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B. Carbon Monoxide Concentration Dynamics 
As shown by Fig. 2, the carbon monoxide concentration in the cabin atmosphere has been maintained below the 

17 mg/m3 maximum allowable concentration. The cabin concentration is typically <2 mg/m3. The average 
concentration is 1 mg/m3 with a standard deviation of 1.25 mg/m3. The expected concentration accounting for the 
crew metabolic load and equipment offgassing ranges between 1.3 mg/m3 and 1.9 mg/m3. Concentrations above 2 
mg/m3 are typically associated with samples collected from cargo vehicles and early crew-tended operations when 
contaminants accumulate in sealed volumes that lack active TCC equipment. Exceptions are associated with isolated 
events that may include overheating equipment or potential active TCC equipment performance degradation due to 
catalyst poisoning. Notably, the high cabin concentrations spanning the tenth through the twelfth year of ISS 
operations coincide with a large leak of octafuoropropane (Freon 218) followed by its slow removal from the cabin 
atmosphere. In general, the active TCC design consisting of the TCCS and BMP operating in tandem has shown the 
capability to control the combined crew metabolic and equipment offgassing loads to <12% of the maximum allowable 
concentration on average. 

 
Figure 2. Carbon monoxide concentration in the cabin atmosphere. 

C. Methane and Carbon Monoxide Concentration Dynamics in the Presence of Octafluoropropane 
The air conditioning units in the Russian Segment contain 750 g of octafluoropropane (Freon 218) coolant each. 

Small fugitive leaks occur over time leading to a persistent background concentration. The air conditioning units are 
serviced periodically and larger releases into the cabin can occur during servicing. As seen by Fig. 3, there have been 
at least four significant Freon 218 releases into the ISS cabin and at least one minor release. The first release of 
approximately 730 g occurred in 2001 which was during the third year of ISS flight operations. This release consisted 
of 200 g leaked at a rate of 4 g/d over a period of approximately four months. The leakage rate increased to 
approximately 20 g/d over the next eight weeks releasing another 400 g into the cabin. An additional 130 grams was 
released during air conditioning unit servicing. In total, nearly all of the coolant from a single air conditioning unit 
leaked into the cabin environment.32 Since the leak occurred over a period of several months the active TCC capability  
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Figure 3. Octafluoropropane concentration in the ISS cabin atmosphere. 

was able to limit the peak concentration. Freon 218 leakage was negligible until 2008, the tenth year of ISS operations, 
when bulk release of nearly 900 g of Freon 218 occurred. A smaller leak occurred in the twelfth year (2010). At the 
beginning of the seventeenth year (2014), another bulk leak occurred. Sustained leakage continued thereafter followed 
by another bulk leak in the twentieth year (2018). 

As a result of these bulk and sustained leak events, the physical adsorption-based components of the active TCC 
capability that remove the Freon 218 from the cabin atmosphere becomes saturated leading to a persistent Freon 218 
concentration which has existed since 2008. This TCC capacity saturation allows Freon 218 to reach the catalytic 
oxidation components in both the TCCS and BMP which increases the potential for catalyst poisoning. Observations 
from correlation analysis of whole air grab sample analysis and comparing Figs. 1 and 2 with Fig. 3 indicate that TCC 
catalyst poisoning may be occurring during periods of high Freon 218 concentration. The following presents and 
discusses these observations. 

Although the methane concentration increased during the first Freon 218 leak event, that increase was due to 
shutting down the TCCS for precautionary reasons until data on the potential for producing hydrogen fluoride (HF) 
was available from ground-based tests. Testing the TCCS COA performance in the presence of Freon 218 had not 
been completed at the time of the first Freon 218 leakage event. Therefore, the TCCS was shut down as a precaution 
until the testing was completed. Because the testing indicated unmeasurable HF production when Freon 218 enters 
the TCCS COA, the TCCS has remained operational during subsequent Freon 218 leakage events. 

Visually comparing Fig. 1 with Fig. 3 during the second and third Freon 218 leakage events indicates the 
appearance of greater methane concentration variability coincidental with the second Freon 218 leak event. This 
variation was determined to warrant further evaluation. Likewise, visually comparing Fig. 2 and Fig. 3 indicates 
periods of high carbon monoxide concentration coinciding with periods of high Freon 218 concentration. The carbon 
monoxide concentration variation during three Freon 218 leakage events was determined to warrant further evaluation. 

Examining the methane and carbon monoxide concentration data reported from whole air grab sample analyses 
during three Freon 218 leakage events indicates that the methane and carbon monoxide concentrations become more 
variable during high Freon 218 concentration periods. When the Freon 218 concentration is low, the methane and 
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carbon monoxide concentration variation moderates. �&�R�U�U�H�O�D�W�L�R�Q�� �D�Q�D�O�\�V�L�V�� �X�V�L�Q�J�� �3�H�D�U�V�R�Q�� �D�Q�G�� �6�S�H�D�U�P�D�Q�¶s Rho 
techniques was conducted for the periods of greatest variation. 

A. Methane Concentration Correlation with Octafluoropropane Concentration 
The Pearson correlation between methane concentration and Freon 218 concentration was found to be weak, with 

correlation coefficients in the range of 0.3 to 0.4. �(�[�D�P�L�Q�D�W�L�R�Q���Y�L�D���6�S�H�D�U�P�D�Q�¶�V���5�K�R���D�Q�D�O�\�V�L�V�����K�R�Z�H�Y�H�U�����L�Q�G�L�F�D�W�H�V���W�K�D�W��
the correlation is not statistically significant. These results are not unexpected given the <<1% Freon 218 oxidation 
efficiency by the TCCS COA and the variation in methane concentration that results from human metabolic load 
variations that most likely mask small variations caused by reversible catalyst poisoning. The effects of Freon 218 on 
�W�K�H���7�&�&�6���&�2�$�¶�V���P�H�W�K�D�Q�H���R�[�L�G�D�W�L�R�Q���S�H�U�I�R�U�P�D�Q�F�H���D�U�H��very small and the primary root cause for methane concentration 
variation in the ISS cabin is attributed to a fluctuating human metabolic source. 

B. Carbon Monoxide Concentration Correlation with Octafluoropropane Concentration 
The Pearson correlation between carbon monoxide concentration and Freon 218 concentration was also found to 

�E�H���Y�H�U�\���Z�H�H�N���Z�L�W�K���F�R�U�U�H�O�D�W�L�R�Q���F�R�H�I�I�L�F�L�H�Q�W�V���L�Q���W�K�H���U�D�Q�J�H���R�I�������������W�R�������������,�Q�W�H�U�H�V�W�L�Q�J�O�\�����W�K�H���6�S�H�D�U�P�D�Q�¶�V���5�K�R���H�Y�D�O�X�D�W�L�R�Q��
found no statistical significance for the first and third leakage events but did indicate weak correlation with a 0.4 
coefficient with statistical significance for the second leakage event. �7�K�H�� �6�S�H�D�U�P�D�Q�¶�V�� �5�K�R�� �F�R�U�U�H�O�D�W�L�R�Q�� �F�R�H�I�I�L�F�L�H�Q�W�V��
were similar to the Pearson correlations. In general, these results are consistent with the low potential for carbon 
monoxide catalyst poisoning by halocarbons discussed in Section III. The weak correlation and the statistical 
significance associated with the second Freon 218 leakage event may be indicative of the effects of other contaminants, 
such as impurities in a batch of Freon 218, which could have a more pronounced effect on catalyst activity. Further 
examination of the whole air grab sample analysis results, however, do not indicate any other catalyst poisons at 
unusually high concentrations. 

Considering a cabin material balance with an assumed constant carbon monoxide generation source, the cabin 
concentration changes can be indicative of a 41% reduction in removal capability. However, it cannot be readily 
assumed that the carbon monoxide generation source remains constant. An increase in generation rate is possible and 
must be considered. Examining Fig. 2 shows cargo vehicle first entry samples with very high carbon monoxide 
concentrations during the period covering the third Freon 218 leakage event. Therefore, it is possible that offgassing 
sources increased concurrently with Freon 218 leakage events. 

In summary, while a 30% reduction in carbon monoxide oxidation catalyst activity has been indicated in one 
instance discussed in Section III, when considered along with other confounding factors such as the presence of other 
halocarbons and additional carbon monoxide generation sources, catalyst poisoning by exposure to Freon 218 cannot 
be established as a primary root cause. Testing ambient temperature carbon monoxide oxidation catalyst performance 
in the presence of Freon 218 can provide useful insight. 

V. Summary 
Methane and carbon monoxide are trace contaminants commonly observed in a crewed spacecraft cabin 

atmosphere and are among the key contaminants that the active TCC equipment design must address. The generation 
sources, active TCC control methods, concentration dynamics in the ISS cabin atmosphere, and the potential effects 
of persistent Freon 218 concentrations in the cabin atmosphere were presented and discussed. 

Generation sources were examined with emphasis on the human metabolic source. Human metabolism typically 
accounts for 99% of the methane generation source and 13% of the carbon monoxide generation source aboard crewed 
spacecraft comparable in size to the ISS. A literature review provided new source documentation for the metabolic 
generation source basis. This literature review indicates metabolic generation from a single crewmember of 588 mg 
methane/day and 17.9 mg carbon monoxide/day. The methane rate is nearly two times higher than previously 
established via literature review in 1995. The carbon monoxide rate is four percent higher than the rate established in 
1995. 

Both methane and carbon monoxide concentrations are controlled in the cabin environment via catalytic oxidation 
processes. Thermal catalytic oxidation is required for methane while ambient temperature catalytic oxidation can be 
accomplished for carbon monoxide. Both catalytic oxidation processes are sensitive to poisoning by halocarbons and 
sulfur-containing compounds. Ambient temperature catalysts are also sensitive to poisoning by NH3. 

Cabin concentrations for a period covering over 19 years of ISS flight operations were presented. The methane 
concentration has averaged 11.9 mg/m3 �R�Y�H�U�� �W�K�H�� �,�6�6�¶�V�� �R�S�H�U�D�W�L�R�Q�D�O�� �O�L�I�H�W�L�P�H�� �D�I�W�H�U�� �W�K�H�� �8���6���� �6�H�J�P�H�Q�W�� �7�&�&�6�� �Z�D�V��
activated. Concentration variability was found to be consistent with the 30% to 60% incidence of methane production 
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within the general human population reported in literature. The methane concentration dynamics over 43 crew 
increments indicates a 31% average incidence of methane generation within the crew population and 44% incidence 
at the 99% confidence interval upper bound. The carbon monoxide concentration has typically been maintained <2 
mg/m3 which is consistent with an expected upper concentration of 1.9 mg/m3 indicated by the combined projected 
equipment offgassing load and the crew metabolic load. Isolated cabin volumes, particularly cargo vehicles at first 
entry, usually reported higher concentrations. Increases in carbon monoxide concentration were observed to coincide 
with high Freon 218 concentrations. 

The effects of high Freon 218 concentrations in the ISS cabin on methane and carbon monoxide concentrations 
were evaluated. Whole air grab sample data indicate four significant and one minor Freon 218 leak events over the 
�,�6�6�¶�V���R�S�H�U�D�W�L�R�Q�D�O���O�L�I�H�W�L�P�H���W�R���G�D�W�H�����0�H�W�K�D�Q�H���D�Q�G���F�D�U�E�R�Q���P�R�Q�R�[�L�G�H���F�R�Q�F�H�Q�W�U�D�W�L�R�Q���P�H�D�V�X�U�H�P�H�Q�W�V���V�K�R�Z���J�U�H�D�W�H�U���Y�D�U�L�D�E�L�O�L�W�\��
during the periods when the Freon 218 concentration is high. Pearson correlation of Freon 218 concentrations with 
m�H�W�K�D�Q�H���D�Q�G���F�D�U�E�R�Q���P�R�Q�R�[�L�G�H���F�R�Q�F�H�Q�W�U�D�W�L�R�Q�V���Z�D�V���I�R�X�Q�G���W�R���E�H���Z�H�D�N�����6�S�H�D�U�P�D�Q�¶�V���5�K�R���D�Q�D�O�\�V�L�V���V�K�R�Z�H�G���Q�R���V�W�D�W�L�V�W�L�F�D�O��
significance for correlation with the exception of the carbon monoxide concentration during the second and largest 
Freon 218 leak event in 2008. Up to 41% active removal capability reduction is possible for carbon monoxide based 
on documented catalyst poisoning test results. However, attributing the higher carbon monoxide concentration during 
the second Freon 218 leakage event solely to oxidation catalyst poisoning is confounded by the potential that cargo 
delivered to the ISS contributed to an increase in the equipment offgassing generation load. Specific catalyst 
performance testing is necessary to fully understand Freon 218�¶�V effects on carbon monoxide catalytic oxidation at 
ambient temperature. 

VI.  Conclusion 
Generation sources of methane and carbon monoxide have been reviewed and updates to the human metabolic 

load component have been developed. The recommended methane metabolic load is 588 mg/d and the carbon 
monoxide metabolic load is 17.9 mg/d for a single crewmember. These recommended metabolic loads are nearly two 
times and four percent higher than the methane and carbon monoxide metabolic loads, respectively, indicated by a 
literature review conducted in 1995. Both methane and carbon monoxide have been well controlled aboard the ISS by 
catalytic oxidation-based processes. Methane concentration variability is consistent with a crew population composed 
of 31% methane producers on average. This methane production incidence is within the range of the general human 
population. Both methane and carbon monoxide concentration variability indicated weak correlation with periods of 
high Freon 218 concentration. Past testing also indicates that methane oxidation catalyst poisoning by Freon 218 is a 
very minor factor in the observed cabin methane concentration variability. Examining cabin methane concentration 
variability indicates a source magnitude that fluctuates with the crew increments. Therefore, human metabolic 
generation source variations are concluded to be the dominant reason for methane concentration variability in the ISS 
cabin atmosphere. Tying carbon monoxide concentration variability solely to oxidation catalyst poisoning is indicated 
by the statistical significance �I�R�X�Q�G���E�\���6�S�H�D�U�P�D�Q�¶�V���5�K�R���D�Q�D�O�\�V�L�V���R�I���W�K�H���V�H�F�R�Q�G���)�U�H�R�Q��218 leakage event. However, 
determining that actual magnitude of the effects produced by high Freon 218 concentrations in contact with the carbon 
monoxide oxidation catalyst are confounded by the equipment offgassing generation source variability induced by 
cargo shipments to the ISS. Specific testing designed to characterize the effect that Freon 218 has on carbon monoxide 
catalytic oxidation at ambient temperature must be accomplished to better understand the effects on of catalyst activity. 
  


