 
technology for oxidizing the VOC in the wastewater stream.  The ion-exchange bed can 
remove the trace amount of byproducts (bicarbonates, acetic acid, and propionic acid).  

 
Disadvantages 
 
1. High resupply rate:  most of the treatment processes use expendable materials such as 

absorbents and cation/anion resins.  Subsystems such as multi-filtration and ion exchange 
beds, etc. used by the ISS WRS are expendable materials.  The ion resins can not be 
regenerated in the space environment as it is commonly done on earth.  Therefore, it 
increases the resupply of the system and consequently the transporting cost for bringing the 
expendable materials to the Martian base. 

 
 
B. Vapor Phase Catalytic Ammonia Removal (VPCAR)  
 
Advantages 
 
1. Low degree of complexity:  Total of 5 pieces of major equipment including heat exchanger 

and reduction reactor. 
 
2. Suppression of biological contaminants in the product water:  The Product Water is 

condensed from a H2O vapor stream at 250 C; microbes are not likely to survive or grow 
under this temperature. 

 
Disadvantages 
 
1. Can be power intensive:  Due to the compression of large volume of water vapor. 
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C. Bioregenerative Water Recovery System 
 
Advantages 
 
1. High TOC conversion rate 
 
2. Less power intensive 
 
3. Higher water recovery rate 
 
Disadvantages 
 
1. Difficulty of 3 phase management when replacing reactor core 
 
2. Longer startup/turnaround time if any unpredictable problem happens to the system or the 

micro-organisms 
 
V. SUMMARY 
 
Process assessment of the BWRS and VPCAR for space application using ISS WRS as a trading 
basis was completed. 
 
Process and sizing data collected for the water recovery systems were used to calculate the 
system mass and power requirement based on a daily capacity of 50.9 kg of wastewater for a 
crew size of four.  Due to the different processing rates for the three water recovery systems, 
evaluation based on their system launch mass and power is not as meaningful as evaluation based 
on their specific mass, specific energy, and system volumes.  Annual resupply was also estimated 
based on a daily processing capacity of 4-crewmembers load.  
 
Cases compared in this study are:  1. ISS WRS1 - includes ISS resident racks, storage tanks, and 
process controller mass; 2. ISS WRS2 - more comparable to others without rack mass, etc.; 3. 
VPCAR - based on Ames experimental unit with a mass estimate for heat exchanger and 
reduction reactor added; 4. BWRS1 - based on JSC design for next generation unit using 
stainless steel TOC reactor; 5. BWRS2 - based on JSC design for next generation unit using 
polymer TOC reactor with stainless steel ends. 
 
Table V.1 summarized the evaluation results of the water recovery systems.  Comparison curves 
of the specific mass, system volume, specific energy, and annual resupply of the water recovery 
systems were shown in figures V.1, V.2, V.3, V.4 respectively.   
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Table V.1 Summary of Evaluation

Evaluation Criteria ISS WRS1 (1) ISS WRS2 (1) VPCAR BWRS1 (5) BWRS2 (6)
Number of Major Equip (excl. tanks,pumps, and filters) 7 7 5 7 7
Mass, kg 879.34 550.13 283 408.04 332.80

Volume, ISS Racks 2 2 1 2 2
Power, watts 1450 1270 2380 803.5 803.5
Specific mass1, kg/kg (8) 17.28 10.81 5.56 8.02 6.54

Specific mass, kg/(kg/hr) (9) 138.21 86.46 50.54 192.40 156.92
Specific Energy, watt-hour/kg 227.90 199.61 425.00 217.44 217.44
Oxidant to be used (O2/air) O2 O2 O2 O2 O2

Oxidant feed, gm/kg
CO2 generation rate, gm/day
Resupply rate, kg/year (7) 900.74 900.74 2 178.33 178.33

% NH3 removal in key process 99 99 99.9 70 70
% TOC removal in key process 91 91 (Note 4) 98 98
Chemicals (excluding catalyst, ion exchange resins, etc.) H2SO4/Oxone H2SO4/Oxone HNO3 (Startup) HNO3 (Startup)

Water Recovery, % 98 - 99 (Note 2) 98 - 99 (Note 2) 98 100 100
Technology Readiness Level 6 6 3.5 4 4

Crew Time, MMH/year 29.12/52 (Note 3) 29.12/52 (Note 3) ? ? ?
System life, years 10 10 3 ? ?

Notes:

1. ISS WRS1 system mass includes mass of ISS racks, plumbing systems, process controller, etc., and contingencies

    ISS WRS2 system mass equals ISS  WRS1 system mass minus total mass of ISS rack residents, process controller, wastewater storage, and product water storage, 

   and UA wastewater storage

2. Depends on the water recovery % of the VCD subsystem

3. From PDR dated 4/17/99. Preliminary mean maintenance crew hours/year predicted: UPA=13.04; WPA=12.01; Rack component=4.07; Total combined=29.12.

    WRS allotted = 52 hours/year

4. Depends on concentration of VOC in the feed stream

5. TOC reactor: SS 316L vessel

6. TOC reactor: SS 316L flat heads; polymer shell

7. Catalysts included

8. Total system mass/Daily processing capacity

9. Total system mass / processing rate
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Figure V.1.  Comparison of Specific Mass for the Water Recovery Systems 
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Figure V.2.  Comparison of System Volume for the Water Recovery Systems 
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Figure V.3.  Comparison of Specific Energy for the Water Recovery Systems 
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Figure V.4.  Comparison of Annual Resupply for the Water Recovery Systems 
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VI. CONCLUSIONS AND RECOMMENDATIONS 
 
Evaluation of the BWRS and VPCAR water recovery processes was completed.  Results have 
shown that the BWRS is a promising process for TOC removal, more work is required to 
validate and refine the nitrification process.  The longer startup/turnaround time is a disadvantage 
for this system in case any unpredicted malfunction occurs to the biological reactors or any 
unpredictable micro-organisms behavior takes place during operation. 
 
VPCAR system is a promising NH3 and VOC converter.  Suppression of biological contaminants 
in the product water is the advantage for this process.  The product H2O is condensed out from a 
H2O vapor stream of 250 C, therefore microbes are not likely to survive or grow under this 
temperature.  VPCAR is very competitive with the BWRS and ISS WRS from a mass, power and 
volume standpoint.  Its power intensity makes the system less attractive to deal with large volume 
of gases at the vacuum condition.  
 
More work is required for the nitrification process of the BWRS, and VPCAR is at its early 
stages of development for space application.  Due to the different strengths and weaknesses of 
the two systems, it is difficult to conclude that one process is better than the other at this point in 
time. 
 
For a more in-depth understanding of the VPCAR and BWRS feasibility for different space 
applications, it is strongly recommended to continue the following efforts: 
 
1. Continue development of the VPCAR and BWRS, and prepare for integrated testing 
 
2. Continue analysis and re-visit this trade study after VPCAR testing is complete and all the 

major equipment of the BWRS is better defined: 
 

A. Conduct a detailed mass and energy balance of the VPCAR system by including the heat 
exchanger, and the reduction reactor to the system (Without recovering the 2-3% of water 
from the brine stream.)  

B. Same as recommendation 2A except for the inclusion of air evaporation or lyophilization 
to recover the 2-3% of the water from the brine stream. 

C. Same as recommendation 2A except for the inclusion of water extraction from the 
Martian base resource for the makeup of the 2-3% H2O loss in the brine stream. 

D. Consider effect of laundry water. 
E. Conduct a trade study using VPCAR as a NH3 converter, and BWRS as a TOC converter. 
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VIII.  ACRONYMS 
 
AES: Air Evaporation Subsystem 
Al2O3: Alumina 
ARC : Ames Research Center  
BWRS: Bioregenerative Water Recovery Process 
EDU: Engineering Development Unit 
GLS#1: Gas Liquid Separator #1  
GLS#2: Gas Liquid Separator #2 
GPM: Gallon Per Minute 
HX: Heat Exchanger 
ISS: International Space Station 
IWRS: Integrated Water Recovery Systems 
IX: Ion Exchange Bed 
JSC: Johnson Space Center. 
MCV: Microbial Check Valve 
MLS: Mostly Liquid Separator 
MF#1: Multifiltration Bed #1 
MF#2: Multifiltration Bed #2 
MSFC: Marshall Space Flight Center  
MXn: Mixer #n 
SPn: Splitter #n 
NBWP: Nitrification Biological Water Processor 
OGA: Oxygen Generation Assembly 
ORU: Orbiter Replaceable Unit 
PBWP: Packed-bed Biological Water Processor 
PDR: Preliminary Design Review 
ppm: Parts per million 
ppb: Parts per billion 
Pt: Platinum 
RO: Reverse Osmosis Subsystem  
Ru: Ruthenium 
TBD: To Be Determined 
TOC: Total Organic Carbons 
UPA: Urine Processor Assembly  
VCD: Vacuum Compression Distillation 
VOC: Volatile Organic Compounds  
VPCAR: Vapor Phase Catalytic Ammonia Removal  
VRA: VOC Catalytic Reactor Assembly 
WFRD: Wiped-Film Rotating Disk 
WRA: Water Recovery Assembly  
WRS: Water Recovery System 
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APPENDIX A 
 

VPCAR Experimental Protocol 
 
 
 

The goal of this program is to generate data which will support JSC system 
analysis requirements.  As a result the objectives will conform to those 
provided by JSC.  The following outline was provided by JSC for system 
requirement. 
 
1. Use a feed stream chemical species concentration based on the 

International Space Station Water Recovery System's feed concentration.  
 
 Urine 1.5 kg (liters) 
 Urinal flush 0.5 kg (liter) 
 Humidity condensate 2.1 kg (liters) 
 Hygiene water 7.1 kg (liters)(shower+oral+handwash) 
 
2. Analyze and quantify the feed stream including the chemical species as 

suggested. 
 
3. Analyze and quantify the product water stream including the chemical 

species as suggested. 
 
4. Analyze and quantify the brine stream including the chemical species as 

suggested. 
 

Note: The VPCAR regularly achieves 97 to 98% water recovery.  Byproduct 
streams are commonly fouled with precipitated salts, solidified 
soaps, and organic compounds.  Such high solids samples can not be 
introduced into our TOC or IC systems.  As a result, our ability 
to quantify this stream will be limited by our ability to 
solubilize these precipitates through dilutions.  It has been our 
experience that such an approach can be quite difficult if not 
impossible, especially when calcium containing organic compounds 
exist.  

 
5. Record processing rate (total flow of feed) in kg/hour, production rate 

(total flow of product water) in kg/hour, and waste generation rate 
(total flow of brine) in kg/hour. 

 
6. Record total mass of feed processed, total mass of product water and 

brine generated (for overall mass balance and water recovery 
calculation). 

 
7. Take measurements of pH, conductivity, and TOC of feed, product, and 

brine streams as applicable. 
 
8. Provide information on mass, volume, and power requirements for the major 

equipment of the process. 
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Note: The determination of component masses will be limited initially.  
Developing an all inclusive mass breakdown will require extensive 
disassembly of the VPCAR system.  As a result, a final list will 
not be available until after the unit is upgraded and the second 
set of experimental evaluations completed later this year.  Total 
system weight will be provided.  

 
9. Provide O2 consumption rate. 
 
10. A list of the chemical species is included for ARC's use in qualifying 

and quantifying the feed, product water, and brine streams. 
 
 

Chemical Species List 
 

Components Formula 
Ammonium NH4+ 
Bicarbonate HCO3- * 
Calcium Ca++ 
Carbonate CO3= * 
Chloride Cl- 
Fluoride F- ** 
Magnesium Mg++ 
Phosphate PO4--- 
Potassium K+ 
Sodium Na+ 
Sulfate SO4-- 
Nitrate NO3- 
Total Organic Carbon (TOC)  

 
* The bicarbonate and carbonate amounts will be determined in accordance with section 

4500-CO2D of “Standard Methods for the examination of Water and Wastewater 18th 
edition”.  The forms of CO2 present in the samples will be calculated from the pH and 
alkalinity results. 

 
** May be a problem if organic acids are present (formic and acetic) 

 
 
A minimum of three experimental runs will be completed.  Each of which will 
last approximately one day.  A series of pre-runs will also be completed to 
insure the unit is operating properly and to calibrate subsystems.  All 
analytical procedures will be carried out by the ARC Central Analytical 
Chemistry Laboratory.  
 
Michael Flynn 
NASA Ames Research Center 
MS 239-15 
Moffett Field, CA 94035 
650-604-1163 
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Attachment 1  
 
Preparation of Ersatz Solution 
 
The following procedure shall be used to perform ersatz tests on the VPCAR technology.  This ersatz solution is 
composed of hygiene water, urine, and humidity condensate.  During a normal VPCAR run we prepare two carboys 
of ersatz solutions.  Each Carboy contains 18 kg (L) of solution. 
 
Materials 
 
A. (3) 1000mL volumetric flasks 
B. (1) 100 ml volumetric flask 
C. Reagent grade water:  distilled, deionized water 
D. Measuring pipettes:  2mL x 0.01 mL, 5mL x 0.1 mL, 10mLx 0.1 mL 
E. Microsyringes:  10 µL, 50 µL, 100 µL, 250 µL 
F. Analytical balance capable of +- 1 mg accuracy. 
G. (2) Carboys 
H. Urine collection system 
 
Methods. 
 
Urine 

Raw human urine is used for these tests.  Urine is collected using the urine 
collection system.  All samples requiring storage will be refrigerated at 4 oC. 

 
Urinal Flush 

Urinal flush will be simulated with distilled water. 
 
Hygiene 

Hygiene water is simulated through the use of soap and water.  Igepon is used in a concentration of 218.6 mg/L.   
 
Condensate 

Condensate is generated according to a recipe provided by JSC 
 
 
A. Add the following compounds (in the order given) to 800mL reagent grade water in a 1000 mL volumetric flask 

(label this flask #1) 
 

1. Formic acid 1.88 mL 
2. Propionic acid 350 µL 
3. Hexanoic acid 97 µL 
4. Zinc acetate dihydrate 4.39 g 
5. Methanol 9.1 mL 
6. 2-propanol 4.45 mL 
7. 1,2-propanediol 6.9 mL 
8. 2-butoxyethanol 400 µL 
9. Phenol 0.010 g 
10. Formaldehyde (37% solution) 1.4 mL 
11. Caprolactam 2.6 g 
12. Acetone 38 µL 
13. 4-hydroxy-4-methyl-2-pentanone 41 µL 
14. 1,3,5-tri-2-propenyl-1,3,5-triazine-2,4,6(1H,3H,5H)-trione 120 µL 
15. 2-(2-butoxyethoxy)ethanol 350 µL 
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16. 4-ethylmorpholine 465 µL 
17. Urea 0.47 g  

 
Fill the volumetric flask to the mark with reagent water.  Shake well for 5 minutes.  Allow the flask to stand for 10 
minutes before use. 
 
B. Add the following compounds to 75 mL 95% ethanol in a 100 mL volumetric flask (label this flask #2) 
 

1. Octanoic acid 1.08 mL 
2. Benzaldehyde 6 µL 
3. Diethylphthalate 250 µL 

 
Fill the volumetric flask to the mark with ethanol.  Shake well for 2 minutes 
 
C. Add the following compounds to 800 mL reagent grade water in a 1000 mL volumetric flask (label this 

flask #3): 
 

1. Ammonium bicarbonate 3.02 g 
2. Ammonium carbonate 2.97 g 

 
Fill the volumetric flask to the mark with reagent grade water.  Shake well for 2 minutes.  Allow the flask to stand for 
10 minutes before use. 
 
D. Fill the third 1000 mL volumetric flask with 3/4 with reagent grade water (label this flask Ersatz Humidity 

Condensate).  Transfer the following amounts per liter of the final solution: 
 

1. Pipette 10 mL of the solution from volumetric flask #1. 
2. Inject 173 µL of the solution from volumetric flask #2. 
3. Pipette 10 ml of the solution from volumetric flask #3. 

 
Dilute to the final volume with reagent grade water.  Shake well for 2 minutes.  Allow the flask to stand for 10 
minutes before use. 
 
E. Stock solution storage 
 
The stock solutions should be refrigerated at 4 C between uses.  Before each use, allow the stock solutions to warm 
up to ambient temperature. 
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APPENDIX B 
 

Analytical results of the VPCAR experiment 
 
 

Test Results #1 

Components Form ula Feed Product Brine
T O C  704 1.7 7610
U rea (3) H 2N C O N H 2

Inorganics:
A m m onia N H 3
A m m onium N H 4+ 48 < 1 370
B icarbonate H C O 3-
C alcium C a+ + 16 < 1 220
C arbonate C O 3=
C hloride C l- 527 1.9 6050
F luoride F -
M agnesium M g+ + 7.5 < 1 93
P hosphate P O 4--- 140 < 1 1400
P otassium K + 222 < 1 2470
S od ium N a+ 361 2.6 3680
S ulfate S O 4-- 105 < 1 1150
N itrate N O 3- < 5 < 1 < 50
T otal inorganic  solu tes

pH 6.9 6 to 5.2 6.8
C onductiv ity , m S 1.5 0.00026 21

R eaction P resure, psia  2
R eaction T em p., C  180
O 2 f low, g/hr
P rocessing  R ate, kg /h r  4.2
T ota l m ass, kg 16.8 16.5 0.3
N otes:
1. W ithout ra ising  am m onium  concentration  o f the feed  stream
2. T est run com pleted  on 4/29 /99
3. Included in  T O C  
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Test Results #2 

Com ponents Form ula Feed Product (h i O 2) Product  (lo  O 2) Product (no  O 2) Brine
T O C , ppm  813 2.6 3.7 8 8500
U rea (3) H 2N CO N H2

Inorganics:
Am m onia N H3
Am m onium N H4+ 602 <0.5 0.7 403 1100
B icarbonate H CO 3-
C alcium C a++ 14 1.7 <0.5 <0.5 203
C arbonate C O 3=
C hloride C l- 602 1.3 2 6.2 7068
F luoride F - 8 <1 <1 <1 <1
M agnesium M g++ 3 <0.5 <0.5 <0.5 52
Phosphate PO 4--- 133 <0.5 0.5 <0.5 1464
Potassium K+ 280 2.2 1.5 5.8 3020
Sodium N a+ 345 7.9 4.1 4.3 4250
Sulfa te SO 4-- 117 0.6 <0.5 1 1375
N itrate N O 3- 4.6 <05 <0.5 <0.5 <50
T otal inorganic solutes

pH 6.9 6 - 5.2 6 - 5.2 10.7 6.8
C onductiv ity, m S 1.5 19 21 210 21

R eaction P ress., psia 2 2 2
R eaction T em p., C  150 150 120 120-150
O 2 f low, gm /hr
P rocessing ra te, kg/hr 5.2 5.2 5.2
T otal m ass, kg 16.8 16.5 16.5 16.5 0.3
N otes:
1. Raised am m onium  concentration of  feed stream  by in jecting N H 4O H  
2. T est run on 5/17/99
3. Included in  TO C  
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Test Results #3 

Com ponents Form ula Feed Product (h i O 2) Product  (lo  O 2) Brine
T O C , ppm  800 < 0.5 < 0.5 11000
U rea (3) H 2N C O N H 2

Inorganics:
Am m onia N H 3
Am m onium N H 4+ 162 < 0.5 < 0.5 332
B icarbonate H C O 3- N A N A N A N A
C alcium C a+ + 23 < 0.5 < 0.5 260
C arbonate C O 3= N A N A N A N A
C hloride C l- 820 < 0.5 0.7 9300
F luoride F - N A N A N A N A
M agnesium M g++ 10 < 0.5 0.7 107
Phosphate PO 4--- 170 < 0.5 < 0.5 2200
Potassium K+ 420 < 0.5 < 0.5 5270
Sod ium N a+ 378 2 1.5 7400
Sulfate SO 4-- 143 < 0.5 < 0.5 2000
N itrate N O 3- < 0.5 < 0.5 < 0.5 < 50
T otal inorganic  solu tes

pH 8.8 - 10 5.2 - 6.0 5.2 - 6.0
C onductiv ity , m S 2.5 0.009 0.011 17

R eaction P ress., psia 2 2
R eaction T em p., C 200 200  
O 2 f low, g/hr 18 9
Processing R ate, kg/hr 5.6 5.6
T otal m ass, kg 16.83 16.49 16.49 0.295
N otes:
1. R aised  am m onium  concentration of  feed  stream  by in jecting N H 4O H  
2. T est run on 6/4/99
3. Included in TO C  
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The Pin Bar trading strategy may be used together with the automatic Trailing Stop as well as the Stop Loss may be transferred in the
black manually, which increases the profit significantly. When entering the position on the maximums or minimums, there is a good
chance to gather all the upcoming movement.Â  I suppose that both groups are right to some extent, and each trader should make their
own conclusion upon studying the characteristics of the Pin Bar strategy. As for my experience, this strategy works not only on classic
larger timeframes as H4, D1 and higher but also on the small M5, M15. The difference will be in the size of the potential profit and the
time of the lifespan position. International trade is the most important and most profitable business nowadays but there are some
barriers to international trade. For desiring to enter into international trade, we face some obstacles and those are discussed below:
Barriers to international trade. 1. Cultural and social barriers: A nationâ€™s cultural and social forces can restrict international
business.Â  2. Political barriers: The political climate of a country plays a major impact on international trade. Political violence may
change the attitudes towards foreign firms at any time. And this impact can create an unfavorable atmosphere for international business.
3. Tariffs and trade restrictions: Tariffs and trade restrictions are also barriers to international trade. They are discussed below A trade
study or trade-off study, also known as a figure of merit analysis or a factor of merit analysis, is the activity of a multidisciplinary team to
identify the most balanced technical solutions among a set of proposed viable solutions (FAA 2006). These viable solutions are judged
by their satisfaction of a series of measures or cost functions. These measures describe the desirable characteristics of a solution. They
may be conflicting or even mutually exclusive. Trade studies are commonly used Find out about the Federal Skilled Trades Class
immigration program for Canada. Includes details on who it's for, and how to apply.Â  Even if you are eligible to apply under the Federal
Skilled Trades Class, there is no guarantee that you will be invited to do so. However, IRCC has previously prioritized Federal Skilled
Trades candidates, and may do so again. Moreover, there are steps you may take to improve your chances of receiving an invitation to
apply (ITA). More on that below. Ottobrunn: TransCostSytems, 2013. VPCAR and BWRS Trade Study. H Y Yeh. Integration of an Algal
Photobioreactor in a Synergistic Hybrid Life Support System.Â  A preliminary design of a life-support system (LSS) was developed as
part of an ongoing comprehensive trade study of advanced processor technologies and system architectures for an initial lunar outpost.
The design is based on a mission scenario requiring intermittent occupation of a lunar-surface habitat by a crew of four.


