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Summary

For advanced missons, because of resuppy constraint, closed Air Revitalizaion Systems
(ARS) and Water Recovery Systems (WRS) are desirable. A CO2 Reduction Subsystem
(CRS) may play an important role in both ARS and WRS, sincein a CRS CO2 remvered
from human metabolism will rea¢ with H2 (a c-product from an oxygen generation
subsystem) and water is generated. Water can be dedrolyzed into oxygen and hydrogen.
The goal of a dosed ARS system s thus achieved with a CO2 removal subsystem, an O2
generation subsystem and a CO2 reduction subsystem combined. Since O2 demands can
be suppied by eledrolysis of water and a cetain amount of water is available from food
suppies, these ARS, WRS and food systems are interrelated. Depending on missons,
02 and water requirements differ significantly. The dedsion of integrating a CO2
reduction subsystem into an ARS necesstates a thorough study of O2 usage, water
balance, CO2 and H2 avail abili ty, water generation cgpabili ty of the CO2 reduction
subsystem, etc.

A brief review of CO2 reduction technologies was conducted and the Sabatier CO2
reduction technology is suggested as the CO2 reduction technology for an advanced
ARS.

02 and water masshbalances of al possble demands and suppies of advanced human
missons were mnducted for both Mars transit and surface eploration missons. The
impads of not using water in EVA spacesuit cooling device, of using in situ water and
using in situ O2 from Mars were investigated. Equivalent System Masses (ESM) were
compared between an ARS with Sabatier CRS subsystem and an ARS without Sabatier
CRS for both Mars transit and surface &ploration missons.

The study results indicated that, for Mars surfacemissons in general, integration of a
Sabatier CRS into an ARS isjustified. If Marsin situ O2 is avail able (probably from
processng of Martian CO2), then a Sabatier CRS is not neaded. If Marsin situ water is
available, the integration of a Sabatier CRS into an advanced ARS is not neeled either.

For Mars transit missons, the situation is more complicated. A parametric analysis of the
impads of percent water recovery from a WRS and percent food water recovery on the
pay-off time of including a Sabatier CRS was conducted. Basicdly if water recovery
from a WRS is lessthan 99.5%, then a Sabatier CRS is neaded for whatever percent food
water recovery. If the water recovery efficiency of the WRS readies 99.9% (i.e., total net
water losslessthan 0.19 kgday), inclusion of a Sabatier CRS in an ARS is not needed.
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1.0 INTRODUCTION

Beause of resuppy constraint in long duration missons, minimizing mass volume and power is essntial
in an advanced misson. A closed Advanced Life Support System (ALS), including Air Revitalizaion
Subsystem, Water Revitali zation Subsystem, etc., isdesirable. In atypical Advanced Air Revitalization
System, water is eledrolyzed into axygen (O2) and hydrogen (H2) in an oxygen generation subsystem.
Water is aso consumed in various hygiene needs, physiological 1oads and other life support functions. A
typical Water Recovery System (WRS) will regenerate water from various wastewater streams. One of the
subsystems that can generate water from byproducts of life support subsystemsis a CO2 reduction
subsystem. It isdesirable to conduct atrade study of including a CO2 reduction subsystem in an advanced
ARS for various advanced misgon scenarios.

One option of an advanced Air Revitalization System (ARS) is siown in Figure 1. Major components of
the ARS include, as iown in Figure 1, a CO2 removal subsystem, an O2 Generation Subsystem (OGS),
trace ontaminant control subsystem (not shown) and a regenerative water remvery system (WRS). CO2,
which isremoved from the @hbin by a CO2 removal subsystem, is vented overboard. H2, which is
generated with O2 by the OGS, is also vented overboard. Therewill be other air and water losses, such air
leaksthrough spaceaaft seals, EVA air lossin airlock operation, and posshble water lossfrom EVA coding
device such asasublimator. These O2 losses can be made up from e edrolysis of water carried with the
spaceaafts. Water lost in life support functions can be suppied from the stored water. The penalty of this
simple system is the massand volume of the water launched with the spaceaaft.

Figure 1. An ARS Without A CO2 Reduction Subsystem
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Another option of an advanced ARSis iown in Figure 2. A CO2 Reduction Subsystem (CRS) is added to
the ARS. Inthe CRS, CO2, which isremvered from the CO2 removal subsystem, catalytically reacts with
H2, which is generated with O2 from the OGS, and water isa product of the reaction. Water then flowsto
the water recvery system and eventually is fed to the OGS for O2 generation. Methane, another product
of the CRS, is vented overboard along with unreacted CO2, H2 and other gases. By adding the CRS
subsystem, some of the O2 in CO2 can be recovered aswater. With this option, the penalty of reducing
water resuppy isthe mass volume and power of the added CRS subsystem.

To justify the integration of a CO2 reduction subsystem into an advanced life support system, atrade study
of these two gptions has been conducted. Two diff erent misgon scenarios, Mars transit and Mars surface
exploration, were analyzed. Massbalance analyses of oxygen and water for these two misson scenarios
were also conducted. A detail ed analysis of water generation and lossin a Sabatier CRS was conducted.
Based on the masshalanceresults and estimated mass volume and power of the @mponents siown in
Figure 1 and 2, values of Equivalent System Masses (ESM) of the above two gptions were cmpared for
the transit and surfacemisgons. To better understand the impacts of percent water recovery from a water
remvery system on the payoff time for including a Sabatier CRS, a parametric analysis was conducted for
transit missons. Conclusion of the trade study was drawn based on these analysis results.



20 CO2REDUCTION SUBSYSTEM

The goal of a CO2 Reduction Subsystem (CRS) isto recover O2 from CO2 generated from human
metabdi c output. Avail able tedhnologies for CO2 reduction include Sabatier CRS, Bosch CRS, advanced
CRS, etc. Sabatier CO2 reduction technology is asessd with the highest Tedhnology ReadinessLevel
(TRL), TRL=5, among competing CO2 reduction technologies (4). Sabatier CRS technology has been
succesqully integrated in the air revitali zaion system in LMLSTP phase Il test at JSC. Therefore the
Sabatier CRS tedhnology was sleded as the CO2 reduction technology in this trade study.

2.1. Sabatier CO2 Reduction Subsystem
CO2 reacts with H2 and generates water and methane acoording to the foll owing Sabatier reaction:

CO2+4H20 0 - 2H20 + CH4

The atalytic methanation reaction between CO2 and H2 is exothermic and self-sustainable. Water vapor
generated from Sabatier reactor can be recovered by passng the product gases through a condensing heat
exchanger. Methane and unreacted reactants will be vented overboard. Although further recovery of H2
from methaneis posshle through methane pyrolysis or other processes, further recovery of H2 is not
analyzed in this gudy sincethe TRL of most of these technologies are lower than Sabatier CRS technology
and further technology development is necessary (1,4). The foll owing analyses on Sabatier reaction are
concentrated on the impacts of Sabatier operation parameters on water generation and recovery in advanced
misson environments.

2.1.1. H2/CO2 Molar Ratio

Based on human metabdlic quotient (CO2/02 molar ratio) of 0.87 and the masshbalance of an Oxygen
Generation Subsystem (OGS), the foll owing simple molar relationship exists (basis: 1 mole O2):

Gas Mole

02 1.0

CO2 0.87

H2 2.0

H2/CO2 2.3 (molar ratio)

With 10% excessO2 generation to compensate for O2 losses through non-metabdli ¢ causes such asair loss
through seals, airlock operations (seeSedions 3.1.1 and 3.3.1), the avail able H2/CO2 molar ratio for the
Sabatier CRSis approximately 2.6.

2.2. Sabatier Reaction Efficiency

Typical conversion efficiencies of the Sabatier reaction have been reported by Murdoch (1). With H2/CO2
molar ratio at 2.6, the anversion efficiencies of the Sabatier reactants are as foll ows (1):

H2 99.5%
cOo2 64.7%

These mnversion efficiencies were used in masshalance @l culations of the Sabatier CO2 reduction
subsystem in this gudy.



2.3. Water Vapor Losswith Dry Vent Gases

A comprehensive analysis on the performanceof the liquid/gas (L/G) separator as functions of its operation
parameters has been reported (1). In this gudy typical L/G separator parameters were assimed as foll ows:
1% liquid carryover, 3 °F water reheat from the rotary L/G separator, and effedive liquid outlet at 73 °F.

Asdry gases (CH4, CO2, H2, N2) vented from the liquid/gas sparator, some water vapor will | eave with
these gases. It was assumed that water vapor presaure will be in equili brium at the liquid temperature (73
°F), the rate of water vapor lost with the vent gases can be @l culated, given the vent rate of dry gas. The
vent rate of dry gas from the water separator is afunction of following parameters. the Sabatier reactant
H2/CO2 molar ratio, Sabatier conversion efficiency, liquid/gas sparator presaure, and outlet gas
temperature. A brief discusson of these parameters and their impacts foll ows:

2.3.1. Liquid/Gas Separator Pressure

Recent studies for NASA (1) reciommended that the Sabatier subsystem be operated at lower than ambient
presaure to prevent leakage of combustible gasinto the International Space Station. For the same @ncern
the advanced Sabatier subsystem operating presaure should be operated at presaure lower than 10 psia
(current arbitrary set presaure for advanced ARS). Water vapor losses with CRS operating at 10, 8 and 6
psiawere estimated and the results are shown in Figure 3.

Figure 3. % Water Recovery of Sabatier System vs H2/CO2 Ratio and Sabatier System
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In massbalance @lculations for the Sabatier CRS in this trade study, the presaures of Sabatier reactor and
L/G separator are arbitrarily set at 8 psia. Based on this plot, with cabin at 10 psia, Sabatier CRS at 8 psia,
H2/CO2 molar ratio at 2.6, separator outlet gasat 73 °F and 1% liquid carryover, approximately 94.7% of
al the water generated from the Sabatier reactor will be recovered asliquid water.



2.3.2. Impurity in Inlet CO2 Stream

Depending on the CO2 removal technology used in the proposed advanced ARS system, impurity of the
CO2 stream varies. For the four-bed moleaular sieve CO2 removal technology, air leak-in to the CDRA
(Carbon Dioxide Removal Asembly) is practical. Co-adsorption of N2 and O2 with CO2 in adsorption
bed was also reported (1). Test dataduring LMLSTP Fhaselll test indicated that CO2 purity ranged
between 87% and 9%%. O2in CO2 product stream will react with H2 in the Sabatier reactor and produces
water, which will be recovered from the separator eventually. N2 in the CO2 product stream isan inert gas
and will be vented with methane from the liquid/gas sparator. Asthe flow rate of the vent gas increases,
so does the vent rate of water vapor. Figure 4 shows theimpacts of % N2 in the CO2 stream on water
recmvery of the separator. The plot shows that with 8% N2 in CO2, water recvery could be reduced by
about 0.4% for a separator operated at 8 psia, comparing with a CO2 stream with 0% N2 (assumed the
spaceaaft cabin pressureisat 10 psia).

Figure 4 CRA Water Recovery vs N2 % in the CO2 Stream and the CRA Separator Pressure
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2.3.3 Separator Outlet Gas Temperature and Liquid Carryover from the
Liquid/Gas Separ ator

In this gudy the foll owing L/G separator parameters are assumed: 1% liquid carryover, 3 °F water reheat
from the rotary separator operation, and effediveliquid outlet at 73 °F.

In massbalance @lculations for the Sabatier CRS, the Sabatier is arbitrarily set at 8 psia. Based on Figure
4, with cabin at 10 psia, Sabatier CRS at 8 psia, H2/CO2 molar ratio at 2.6, separator outlet gasat 73 °F and
1% liquid carryover, approximately 94.7% of all the water generated from the Sabatier reactor can be
recvered as water.



2.3.4. Moisturein CO2 and H2 Streams

Basically, moisture ontent in reactants of the Sabatier CRS will not have impacts on water recovery
percentage if an effedive mndensing heat exchanger is designed into the CRS assembly. Moisturein
reactants eventuall y will be wlleded in the ondensing heat exchanger and processed by the WRS.

2.4 Water Mass Balance of Sabatier CO2 Reduction Subsystem

Table 1 shows gpreadshed massbalance @lculations for the Sabatier CRS reaction and the related
liguid/gas sparation performancewith H2/CO2 molar ratio at 2.3, 2.6, 3.0 and 3.6 and separator presaure
at 6, 8and 10 sia

Table 1 Mass Balance Calculations of Sabatier CO2 Reduction subsystem

Basis 1 mole O2 generated
Sabatier pressure = 6, 8, 10 psia

L/G Separator Outlet Gas Outlet= 70 F
water reheat from G/L sep. = 3F

water carryover from sep. = 1%

CO2 product:

CO2 95%, N2 4%, 02 1%

H2/CO2 molar ratio 2.3 2.6 3 3.6
CO2 available, mole 0.87 0.87 0.87 0.87
N2, mole 0.0366 0.0366 0.0366 0.0366
H2 req'd based on H2/CO2, mole 2.001 2.262 2.61 3.132
H2 conversion efficiencies 99.5 99.5 99.5 99.1
CO2 reacted 0.4977 0.5627 0.6492 0.7760
% CO2 conversion 57.2125 64.6750 74.6250 89.1900
Product

H2 vent, mole 0.0100 0.0113 0.0131 0.0282
CO2 vent, mole 0.3723 0.3073 0.2208 0.0940
CH4 vent, mole 0.4977 0.5627 0.6492 0.7760
N2 vent, mole 0.0366 0.0366 0.0366 0.0366
Total dry vent gases, mole 0.9166 0.9179 0.9197 0.9348
H20v generated, mole 0.9955 1.1253 1.2985 1.5519
H20Ov in vent gas-10 psia, mole : 0.0376 0.0377 0.0377 0.0384
H20vV in vent gas-8 psia, mole® 0.0485 0.0486 0.0487 0.0495
H2Ov in vent gas-6 psia, mole : 0.0658 0.0659 0.0661 0.0671
H2Ov + inert vent gas-10 psia,

mole 0.9543 0.9556 0.9574 0.9732
H2Ov + inert vent gas-8 psia,

mole 0.9651 0.9665 0.9684 0.9843
H20Ov + Inert vent gas- 6 psia,

mole 0.9825 0.9839 0.9857 1.0020
Liquid water carry over, 1% 0.0100 0.0113 0.0130 0.0155
Net water recovery 10 psia, mole

H20/mole 02 0.9479 1.0764 1.2477 1.4980
Net water recovery 8 psia, mole

H20O/mole 02 0.9370 1.0655 1.2368 1.4869
Net water recovery 6 psia, mole

H20/mole 02 0.9197 1.0482 1.2194 1.4692
% water recovery-10 psia 95.2212 95.6524 96.0933 96.5279
% water recovery-8 psia 94.1270 94.6831 95.2516 95.8121
% water recovery-6 psia 92.3860 93.1408 93.9124 94.6732

Notes:

1) Assume vent gas temperature at a water-cooled condenser outlet at 70 F. Also assume reheat

temperature of the condensate from the liquid/gas separator is 3 deg. F. The final vent gas

temperature is 73 deg. F.




Based on thistable, at H2/CO2=2.6 and L/G separator at 8 psia, as 1 mole of O2 is generated from the
OGS, 1.066male liquid water will be recvered from the Sabatier CRS. For a 6-person crew, with
H2/CO2 = 2.6, a Sabatier CRS will generate 1050 kdyr water (2.88 kgday).



3.0 WATER MASS BALANCE FOR ADVANCED MISSIONS

Sincethe product of a Sabatier CRS is water, an esential part of the trade study to justify theintegration of
a Sabatier CRSinto an advanced ARS isto conduct a comprehensive water masshalance analysis of all
possble demands and supgies for Marstransit and surfacemissgons. A major potential water sources
among all possble suppy listsisthewater in food. Depending on the practice of waste food processng,
up to 100% of food water can be remvered. In water consumption side amajor consumption is water
consumed in EVA. The bases for estimating these major water massbalanceitems are mvered in sedions
3.1and 32. Water massbalance @l culations for various misson scenarios aretreated in sedions 3.3 —3.9.

It was assumed that, for bath surface and transit misgons, oxygen suppy for crew metabdic consumption
will be provided by eledrolysis of water using an Oxygen Generation Subsystem (OGS). It wasalso
asaimed that the use of an OGS has been justified previoudy. A Biological Water Recmvery System
(BWRS) was asaumed in the Advanced Life support System (ALS) and 999% water recovery was
asaumed for this BWRS (5).

3.1 Water in Food

It was assumed that 0.674 kgcd dry weight of food is needed, as sown in 1SSplans®. It was also assimed
that 1.955 kgcd (average moisture mntent 66%) fresh weigh is needed 8, corresponding to the requirement
of dry weight of food. For Mars misgonsit was assumed that 50% of daily food will be shipped as fully
hydrated, the other 50% will be shipped as dehydrated (water content: 20% by weight). Daily food
requirements and water available in food are li sted as foll ows:

Daily amount ~ water avail able water avail able
Kg/cd ka/cd kg/6-person-day
Fresh food 0.978 0.645 3.871
Dehydrated food 0.421 0.084 0.505
Total 4.376

Depending on percentages of food water recvery, the water recoverable from food (6-person crew) isas
foll ows:

0% food water 50% food water 100% food water
remvery, kg/cd remvery, kg/cd remvery, kg/cd
Water recovery from food 0 2.188 4.376

3.2 Water Usage and Wastewater Production in EVA

It was assumed that there will be daily 2-person EVA for surfacemisgons. O2 and water consumption
rates associated with EVA operations are listed in the foll owing:

EVA loads 8-hr EVA total/person, ***

Oxygen consumption® 0.608 kg

Drinking water 1.92 kg

Water for LCG and sublimation 1.1 kg

Air lossfrom airlock with final 0.145 kg(airlock volume = 188ft3)

pressure=1 psia

Urine, respiration and perspiration (in addition to 0.884 kg
Average dail y urine, respiration and perspiration)



CO2 generated duing EVA was asaimed to be @lleded for reamvery of O2. Wastewater (urine,
respiration and perspiration) was also assimed to be @lleded for recvery of water.

3.3 Water Mass Balance for Mars Surface Missions without Sabatier CRS
The following misson parameters were asaimed for Mars surface missons:

Crew: 6 person

EVA: daily 2-person EVA

Habitat Volume: 97.69m3

Cabin air: 10 psia, O2 309%, N2 691%

An overall water massbalancefor Mars surface misgon without a Sabatier CRS subsystem is siown in
Table 2.

Table 2 Overall Water MassBalancefor Mars Surface Misson Without a Sabatier CRS Subsystem

Demand items Demand rates Suppy items Suppy rates
(kg/day) (kg/day)
water (equiv) o2 water

Physiological |oads

Metabdic oxygen (6) 5.64 5.01 0.

Drinking water, food (6) 2114 Respiration and perspi- 13.66

rehydration water, and ration water

water in food Urine water 9.01

Fecal water! 0.

Physiological subtotal 26.79 Physiological subtotal>  22.65

Hygiene loads

Oral hygiene water 2.16 hygiene waste water 2.16

Dish wash water 3264 Dish wash water, liquid 3243

Dish wash water, latent  0.18

Hand/face wash water 24.48 Wash wastewater, liquid 38.96

Shower water 16.32 Wash wastewater, latent  1.80

Clothes wash water 74.82 Clothes wash water, liquid71.15

Clothes wash water, latent 3.60

Urine flush water 2.94 Urine flush water 2.94

Hygiene subtotal 15336 Hygiene subtotal® 15321

Air leaks® 0.087 0.077 0.

02 co-adsorbed with CO2 0.05 0.044 0.047.

/CDRA*

EVA loads

02 lossin airlock operations 0.163 0.145 0

Additional O2 with resped to 0.753 0.669 0

nominal requirement °

Additional drinking water 1.651 urine, respiration and 1.768

perspiration water

Water used in sublimator 2.2 0



Table 2 Overall Water MassBalancefor Mars Surface Misson Without a Sabatier CRS Subsystem

(continued)
02 consumption in biological 0.304 0.27 0.068
WRS (7)
Water in food
0% food water recovery 0
50% food water recvery 2.188
100% food water remvery 4.376
Total
Total O2 required 6.21
0% food water recovery 18535 17774
50% food water recovery 18535 17992
100 food water recovery 18535 18211
Notes

1. Total fecal water avail ableis estimated at 0.55 kgday °. Asaime no water recvery from feces.

2. Asaume 99.9% water recovery for the biological waste recovery system.

3. Theair leak rate was estimated as 0.1% of total air massof the habitat. Thisleak rate percentageis
approximately two times the spedfied leak rate of the ISSHabitat.

4. Asume CO2 puity at 95%, with 4% N2 and 1% O2.

5. Asaume that urine generated in EVA will be olleded and recovered.

6. The additional O2 requirements was based on the asaimption of 2000BTU/hr metabdlic rate for EVA
and 450BTU/hr for nominal crew activity in spaceaaft.

3.3.1 Per Cent Excess O2 of M etabolic O2 Requirements

Based on Table 2, percent excessO2 than metabdli ¢ requirements to be generated for the surface missons
is calculated as foll ows:

Total O2 generated O2 : 6.21  kg/day

Total O2 neaded for metabdic consumption: 5.68  kg/day (including EVA O2
consumption)

Percent excessO2: 9.3%

3.4 Water Mass Balance for Mars Surface Missionswith A Sabatier CRS
The following basic parameter values were asumed for the Sabatier CRS subsystem:

H2/CO2 molar ratio: 2.6

Sabatier Reactor presaire: 8 psia

Liquid/Gas sparator liquid carryover: 1.0 % of all the water generated
Separator liquid reheat: 3%

A water masshalancefor Mars surfacemisson and for an ARS with a Sabatier CRSis shown in Table 3.

Table 3 Overall Water MassBalancefor Mars Surface Misson with Sabatier CRS Subsystem

Demand Rate Suppy rate Net Suppy Rate
(ka/day) (ka/day) (ka/day)
Without Sabatier CRS
0% food water recovery 18535 17774 -7.62
50% food water recovery 18535 17992 -5.43
100 food water recvery 18535 18211 -3.24
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Table 3 Overall Water MassBalancefor Mars Surface Misgon with Sabatier CRS Subsystemn (continued)

Sabatier CRS water generation 0. 3.728

(seeTablel)

with Sabatier CRS

0% food water recovery 18535 18146 -3.89
50% food water recvery 18535 18365 -1.70
100 food water recvery 18535 18584 0.49

3.5 Water Mass Balance for Mars Transit Missions without A Sabatier CRS
The following parameters are assumed for Mars transit misgons.

Crew: 6 person

EVA: No EVA

Habitat Volume: 97.69m3

Cabin air: 10 psia, O2 309%, N2 691%

An overall water massbalancefor Mars transit misson is shown in Table 4.

Table4 Overal Water MassBalancefor Mars Transit Misson Without A Sabatier CRS Subsystem

Demand items Demand rate Suppy items Suppy rate
(kg/day) (kg/day)
water(equiv) o2 water

Physiological |oads

Metabdic oxygen (6) 5.64 5.01 0.

Drinking water, food (6) 2114 Respiration and perspi- 13.66

rehydration water, and ration water

water in food Urine water 9.01

Fecal water! 0.

Physiological subtotal 26.79 Physiological subtotal>  22.65

Hygiene loads

Oral hygiene water 2.16 hygiene waste water 2.16

Dish wash water 3264 Dish wash water, liquid 3243

Dish wash water, latent  0.18

Hand/face wash water 24.48 Wash wastewater, liquid 38.96

Shower water 16.32 Wash wastewater, latent  1.80

Clothes wash water 74.82 Clothes wash water, liquid71.15

Clothes wash water, latent 3.60

Urine flush water 2.94 Urine flush water 2.94

Hygiene subtotal 15336 Hygiene subtotal® 15321

Air leaks® 0.087 0.077 0.

02 co-adsorbed with CO2 0.05 0.044 0.

/CDRA*

EVA loads

02 lossin airlock operations 0. 0. 0
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Table4 Overal Water MassBalancefor Mars Transit Misson Without A Sabatier CRS Subsystem

(continued)
Additional O2 with resped to 0. 0. 0
nominal requirement
Additi onal drinking water 0. urine, respiration and 0.

perspiration water

Water used in sublimator 0. 0
02 consumption in biological 0.304 0.27 0.068
WRS (7)
Water in food
0% food water recovery 0
50% food water recovery 2.188
100% food water recvery 4.376
Total
0% food water recovery 18059 17597
50% food water recvery 18059 17816
100 food water recovery 18059 18034
Total O2 required 5.40
Notes

1. Asaume no water recmvery from feces.

2. Asaume 99.9% water recovery for the biological waste recvery system.

3. Theair leak rate was estimated as 0.1% of total air massof the habitat. Thisleak rate percentageis
approximately two times the spedfied leak rate of the ISSHabitat.

4. Asume CO2 puity at 95%, with 4% N2 and 1% O2.

3.5.1 Per Cent Excess O2 Generation of M etabolic O2 Requirements

Based on Table 4, percent excessO2 than metabdli ¢ requirements to be generated for transit missonsis
calculated as follows:

Total O2 generated O2: 540  kg/day
Total O2 nealed for metabdic consumption: 5.01  kg/day
Percent excessO2: 7.8%

3.6 Water Mass Balancefor Mars Transit Missions with Sabatier CRS

A water massbalancefor Mars transit misson and for the ase with Sabatier CRSintegrated in the ARSis
shown in Table 5.

Table 5. Overall Water massBalancefor Mars Surface Misson with Sabatier CRS Subsystem

Demand Rate Suppy rate Net Suppy Rate
(ka/day) (ka/day) (ka/day)
without Sabatier CRS
0% food water recovery 18059 17597 -4.62
50% food water recovery 18059 17816 -2.43
100% food water recmvery 18059 18034 -0.24
Sabatier CRS water generation 0. 3.240

(seesedion 2.100
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Table 5. Overall Water massBalancefor Mars Surface Misgon with Sabatier CRS Subsystem (continued)

with Sabatier CRS

0% food water recvery 18059 17921 -1.38
50% food water recovery 18059 18140 0.81
100 food water recvery 18059 18358 3.00

3.7 Water Mass Balancefor Mars Surface Missions with No Water
Consumption in a EVA Spacesuit Cooler (Surface Missions)

Water massbalances for Mars surfacemissons with no water consumption for a spacesuit-coding device
and for cases with and without a Sabatier CRS are shown in Table 6.

Table 6 Overall Water MassBalancefor Mars Surface Misson With No Water Consumption in
EVA Suit Coding

Demand Rate Suppy rate Net Suppy Rate
(ka/day) (ka/day) (ka/day)
without Sabatier CRS
0% food water recovery 18315 17774 -5.42
50% food water recovery 18315 17992 -3.23
100 food water recvery 18315 18211 -1.04
Sabatier CRS water generation 0. 3.728
(seeTablel)
With Sabatier CRS
0% food water remvery 18315 18146 -1.69
50% food water recvery 18315 18365 -0.50
100 food water recvery 18315 18584 2.89

3.8 Water Mass Balance for MarsMissionswith In Situ O2/Water Supply
(Surface Missions)

It was assumed that the ESM of Marsin situ water is lower than the ESM of water launched with the
spaceaaft from Earth. Water masshalances for Mars surfacemisgon and for cases (assuming EVA
sublimator draws 2.2 kg/day water) with and without a Sabatier CRS are shown in Table 7.

Table 7 Overall Water MassBalancefor Mars Surface Misson with In Situ O2 Supdy

Demand Rate Suppy rate Net Suppy Rate
(ka/day) (ka/day) (ka/day)

without Sabatier CRS

0% food water recovery 17835 17774 -0.62

50% food water recovery 17835 17992 157

100% food water recvery 17835 18211 3.76

with Sabatier CRS

0% food water recovery 17835 18146 311
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Table 7 Overall Water MassBalancefor Mars SurfaceMisgon with In Situ O2 Supgy (continued)

50% food water recvery 17835 18365 5.30
100 food water recvery 17835 18584 7.49

Thetableindicates that with in situ O2 avail able and without a Sabatier CRS subsystem, there will be daily
water shortage of 0.62 kgday if no food water isremvered. Without a Sabatier CRS and with food water
remvery at 50% and more, there will be water surplus. Since percentages of food water recoverable are
expeded to be above 90%, the water massbalancewill be a surplus for the scenarios that in situ water is
available. A Sabatier CRS will not be needed for these scenarios.

If in Situ water is avail able, the dail y net water generation isnot an isale. A Sabatier CRSis not needed to
generate extrawater.

3.9 Summary of Water Mass Balance for Various Scenarios
A summary of water massbalance of the above @sesis siown in Table 8:
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Table 8 Summary of Water Mass Balance Calculations for Mars Surface
and Transit Missions

Basis :

Crew 6 person

Mars Surface mission: daily 2-person EVA
Mars Transit mission: no EVA

Mission

[o)
supplied
from insitu
Sabatier |Sublimator 02 water/wastewalwater/wastewa
Food Supply CRA Water Use generation |ter demand ter supply

net water
supply

kg/day kg/day kg/day kg/day

kg/day

surface

0% water recovery from
food, 0 kg/day food water [no 2.2 0 185.35 177.74

-7.61

surface

50% water recovery from
food, 2.19 kg/day food
water no 2.2 0 185.35 179.92

-5.43

surface

TUUY Water TECOVETY
from food, 4.38 kg/day
food water no 2.2 0 185.35 182.11

-3.24

surface

0% water recovery from
food, 0 kg/day food water |yes 2.2 0 185.35 181.46

-3.89

surface

50% water recovery from
food, 2.19 kg/day food
water yes 2.2 0 185.35 183.65

-1.70

surface

100% water recovery
from food, 4.38 kg/day
food water yes 2.2 0 185.35 185.84

0.49

surface

0% water recovery from
food, 0 kg/day food water [no 0 0 183.15 177.74

-5.41

surface

50% water recovery from
food, 2.19 kg/day food
water no 0 0 183.15 179.92

-3.23

surface

100% water recovery
from food, 4.38 kg/day
food water no 0 0 183.15 182.11

-1.04

surface

0% water recovery from
food, 0 kg/day food water |yes 0 0 183.15 181.46

-1.69

surface

50% water recovery from
food, 2.19 kg/day food
water yes 0 0 183.15 183.65

0.50

surface

100% water recovery
from food, 4.38 kg/day
food water yes 0 0 183.15 185.84

2.69

surface

0% water recovery from
food, 0 kg/day food water |no 2.2 6.21 178.35 177.74

-0.61

surface

50% water recovery from
food, 2.19 kg/day food
water no 2.2 6.21 178.35 179.92

1.57

surface

100% water recovery
from food, 4.38 kg/day
food water no 2.2 6.21 178.35 182.11

3.76

surface

0% water recovery from
food, 0 kg/day food water |yes 2.2 6.21 178.35 181.46

surface

50% water recovery from
food, 2.19 kg/day food
water yes 2.2 6.21 178.35 183.65

5.30

surface

100% water recovery
from food, 4.38 kg/day
food water yes 2.2 6.21 178.35 185.84

7.49
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Table8 Summary of Water Mass Balance Calculationsfor Mars Surface and Transit Missions

(continued)
02
supplied
from insitu
Sabatier |Sublimator 02 water/wastewa|water/wastewa |net water
Mission|Food Supply CRA Water Use generation Jter demand ter supply supply
kg/day kg/day kg/day kg/day kg/day
0% water recovery from
transit |food, 0 kg/day food water [no N/A 0 180.59 175.97 -4.62
50% water recovery from
food, 2.19 kg/day food
transit |water no N/A 0 180.59 178.16 -2.43
TUU% Water TECOVETY
from food, 4.38 kg/day
transit |food water no N/A 0 180.59 180.34 -0.25
0% water recovery from
transit |food, 0 kg/day food water |yes N/A 0 180.59 179.21 -1.38
50% water recovery from
food, 2.19 kg/day food
transit |water yes N/A 0 180.59 181.40 0.81
100% water recovery
from food, 4.38 kg/day
transit |food water yes N/A 0 180.59 183.58 2.99
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4.0 Trade Study Results and Discussions

Equivalent System Mass(ESM) values for the systems with and without a Sabatier CRSin an ARS were
compared to estimate trade-off time for including a Sabatier CRSin air revitalization systems. Trade-off
time for the foll owing systems have been estimated: surface missons with 2.2 kg water used for the EVA
sublimator coder, surface missons with no water consumption for the EVA coder, and transit missons.
For the aseswith in situ O2 or water avail able, masshal ance anal yses conducted in Chapter 3 indicate that
water masshbalanceisin surplusin general, therefore no trade-off analyses were needed. A parametric
analysis of the impacts of percent water recovery from a water recovery system and percent food water
recmvery from food on the trade-off of integrating a Sabatier CRS into an ARS was also included.

4.1 Basisfor Trade Studies

Mass volume and power data of the Sabatier CO2 Reduction Subsystem (2) estimated for Node 3 projed
were used as one of the basdlines of this gudy. Mass volume and power data for CO2 accumulator and
CO2 compressor were based on the CO2 compresor requirements devel oped for the same Node 3 projed
(9). Mass volume and power requirements for water tanks were estimated based on the data from fuel cdl
water tank of Space Station ISS(10). These basdine data ae listed below:

Mass Volume Power Coding Labar Total
ka) (M)  (w) (w)  (hr) (ka)

Sabatier CRS! 120 0208 106 173 O

CO2 Accumulator? 2.6

CO2 Compressor? 27 500

Controller 3

Total 153 0208 606 173 O

ESM (kg) 153 043 527 115 0 2177
0GS® 1541 0.699 3250

ESM (kg) 1541 146 2167 17591
Water Tank (75 kg* 962 0103 5

ESM (kg) 962 022 044 96.9

Mass volume and power requirements for capaciti es other than the basdli ne values were estimated using
ESDM method (11). Conversion into Equivalent System Mass(ESM) from mass volume, and power data
of Sabatier CRS, CO2 accumulation tank, CO2 compressor and water tank were based on the infrastructure
equivalencies proposed in Advanced Life Support Research and Tedhnology Devel opment Metric (12).

4.2 Trade Study Resultsfor Systemswith and without a Sabatier CRS for
Surface Missions

4.2.1 EVA Using a Sublimator Consuming 2.2 kg/day Water

Figure 5 shows ESM values of systems with and without a Sabatier CRS for the @ase of no food water
recvery, based on water massbalance @ culationsin Sedions 3.3 and 34 and their respedive ESM
values. Figure 6 shows Equivalent System Mass(ESM) of systems with and without a Sabatier CRS for
the @se of partial food water recovery at 2.2 kg/day. Figure 7 shows Equivalent System Mass(ESM) of
systems with and without a Sabatier CRS for the ase of full food water remvery at 4.4 kg/day. By
comparing the ESM numbers for systems with and without a Sabatier CRS, the pay off timefor including a
Sabatier CRS in the advanced ARS were obtained. The estimated pay-off time for including a Sabatier
CRSin an ARS arelisted in the foll owing:
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ESM, kg

Misgon Food water recmvery Water used in EVA Pay-off time

(water reamvery, kg/day) Coder (kg/day) (days)
Surface No (0. kg/day) 2.2 52
Surface Partial (2.2 kg/day) 2.2 48
Surface Full (4.4 kgday) 22 45

Therefore, for a surface misgon, which could last at lest 500 days, inclusion of a Sabatier CRSis
sugeested.

Figure 5 Equivalent System Mass of Systems with and without CRS

Basis: Mars surface missions, 0% food water recovery, 2.2 kg/day EVA sublimator water
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Figure 6 Equivalent System Mass of Systems with and without CRS
Basis: Mars surface missions, 50% food water recovery, 2.2 kg/day EVA sublimator water
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ESM, kg

Figure 7 Equivalent System Mass of Systems with and without Sabatier CRS
Basis: Mars surface missions, 100% food water recovery, 2.2 kg/day EVA sublimator water
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4.2.2 EVA Using A Cooling Device (radiator) Without Consuming Water

Water consumption for spacesuit coding, estimated at 2.2 kg/EVA for atwo-person EVA using a
sublimator, isamajor net water consumption item among all the water usages iown in Table2. By using
an alternate design, for example aradiator coder, thiswater lost to space may be diminated. Figure 8
compares Equivalent System Mass(ESM) of systemswith and without a Sabatier CRS for the @asewith no
food water recmvery, based on water masshalance @l culationsin Sedions 3.7 and their associated ESM.
For the ases with 50% and 100% food water recvery, the trade-off analysis results are shown in Figures 9
and 10

The pay off time for including a Sabatier CRS are listed in the foll owing:

Misgon Food water recmvery Water used in EVA Pay-off time
(water reavery, ka/day) Coder (kg/day) (days)

Surface No (0 kgday) 0. 43

Surface Partial (2.19 kgday) 0. 51

Surface Full  (4.38 kgday) 0. 163

These plots indicate that integration of a Sabatier CRS in an advanced ARS system isjustified if water
consumption in EVA spacesuit coding for Mars surfacemissonsis eliminated.
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ESM, kg

ESM, kg

Figure 8 Equivalent System Mass of Systems with and without CRS

Basis: Mars surface missions, 0% food water recovery, no water consumption in EVA spacesuit
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Figure 9 Equivalent System Mass of Systems with and without CRS
Basis: Mars surface missions, 50% food water recovery, no water consumption in EVA
spacesuit cooling
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ESM, kg

Figure 10 Equivalent System Mass of Systems with and without CRS
Basis: Mars surface missions, 100% food water recovery, no water consumption in EVA spacesuit
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4.2.3 Mars In Situ O2/Water Supply Available

Water massbalance @l culations $rown in Sedion 3.8 indicate that, with in situ O2 avail able and even with
2.2 kg/day water consumption from an EVA sublimator, there will be water suppy surplus except for the
case of no food water recovery. Sincesignificant food water recovery will be anormal case, it was
concluded that if in situ O2 is avail able (probably from processng of Martian CO2), the inclusion of
Sabatier is not heeded.

If in Situ water is avail able (assuiming the ESM of in situ water islessthan the ESM of water generated
from a Sabatier CRS), then water supgy isnot an issie. A Sabatier CRSis not nealed for this case.

4.3 Trade Study Results for Systemswith and without Sabatier CRSfor Mars
Transit Missions

Figure 11 shows Equivalent System Mass(ESM) of systems with and without a Sabatier CRS, based on
water masshalance @lculationsin Sedions 3.5 and 3.6 and their asociated ESM. Figure 11 indicates that
it takes 52 days to pay off theinclusion of a Sabatier CRSin an ARS, assuming no food water recvery.
Figure 12 compares ESM of systems with and without a Sabatier CRS asauming partial food water
recvery (2.2 kg/day water from food). It takes 69 daysto pay off theinclusion of a Sabatier CRS for this
case. Figure 13 showsthat for full food water recovery case (4.4 kgday), the inclusion of a Sabatier CRS
isnot needed (trade-off time= 676 days).

For Marstransit missons, which take 180 days one way, the above trade anal yses indicate that inclusion of

a Sabatier CRS depends upon the extent of food water can be achieved. With 99.9% water recovery from a
water reavery system, this analysisindicated that a Sabatier CRS is neaded if lessthan 50% food water is
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recmvered; a Sabatier CRSis not needed if food water recovery is 100%.

Basis: Mars transit missions, 0% food water recovery, 99.9% water recovery in WRS

Figure 11 Equivalent System Mass of Systems with and without CRS
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Figure 12 Equivalent System Mass of Systems with and without CRS
Basis: Mars transit missions, 50% food water recovery
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Figure 13 Equivalent System Mass of Systems with and without CRS
Basis: Mars transit missions, 100% food water recovery
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4.4 Parametric Analysis of Pay-off Time for Inclusion a Sabatier CRSin
Mars Transit Missions

A parametric analysis of pay-off time as functions of % water remvery from awater remvery system and
% food water recvery for inclusion of a Sabatier CRSin transit missonsis siown in Figure 14.

For 180-day transit missons(i.e., in situ water avail able @se), Figure 14 indicatesthat, if water recovery of
awater revery system islessthan 99.5%, a Sabatier CRS is nealed for whatever percentage of food
water rewvery. If water recovery of aWRSis 99.9%, food water recmvery neals to be greater than 63% to
be able to have an ARS without a Sabatier CRS.

For 360-day transit misgons (i.e., in situ water not avail able @se), Figure 14 indicates that, if water
recvery of awater remvery system islessthan 99.5%, a Sabatier CRS is nealed for whatever percentage
of food water recvery. If water recovery of a WRSis99.9%, food water recovery needsto be greater than
78% to be able to have an ARS without a Sabatier CRS.

Sincenominal food water recvery is expeded to ke higher than 90%, it can be wncluded that if water
recmvery efficiency of the WRSis99.9% (i.e., daily total water losses lessthan 0.19 kg), a Sabatier CRSis
not needed. All the water lost (including oxygen losses) to spacewill be ammpensated from food water
recvery in this 99.9% efficiency WRS case.
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Figure 14 Parametric Analyisis of Pay-off Time for Inclusion of a Sabatier CRS as Functions of % Water Recovery in WRS

and % Food Water Recovery
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5.0 CONCLUSION

The payoff time for including a Sabatier CO2 reduction subsystem in an advanced ARS were etimated as
follows:

Food Water EVA Sublimator Payoff Time
Misson Reovery (%)  water usage (kg/day) (days)
Mars surface 0-100 2.2 <52
Mars surface 0-100 0 <163
Mars surface 0 2.2 279
(in situ O2 avail able)
Mars surface 50 -100 2.2 infinite
(in situ O2 avail able)
Mars surface 0-100 0 infinite
(in situ water avail able)
Mars transit 0 no EVA 52
Mars transit 50 no EVA 69
Mars transit 100 no EVA 676

The abowve pay-off time were estimated based upon an assumption that the Biological Water Recovery
System (BWRS) is used and 999% water recovery is achieved by this BWRS.

For Mars aurface missons which could last more than 500 days, integration of a Sabatier CRSinto an ARS
is s1ggested, if in situ O2 or in situ water isnot available. If in situ O2 is avail able, a Sabatier CRS is not
nealed sincefood water recovery at greater than 90% is expeded. If in situ water is avail able, a Sabatier
CRSisnot nealed either.

For 180-day transit misgons (in situ water avail able @se), resultsfrom a parametric analysisindicated that,
if the water recovery efficiency of the water recovery system is lessthan 99.5%, inclusion of a Sabatier
CRSin an ARSisjustified for whatever percentage of food water recovery. If water recvery of aWRS
reaches 99.9%, food water recvery neels to be greater than 63% to have an ARS without a Sabatier CRS.

For 360-day transit misgons (in situ water not avail able @se), the same parametric analysisindicated that,
if the water recovery efficiency of the water reavery system islessthan 99.5%, inclusion of a Sabatier
CRSinan ARSisasojustified for whatever percentage of food water recovery. If water remvery of a
WRS reach 99.9%, food water recvery neals to be greater than 78% to have an ARS without a Sabatier
CRS.

For transit missonsin general, if the water recovery efficiency of the WRS is lessthan 99.5%, inclusion of
aSabatier CRSin an ARS isjustified. If the water reavery efficiency of the WRS reaches 99.9% (i.e.,
total net water lossto be lessthan 0.19 kgday), inclusion of a Sabatier CRSin an ARS is not needed. All
the water lost (including oxygen losses) to spacewill be mmpensated from food water recovered in this
99.9% efficiency WRS case.
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