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More than you might think!

Water Reuse
Community
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‘Water is Essential for Living: Ignore it at your own peril!

Population Trends/Future Planning

*Although undervalued as a resource, true costs are becoming apparent




*Opportunity to Lead and to Tackle Tomorrow's Challenges

and
do the other things,




International Space Station (ISS)
National Laboratory , Operational until at least 2024




Shuttle-supplied water bags Russian resupply tanks
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ISS Water Timeline




Simplified Overview of Stressors in Recycled Spacecraft Water Quality

Contributors to Condensate or
Urine Being Recycled
L Environmental

J Crew-associated Microbiological Challenges

WATER QUALITY

System Components (e.g., resin beds)




Decision Making on US Water Recovery System (WRS) Water Quality

*Profiles what made up the “total”

values from on orbit hardware

Detailed Chemical/Microbial *Provides inorganic content

Analysis of archive samples metals, etc. . . ..
y P ( ) Microbial characterization

returned to ground (350+ analytes :
g ( ytes) of returned capture devices

Frequency: In-flight weekly- monthly. Archives returned quarterly



International Partners
Environmental Chemists/Toxicologists

Flight Surgeons
Safety Community

Environmental Control and Life Support System
Engineers and System Specialists




Setting Water Exposure Guidelines

Spacecraft Water Exposure Guidelines (SWEGSs)
Volumes 1, 2, 3, & Guidelines Document

Describe chemical-specific environmental challenges

Monitored levels, toxicological background

Health-based water quality limits for 27 chemicals/compounds that are
of particular significance to spaceflight




Water Quality Requirements: Compare and Contrast

USEPA Maximum Contaminant

Levels (MCLS) NASA Spacecraft Water

Designed to protect a wide
variety of consumers

Address chemicals of most
relevance to public water
systems

Consider lifetime
exposures

2 Liters of drinking water
consumption

Often incorporate margin
to account for other routes
of exposure

Exposure Guidelines (SWEGS)

Consider
strengths/susceptibilities
of spaceflight crews

Address chemicals relevant
to spaceflight

Consider exposure
durations critical for
spaceflight

Account for higher
spaceflight drinking water
consumption (2.8 L/day)

Of 27 SWEGs, only 9 have corresponding MCLs




VOLUME 1
(2004)

VOLUME 2
(2007)

VOLUME 3
(2008)

Chloroform

Acetone

Benzene

Dichloromethane

Ammonia

Propylene glycol

Di-nb-phthalate

Barium

2-Butanone

Di-eh-phthalate

Alkylamines

Antimony

2-mercaptobenzothiazole

Cadmium, Zinc

Ethylene glycol

Nickel

Caprolactam

Phenol

Formaldehyde,
Formate

N-ph. Naphtylamine

Manganese

Silver

Total Organic Carbon







The ISS Water Recovery System (WRS) architecture
evolved over 20 years

Technology development
Direction of ISS Program

The original architecture was to produce potable water
from a combination of crew urine, waste hygiene,
waste laundry, humidity condensate, and Sabatier
product water




Initial WRS Architecture

URINE PROCESSOR I Water
ASSEMBLY (UPA) . Recovery

Thermoelectric Integrated System
Membrane Evaporation - (WRS)
System (TIMES)

HYGIENE WATER POTABLE WATER
PROCESSOR PROCESSOR

* Particulate Filter * Particulate Filter
* Reverse Osmosis * lon Exchange and
Adsorption

OXYGEN GENERATOR CO2 REDUCTION

ASSEMBLY (OGA) SYSTEM (CRS)
» Static Feed Water
Electrolysis (SFWE)

overboard




Technology Selection

In the late 1980’s, viable technologies for each
subsystem function were evaluated based on
mass/volume for launch and resupply, power
consumption, technical maturity, safety,
maintainability, reliability, acoustics, microgravity
sensitivity, and performance




Ion Exchange Reverse Ion Exchange Reverse TIMES
and Adsorption  Osmosis and Adsorption  Osmosis

Launch Mass 1147 1211 1896 1900 481 508
(kg)

Power (W) 364 496 364 018

g9o-day Resupply 51 80 96 33
(kg)

Major Strength ~ Reliability Reliability Power
Major Weakness Volatiles  Volatiles Surfactant Surfactant Reliability

Winner Winner Winner




WRS Architecture 1989

URINE PROCESSOR I Water
ASSEMBLY (UPA) . Recovery

Thermoelectric Integrated System
Membrane Evaporation - (WRS)
System (TIMES)

HYGIENE WATER POTABLE WATER
PROCESSOR PROCESSOR

* Particulate Filter * Particulate Filter
* Reverse Osmosis * lon Exchange and
Adsorption

OXYGEN GENERATOR CO2 REDUCTION

ASSEMBLY (OGA) SYSTEM (CRS)
» Static Feed Water
Electrolysis (SFWE)

overboard




WRS Architecture 1991

URINE PROCESSOR
ASSEMBLY (UPA)

Vapor Compression
Distillation (VCD)

HYGIENE WATER

PROCESSOR

* Particulate Filter

* lon Exchange and
Adsorption

POTABLE WATER
PROCESSOR

* Particulate Filter

* lon Exchange and
Adsorption

OXYGEN GENERATOR

ASSEMBLY (OGA)

* Solid Polymer
Electrolysis (SPE)

- Water

. Recovery
System

- (WRS)

CO2 REDUCTION
SYSTEM (CRS)

» Sabatier

overboard




WRS Architecture 1992

URINE PROCESSOR
ASSEMBLY (UPA)

Vapor Compression
Distillation (VCD)

HYGIENE WATER

PROCESSOR

* Particulate Filter

* lon Exchange and
Adsorption

POTABLE WATER
PROCESSOR

* Particulate Filter

* lon Exchange and
Adsorption

OXYGEN GENERATOR

ASSEMBLY (OGA)

* Solid Polymer
Electrolysis (SPE)

- Water

. Recovery
System

- (WRS)

CO2 REDUCTION
SYSTEM (CRS)

» Sabatier

overboard




WRS Architecture 1992

URINE PROCESSOR
ASSEMBLY (UPA)

Vapor Compression
Distillation (VCD)

HYGIENE WATER
PROCESSOR

* Particulate Filter

* lon Exchange and
Adsorption

POTABLE WATER
PROCESSOR

* Particulate Filter

* lon Exchange and
Adsorption

- Water

. Recovery
System

- (WRS)

« Catalytic Oxidation Reactor

OXYGEN GENERATOR

ASSEMBLY (OGA)

* Solid Polymer
Electrolysis (SPE)

CO2 REDUCTION
SYSTEM (CRS)

» Sabatier

overboard




WRS Architecture 1995

URINE PROCESSOR
ASSEMBLY (UPA)

Vapor Compression
Distillation (VCD)

HYGIENE WATER
PROCESSOR

* Particulate Filter

* lon Exchange and
Adsorption

POTABLE WATER
PROCESSOR

* Particulate Filter

* lon Exchange and
Adsorption

- Water

. Recovery
System

- (WRS)

« Catalytic Oxidation Reactor

OXYGEN GENERATOR

ASSEMBLY (OGA)

* Solid Polymer
Electrolysis (SPE)

CO2 REDUCTION
SYSTEM (CRS)

» Sabatier

overboard




WRS Architecture 1995

URINE PROCESSOR I Water
ASSEMBLY (UPA) . Recovery
System
Vapor Compression - (WRS)
Distillation (VCD) s

WATER PROCESSOR
ASSEMBLY (WPA)

* Particulate Filter

* lon Exchange and
Adsorption

 Catalytic Oxidation Reactor

OXYGEN GENERATOR CO2 REDUCTION

ASSEMBLY (OGA) SYSTEM (CRS)

» Solid Polymer e Sabatier
Electrolysis (SPE)

overboard




WRS Architecture 2000

URINE PROCESSOR I Water
ASSEMBLY (UPA) . Recovery
System
Vapor Compression - (WRS)
Distillation (VCD) s

WATER PROCESSOR

ASSEMBLY (WPA)

* Particulate Filter

* lon Exchange and
Adsorption

 Catalytic Oxidation Reactor

OXYGEN GENERATOR CO2 REDUCTION

ASSEMBLY (OGA) SYSTEM (CRS)

» Solid Polymer e Sabatier
Electrolysis (SPE)

overboard




WRS Architecture (final)

URINE PROCESSOR I Water
ASSEMBLY (UPA) . Recovery
System
Vapor Compression - (WRS)
Distillation (VCD) s

WATER PROCESSOR

ASSEMBLY (WPA)

* Particulate Filter

* lon Exchange and
Adsorption

 Catalytic Oxidation Reactor

OXYGEN GENERATOR CO2 REDUCTION

ASSEMBLY (OGA) SYSTEM (CRS)

» Solid Polymer e Sabatier
Electrolysis (SPE)

overboard




ISS Requirements

The critical requirements that drove the design of the water
recovery system:

Process 11.6 L of pretreated urine, 7.9 L of condensate, 0.6 L of
Sabatier water each day (summarized in a waste water model)

Produce water meeting stringent water quality requirements (TOC
<0.5 mg/L, microbial content of <1 CFU/100 ml)

Micro-gravity operation

Survive launch loads

Limited volume, resupply mass

Packaging for maintenance of Orbital Replacement Unit (ORU)
Autonomous operation

Safety (fluid containment, electrical hazards, pressure control)




UPA Simplified Schematic

Purge Pump
(removes gases from
Distillation Assy.)

Distillation Assembly (DA)
(Distills wastewater)

Purge Gas
to Node
3 cabin

ED CHORC N 2 )

Separator
Fluids (separates water

ED CIONCOC D pump from purge gases)

Wastewater
Tank Product water

‘ to Water Processor Assembly

Brine Filter
(removes precipitants)

Advanced Recycle Filter Tank Assy.
(accumulates & stores brine for disposal)



WPA Simplified Schematic
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Flight Experiment

Multiple experiments performed on the NASA micro-
gravity plane
evaluate two-phase flow through a packed bed
gas occlusion in conductivity sensors
Fluid dynamics in VCD Distillation Assembly
Identified several engineers prone to motion sickness




VRA Flight Experiment

Catalytic Reactor Flight Experiment was performed
to verify reactor performance in micro-gravity

- 18t Mission: verified
catalyst fines will
cause a pressure
regulator to fail open
- 2"d Mission: verified
adequate oxygen
distribution to meet
reactor requirements

S9BES150 1999:06:02 01:14:12




VCD Flight Experiment

VCD FE Schematic Flight Ex_perlment in _Spacehab
Rack (prior to acoustic treatment)
RFTA/MTA

X

DISTILLATION ASSEMBL E s / . 5 Soft Stowage
@ b ~ ; Assemblies
my . - “% (not associated
T ethr AW, cei.a g : w/ VCD FE)
Distillation ¢ 1 ege . e B
¢ ] . @ * _

Assy (DA)

Pressure - 1
y : : Accumulator

Control & e—— | : ' > ; (hidden)

WATER STORAGE ‘
(FCPA)

TANKS

ACCUMULATOR
Pump Assy J53 . )
[1COCOCOdD) el A =
by Fluids Control o el LT
& Pump Assy &—— [} L £ \
L& | /.

Control Monitor
Instrumentation

AIR INJECTION
ASSEMBLY

Verified fluid dynamics in
Distillation Assembly during
start/stop transitions
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Water Recovery System (WRS)

Water Recovery System Rack #1 Water Recovery System Rack #2







WPA WATER PROCESSED
(through9/8/2013)

- Total Upmass
WPA: 2735 Ib
UPA: 3505 |b

pounds

Mass Savings
27000 Ib

CESSED -

Cost Savings
$600M
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Known Challenges

Humidity Condensate Urine
* Alcohols Preservative

» Metabolic byproducts Sulfuric acid
o Organic acids Chromic acid

» Acetone Standard urine
* Personal Care Products components
Organics
Minerals

o Off-gassing
» Formaldehyde
o Metals Pharmaceuticals
: Hormones
» Nickel

+ 7Zinc Metabolic products

: : Oxidation by-products
e Microorganisms e




Total Organic Carbon (TOC)

TOC Levels in WPA Archival Water Samples
ISS ULF2 to Soyuz 36

it TOC (RIP & Aux Port)
«==TOC (PWD Ambient)
SSP 41000 TOC Limit = 3.0 mg/L —#—TOC (PWD Hot)
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Methyl Sulfone

Methyl Sulfone in US Potable Water Samples
ISS Exp. 18 to Exp. 35
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lodine and Total Iodine

Total | & lodine Levels in US Potable Water Samples
ISS ULF2 to Soyuz 33

SSP 41000 Total | Limit= 6.0 mg/L

—g==Total | (RIP & Aux Port)

«={=|odine (RIP & Aux Port)

==ge=Total | (PWD Ambient)

—f@—Total | (PWD Hot)
Note: Total I = 10.9 mg/L at
PWD Ambient before 2L flush
on 3/18/09

SSP 41000 Total I limit at consumption point = 0.2 mg/L

Sample Collection Date



Nickel

Nickel Levels in US Potable Water Samples
ISS ULF2 to Soyuz 33

=4 Nickel (RIP & Aux Port))
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e Extremely efficient removal of organics, metals, and
other inorganics.
e TOC in Feedwater to System: 75-100 mg/L
e TOC in Product Water: ~o0.2 mg/L (500x reduction)

e No individual organics detected at levels of concern.

e Combination of multi-filtration and catalytic oxidation is
very effective.

e Occasionally detect leachates from wetted materials.
e Typically in samples from stagnant lines.

e One recurring anomaly associated with organo-silicon
compounds.
e No potability impacts, but does impact resupply.




In-Flight Bacterial Enumeration

In-flight Microbial Counts

—— PWD Ambient
—— PWD Hot

Typical condensate counts: 104 — 106 CFU/mL
Potability limit: 50 CFU/mL

Sample Date




Combination of high temperature oxidation and
residual biocide provides effective microbial control.

« 2-4 Log reduction in microbial counts

« Most samples contain less than 50 colony forming
units/mL

Bacterial isolated include Ralstonia picketti,
Burkholderia multivorans, and Caulobacter vibrioides

* These are gram-negative bacteria commonly found in
water

* Ralstonia & Burkholderia are opportunistic pathogens

Stagnancy can lead to growth of organisms during
down times.

No coliform bacteria have been detected in US product
water.




Surprises!

Humidity Condensate

e Personal Care Products
» Siloxane compounds

e Microorganisms

* Biofilms
* Clogs/obstructions

Urine

Microgravity effects
Elevated calcium
Reduced urine volume

Pharmaceuticals
Stability in preservative




In-flight TOC

ISS WPA Product Water TOC
In-Flight TOCA and Archive Data

AArchive TOC
+PWD TOC
e WPA PFU2

U.S. Segment Specification for TOS = 3000 pg/L
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Dimethylsilanediol (DMSD)

H;C OH

\ / * Present in condensate
Sj * Very water soluble
/ \  Low vapor pressure

HO

« Degradation product of larger polydimethylsiloxanes
(PDMSs)

Potentially formed on surface of condensing heat exchangers
« Wet/dry cycling may play role in formation




Biofilms

Pre and post processing

Stagnation

Orifices, valves, areas with tight tolerances
Corrugated lines

Corners/turns in tubing




Precipitation in the UPA
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“...Houston, we have a problem”




Microgravity Effects

Physiological changes result from extended exposure to
microgravity

Urinary calcium

l‘.
e

» Decreased bone density
» Excrete excess minerals

« Elevated urinary calcium
 Reduced water intake

[ Prefight gt
(Wesn | 1246 | 7801




Solubility of Calcium Sulfate
Ca?* + SO == CaSO, : 2H,0

Solubility of Calcium Sulfate in Pure Water

In(y) = —0.0211428x + 7.32848
R? = 0.989753

A CaS04x2H20
@ CasS04x0.5H20
O CaS04

~—~
o
~
~
o
E
[
O
w0
®©
>
=
o
=,
5]
0

100 200
Temperature [deg C]

Ksp o= YCa[CaZ+]VSO4[SO42_]




Precipitation Risk
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Pharmaceuticals and Personal Care Products

+ TOC levels in potable water is very low (typically <200
ppb).

« WPA effectively removes these compounds from
condensate and wastewater.

Focus upstream fluids

« Condensate: atmospheric moisture collected on
condensing heat exchangers.

« Wastewater: mixture of condensate and urine
distillate. Feed stream for WPA.

* Preserved urine: crew urine collected in the Waste
and Hygiene Compartment (WHC) and preserved
prior to being processed in the UPA.

136 target analytes

« 17 steroids and hormones

119 PPCPs
Standards exposed to urine preservative to assess
degradation and identify degradation byproducts.




Results

« Condensate
» No target hormone detected in the wastewater.
« Trace levels of several steroids present in blank.

« Six target PPCPs detected in wastewater sample.

« Wastewater
* One target hormone detected in the wastewater.
» Trace levels of several steroids present in blank.
« Six target PPCPs detected in wastewater sample.
* Preserved Urine
* Three target hormones detected in the preserve urine.
» Trace levels of several steroids present in blank.
» Fourteen target PPCPs detected in preserved urine.




[.essons Learned

Test thoroughly
« EXxpect surprises
Stagnation is bad
« Leaching
« Biofilm formation
Account for unique circumstances and environment
Adapt and improve
« Methods to reduce/remove siloxanes from WPA feed

« Alternative urine preservative
Use of ISS to develop technologies for future missions




