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A Carbon Dioxide Management System (CMS) trade study was conducted to compare the 
Sabatier Assembly Compressor (SAC) used on the International Space Station (ISS) with the Air-
Cooled Temperature Swing Compression System (AC-TSAC) and the Thermally-Coupled TSAC 
(TC-TSAC).  The Analytical Hierarchy Process (AHP) was used to evaluate the systems based on the 
following criteria: carbon dioxide (CO2(g)) process capacity, safety, reliability, in-flight 
maintainability, volume, mass, power, heat rejection, technology readiness level (TRL) and cost. The 
trade study results showed that for both the gateway and the Mars missions, the TC-TSAC is the 
favored technology compared to the AC-TSAC and the SAC. 

Nomenclature 
4BMS = Four-Beds Molecular Sieve 
AC-TSAC= Air-Cooled Temperature Swing Adsorption Compression 
AES = Advanced Exploration System 
AHP = Analytical Hierarchy Process 
AILSS = Advanced Integrated Life Support Systems 
ARC = Ames Research Center 
ARS = Air Revitalization System 
CDRA = Carbon Dioxide Removal Assembly 
CH4 = methane 
CMS = Carbon dioxide Management System 
CO2(g)  = carbon dioxide 
CRA = Carbon dioxide Reduction Assembly 
CRCS = Carbon dioxide Removal and Compression System 
EDM =   electrical discharge machining  
ESM = Equivalent System Mass 
GM = geometric mean 
H2 = hydrogen 
H2O = Water 
ISRU = In-Situ Resource Utilization 
ISS = International Space Station 
JSC = Johnson Space Center 
LC-TSAC= Liquid-Cooled Temperature Swing Adsorption Compressor 
LPCOR =  Low-Powered Carbon Dioxide Removal Assembly 
MCDM = Multi-Criteria Decision Making 
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MMH/YR =  maintenance man-hour per year 
MSFC = Marshall Space Flight Center 
MTBF =  mean-time between failure 
N = the total number of trade survey returned 
NASA =  National Aeronautics and Space Administration 
NV = normalized value 
O2 = oxygen 
OGA =  Oxygen Generation Assembly 
ORU = Orbital Replacement Unit 
P = the trade system performance score assigned to each criteria 
PCM = Pairwise Comparison Matrices 
PSA = Pressure Swing Adsorption 
RSA = Rotary Separator Accumulator 
RV = reverse value 
S = the final trade score assigned to each system, % 
SAC =  Sabatier Assembly Compressor 
SS =  stainless steel 
SwRI = Southwest Research Institute mechanical carbon dioxide compressor 
TC-TSAC= Thermally-Coupled Temperature Swing Adsorption Compressor 
TCCS =  Trace Contaminant Control System 
TRL = Technology Readiness Level 
TSAC = Temperature Swing Adsorption Compressor 
UOP = Universal Oil Products, a Honeywell Company  
V = criteria performance value of each system 
W = the weight assigned to each criteria 
WS =  weighted score 
X = the number of trade criteria 

Introduction 
 
 He objectives of Air Revitalization Systems (ARS) for spacecraft are to remove contaminants and capture and 
convert carbon dioxide (CO2(g) ) to metabolically consumable oxygen (O2) or other useful resources[1].  The 

ARS on the International Space Station (ISS) consists of four subsystems: the Trace Contaminant Control System 
(TCCS), the Carbon Dioxide Removal Assembly (CDRA), the Carbon Dioxide Reduction Assembly (CRA), and the 
Oxygen Generation Assembly (OGA).    
 On ISS, the Four-Beds Molecular Sieve (4BMS) functions as the CDRA by removing CO2(g)  from cabin air 
while the CRA and the OGA combines the CO2(g)  with the hydrogen to produce oxygen, water, and methane. The 
Carbon Management System (CMS) consists of the Sabatier Assembly Compressor (SAC) and the accumulator 
tanks. SAC compresses the CO2(g) and the accumulator tank that acts as a buffer tank to accommodate variable 
CO2(g)  input flow. ISS has been in operation since 2001. Up until 2010, the ARS consisted only of the 4BMS and 
the OGA.  In 2010, the CRA was installed to reduce the need to re-supply water to ISS. 
 Other proposed CMS systems for spacecraft are the various configurations of the Temperature Adsorption 
Compression Systems (TSAC):  the Liquid-Cooled TSAC (LC-TSAC); the Air-Cooled TSAC (AC-TSAC); and the 
Thermally-Coupled TSAC (TC-TSAC).  The major difference between the SAC and the TSAC systems is that SAC 
[2] is a mechanical system whereas the TSAC are solid-state adsorbent based systems. Although the SAC system 
undergone long-term pre-flight testing at Marshall Space Flight Center (MSFC) and is currently being used on ISS, 
a mechanical system has higher fault risk compared to the solid-state adsorbent based system due the large number 
of moving parts.  On the other hand, the adsorbent based system may post disadvantages that have not been 
considered previously. For example, TSAC systems are subjected to temperature swing operating cycles which can 
subject sorbent to structural breakdown [3].  Although both the 4BMS and the TSAC devices use zeolite, the 4BMS 
operation cycles differ from the TSAC operating cycles so the TSAC may not experience the same faults as the 
4BMS.  Weighing the advantages and the disadvantages between these technologies requires careful consideration 
of key design and operating parameters.  
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 This paper will outline the trade study conducted between the mechanical compressor and the TSAC systems.  
Although there are other CMS technologies, e.g. the scroll compressor, they are not evaluated here due to lack of 
design and operating data.  

I. Previous CMS Trade Studies 

A.   Hamilton Sundstrand, 2002 
 In 2002, Hamilton Sundstrand conducted a brief CMS trade study to determine the best technology for further 
development given the scarce available resources budget constraints and development time[4].  The study evaluated 
the air-save, the piston, and the TSAC compressors. The trade first defined the criteria then assigned relative weights 
to each criteria based on the level of importance of one criteria versus all the others.  The trade criteria used are 
development cost, reliability, hardware and software changes, recycle cost, heat rejection and power, and scarring. 
Based on the relative weights analysis, the three most important criteria were development cost (38.7%), 
hardware/software changes (38.7%), and recycle cost (10.4%).  The trade results recommended the SAC compressor 
be used as the baseline technology due to its minimal risk and was developed into the system currently being 
operated on ISS. The air-save compressor concept was ruled-out because it failed the acoustic requirement. The 
TSAC posted high risk because of its low Technology Development Level (TRL, but was further developed into the 
AC-TSAC and the TC-TSAC.  

B.   Integrated Testing 2006 
 In 2006, both the SAC and the AC-TSAC were tested with the ground based 4BMS system at MSFC. The test 
results showed that both compressors were feasible for oxygen loop closure. Both proved compatible with 
interfacing systems and able to perform their intended functions for a wide range of input conditions[5].  

C.  Preliminary CMS Trade Study 
 In 2015, Ames Research Center (ARC) conducted preliminary CMS trade studies using Equivalent System Mass 
(ESM) [6] and radar chart [7]. Since the Carbon D[8]ioxide Removal and Compression (CRCS) assembly functions 
both as a CO2(g)  removal and a CO2(g)  compressor, it was compared with the 4BMS and the SAC. This approach 
favored the CRCS due to its low ESM (564.2kg), compared to the CDRA/SAC combination (643.0kg).  
 In the same year, the Richardson et.al.[8] conducted a trade study using radar charts comparing the SAC and the 
TSAC. At that time, the TC-TSAC was not operational and only design trade parameters were used.  This trade 
study indicated that the SAC is the feasible option based on TRL and development time and the TC-TSAC is 
feasible based on the solid-state design and reliability.   
 Since considerable progress has been made in spacecraft CMS technology and long-term data have been 
collected on ISS ARS operation, a CMS trade study is needed to evaluate the feasibility of the systems and assist in 
future decision-making process. The goal here is to not compare all the technologies, but to focus on comparing the 
SAC mechanical-based piston compressor to the TSAC adsorbent-based compressors.  

 

II. This Trade Study 
The purpose of this study is to determine the most favorable CMS systems based in for both the gateway and the 

Mars missions..  The evaluation criteria were extracted from the 2017  “Criteria for CO2(g)  Removal System 
Technological Assessment”[9] solicitation.  The scope of this trade study will focus only on the CMS function of 
the ARS. This study will evaluate the following technologies: the SAC on ISS, , the AC-TSAC, and the TC-TSAC. 
The technology assessment goal is to rank the candidate for both flight demonstration and make recommendations 
for technologies that require further development for future missions. 

A. Methodology and Process 
Choosing a method for this trade study involves evaluating the best method to evaluate the systems that would 

yield the most useful data. The method must be able to handle multivariable analysis, robust in that it can provide 
flexibility for changing design and operating parameters, and allow for prioritization of different criteria to 
accommodate mission objectives. Several different methods that were considered before Analytic Hierarchy Process 
(AHP) was chosen.   
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In 1970, Hamilton Sundstrand conducted a trade-off study of the Advanced Integrated Life Support Systems 
(AILSS)[10]. The trade categorized the system’s criteria into three different groups: absolute, primary, and 
secondary. The absolute criteria are those with “minimal acceptable requirements,”[10] which included system 
performance and operation characteristic. The primary criteria are ESM, reliability, and maintainability. The 
secondary criteria are all those criteria that did not fall in either the absolute or primary criteria.  This method 
allowed for placing the more heavily weighted criteria in the absolute category and the less important criteria as 
secondary importance.  The heavily weighted criteria  are those criteria that are considered as priority based on the 
mission objectives at the time. 

In 2001, Hamilton Sundstrand conducted a study of the CMS (since it was not evaluated previously) by 
assigning relative weights to the different criteria based on the mission objectives[4]. Here, the assigned weights 
value were agreed upon by the experts within the ARS community. In 2015, Bohrer et.al. [6] considered only ESM 
in their trade study and did not trade the TSAC systems. The  Richardson et. al. trade study in 2015 [11] gave equal 
weights to the selected criteria and the results were graphically represented via radar charts.   

We initially approached this trade study using the Hamilton Sundstrand 1970 trade method by assigning the 
criteria into the absolute, primary, and secondary categories.  This approach can be used to build an excel worksheet 
where weights can be assigned to each categories and to each criteria.  This method seem plausible in that one can 
adjust the weights of the criteria based on mission objectives.  However, there were some disagreement relating to 
which criteria belong to which category.  Therefore, we ultimately chose the AHP as it allows for the assignment of  
relative weights to the chosen criteria(in pairs) by a community of experts.  This method is used often in decision 
making scenarios.   

B. AHP  
APH “has been widely used to tackle the subjective and objective judgements about qualitative and/or 

quantitative criteria in multi-criteria decision making (MCDM)” [12].  AHP attemps to minimized bias and conflict 
of interest that often exist in trade studies.  The three levels of the AHP are shown in  Figure 1.  In level 1, the trade 
goal is defined.  Here, our goal is to chose the best CMS for the gateway and the Mars mission.  In level 2, the 
criteria are chosen. The criteria for the AHP analysis should be chosen because it is important to the evaluation 
process and they can be either qualitatively or quantitatively defined. In this trade study, ten criteria are chosen 
based on reference [13] and further defined in Table 2. Only ten criteria were chosen here to keep the data to a 
manageable quantity.  Follow up trade study can expand the number of criteria as needed.  

 In level 3, the alternatives are chosen.  Here, the alternatives are the SAC, AC-TSAC, and TC-TSAC.  These 
were chosen because these are the systems that are either in operation or is being developed for the Advanced 
Exploration System (AES) program.  Both methods used by Hamilton Sundstrand in 1970 and in 2001 contain some 
elements of the AHP. The main reference documents used in this trade study are listed in Table 1. Once the three 
levels of he AHP are defined.  The scoring of the alternatives, the final score,  are are assigned based on two main 
components: the criteria weights and the performance rating.   The final score is the product of the criteria weight 
and the performance rating, Equation 1.  
 

Final AHP score= criteria weight *  performance rating       Equation 1 
 

 
Figure 1: A diagram showing the three different AHP levels. In level 1, the trade study goals are defined. In 

level 2, the criteria are listed. And in level 3, the trade alternatives chosen. 
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Table 1: A table listing the main reference documents used in this trade analysis. 
Title Revision 

NASA, Evaluation  Criteria for CO2(g)  Removal System Technological Assessment (FY17). 2017. 
Solicitation: NNJ13ZBG001N(NASA Research Announcement 2017): p. 12. [9] 

FY17 

Murdock, K., Integrated Evaluation of Closed Loop Air Revitalization System Components. NASA 
Technical Report, 2010. CR-2010-216451: p. 191.[5] 

2010 

HIDH, NASA. "Human Integration Design Handbook." National Aeronautics and Space 
Administration, Washington, DC, Report No. NASA/SP-2010-3407, Rev. Baseline.-oe23 (2010). 
 

2010 

 
Table 2: The table listing the trade study criteria, the method of rating, and the criteria definition. 

 

C. Performance Ratings 
Performance rating  is defined as the rating of how well the system meets the criteria. Not all criteria can be rated 

quantitatively. Therefore, some criteria will be defined qualitatively on a scale of 1(very poor) to 5 (excellent). The 
criteria with the qualitative ratings are safety, in-flight maintainability, and cost. Quantitative ratings are the 
operating data for the specified systems.  For criteria where the highest rating equate to the preferred system, the 
performance value is the rating value. For criteria where the lowest rating equate to the preferred system, a reverse 
value (RV) is calculated according to Equation 2. For example, for spacecraft systems, the lower the system mass, 
the better the system.  For ESM values (mass, volume, power, and heat rejection), the reverse value is calculated and 
used as the performance rating. 
 

RV = Vmax – (Vactual –Vmin)                      Equation 2 
where 
RV= reverve value 
Vmax= the maximum value of all the alternate systems 
Vactual=the performance rating of the alternate system 
Vmin=the minimum performance rating of all the alternate systems 
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D. Criteria weight assignment 
Criteria weights are assigned according to the results of a survey that were sent out to experts (researchers, 

engineers, and managers) in the spacecraft life support community at Johnson Space Center (JSC), Marshall Space 
Research Center (M), and Ames Research Center (ARC).  An example of the survey is shown in Figure 2.  The 
survey uses the Pairwise Comparison Matrices (PCM) to assign criteria weights. According to Ishizaka et. al. [14], 
‘Psychologists argue that it is easier and more accurate to express one’s opinion on only two alternatives than 
simultaneously on all the alternatives.” 

The AHP matrix lists the criteria on the rows and columns where one criteria can be weight against another, 
Figure 5.  The participant in the survey fills out the top right half  of the matrix (a12…a1n), and the values in the 
bottom left half is the inverse of the value of the top half. For example, in Figure 5, the value in a21 is 1/a12.   To 
simplify the survey, the table in Figure 4 ask the participants to assign a weight to each criteria in pairs.  For 
example, the participant is asked to consider if safety is more important than reliability.  If safety is more important, 
how much more important is it on a scale of 1 to 9. If one thinks safety is extremely important, then a rating of 9 is 
assigned.   
 

 
 

 
Figure 2: An example of the survey weight table sent to various experts in the NASA ARS community. 

 
Figure 3: An example of the AHP matrix[14] 

 
The  survey results is compiled into the 10 x10 matrix where the cells above the diagonal is the weight assigned 

by the participant. Using the 10x10 matrix for each participant, the weights for each criteria are calculated according 
to  the row geometric mean method (RGMM), Equation 3 and normalized according to Equation 4. Finally, the 
cumulative weights of all the participants are compiled and a one value for the criteria weights are assigned. There 
are numerous research and debate regarding inconsistencies in assigning weight values, the reader is referred to the 
AHP literatures for further discussions on these topics.  Our next step in this trade study is to briefly summarized the 
three alternatives and their associated trade data.  
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                      Equation 3 
where 
ri = criteria weight 
N= the number of criteria 
aij= the matrix component 

                                       Equation 4 
where 
pi = normalized value 

 

II. Mechanical Compressor 
The CMS mechanical compressor was designed based on the compressor technology developed for use in 

“compressing oxidizing gas mixtures for storage/disposal”[15].  The design parameters were outlined by Jeng et. al. 
[16].  Modeling were done to examine the integration  of the compressor with the CDRA, OGA, and CRA [17, 18]. 
Based on the work done by Deffenbaugh, et al.[15], the reciprocating compressor was chosen over the scroll 
compressor because the reciprocating compressor can be developed to the needed TRL level more easily [18]. Based 
on the CO2(g)  flow and the pressure rise requirements, the SAC is an oil-free, no lubrication, two-stage reciprocating 
compressor. The first stage has two identical piston assemblies. The second stage has one piston assembly.  An oil-
less compressor is used to prevent catalyst poisoning in the CRA [19]. 

Figure 4 shows the diagram of the compressor Scotch-Yoke Crankshaft Mechanism and the associated seals. 
The oil-less environment, piston seal life, and flow requirements is driving force for the use of the Scotch-Yoke 
Crankshaft Mechanism. Figure 5 shows the SAC performance data from 2011 to 2017.  

 
 

Figure 4: (left)The SwRI oil-less CO2(g)  compressor assembly using the Scotch-Yoke Crankshaft Mechanism 
The SwRI compressor[20] and design data; (middle) SwRI hardware and compressor ORU characteristics 

[21]; the graphs of compressor operation versus data for compressor #1 and compressor #2.[21] 
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Figure 5: A table listing the SwRI compressor #1 and #2 operating and cycle time [21]. 
 

III. Air-Cooled TSAC (AC-TSAC) 
 The AC-TSAC was designed and built with the assumption that it is easier to integrate an air-cooled 
system than a liquid-cooled system[22].  The AC-TSAC design implemented the performance data and the lesson 
learned from the Liquid-Cooled (LC-TSAC) in order to reduce ESM parameters. There were two generations of AC-
TSAC:  AC-TSAC 1000 and AC-TSAC-2000, Figure 6. The AC-TSAC 1000 is a pre-prototype and its objective 
was to validate thermal model and mechanical design [23]. The AC-TSAC 1000 was designed by brazing air 
channels in with the canister. The high brazing temperature cause the canister to deform, so the AC-2000 was 
fabricated using electrical discharge machining (EDM). The EDM process minimized leaks and yield high 
mechanical structure.  Figure 7 shows the AC-TSAC process diagram and the system characteristics. 

In 2006, the AC-TSAC was tested in an integrated system at MSFC with the CDRA like system and have 
shown consistent CO2(g)  delivery of at least 4kg/day, at 1000torr. The CO2(g)  product stream contains less than 1% 
oxygen and less than 1% nitrogen. In 2017, the AC-TSAC 2000 was retested to examine its feasibility along side the 
TC-TSAC. However, due to leaks from the hardware, long term testing was not completed.   
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Figure 6: A picture of the AC-TSAC canister 

 

 
Figure 7: AC-TSAC rack, canister, design parameters, and flow schematic[23]. Pictures of the larger AC-
TSAC-1000 (left) and the size-optimized version AC-TSAC 2000 (right)[23] A graph showing the CO2(g)  

production of 4.16kg/day during integrated testing at MSFC[22] 
 
 

IV. Thermally-coupled TSAC (TC-TSAC) 
The TC-TSAC was designed as part of the Low-Powered Carbon Dioxide Removal Assembly (LPCOR) in an 

attempt to reduce the power consumption during regeneration.  The LPCOR consist of the bulk air dryer (BAD), the 
residual air dryer (RAD), and CRCS.  The BAD used Nafion membrane to remove 80% of the humidity; The RAD 
used NovelAir zeolite to remove the remainding 20% humidity; and the CRCS removed the CO2(g)  (in stage 1) and 
compressed, stored, and deliver CO2(g)  (in stage 2), Figure 8.  The CRCS refers to the CO2(g)  removal and CMS 
function; and the TC-TSAC refers to the thermally-coupled portion of the CRCS compressor function. 

Ther TC-TSAC was designed to resolve many issues encountered in previous TSAC versions: minimize leaks, 
decrease dusting, eliminated canister bowing due to operation, eliminate heater failure, increase flow dynamic and 
reduce ESM parameters.  Some designs included valves incorporated in the cone-shaped lids, white techmat used to 
reduce dusting, thin stainless steel wall to increase structural strength, and a shared wall between stage 1 and stage 2 
to reduce power consumption.  Short and long term testing on the CRCS system was completed in 2015-2016. Tests 
indicated that the spiral heaters did not allow for temperature uniformity and the embedded dynamic o-ring seals in 
the lid valves failed when operated in automatic mode.  Therefore, in 2017, the only the TC-TSAC function, Figure 
9, of the CRCS hardware was tested and the data used for this trade study. The hardware and software was modified 
to resolve the uneven temperature distribution and optimized power consumption. 
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Figure 8: (left) the TC-TSAC design parameters and Solidworks model; (middle) the TC-TSAC hardware; 
(right) the TC-TSAC testing results showing production rate and CO2(g)  purity. 

 

 
 

Figure 9: A figure of showing the TC-TSAC  carbon dioxide flow path. 

V. AHP Results 

Performance data were assigned and calculated where necessary as shown in Table 3. Reliability data for the 
TSAC systems were calculated based on CDRA components and reliability values. 
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Table 3: A summary of the performance data for each system. 
 

 
 

Of the 25 surveys sent out, a  total of 16 surveys were returned for analysis. The surveys data were analysis 
according to mission scenarios (gateway and Mars) and differences in responses between participants to participants. 
Figure 10 shows the color coded survey responses from 16 participants. For every criteria listed in the left column 
of the matrix, there  is the specified corresponding criteria pairs in the row.  The various matrices are color coded to 
observe the patterns in the criteria weights.  The lighter color indicates a low weight score and the darker color 
indicates a high weight score from a scale of 1/9 to 9. For example,  in Figure 10 box #1, this participant feel very 
strongly about CO2 capacity compared to the other criteria.  Figure 10 box #2 shows that the two participants 
differ significantly in the assigning weights to CO2 capacity, safety reliability, and in-flight maintainability.  The 
participant in Figure 10 box #3  rated TRL much more important for the gateway mission than the Mars mission. 
The participlant om Figure 10 box #14 rated reliability much more important for the gateway mission than for the 
Mars mission.  
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Figure 10 A figure showing the criteria weight surveys responses. 
  

Figure 11 shows the resulting criteria weight matrices for both the gateway and the Mars mission. Safety is the 
highest weight criteria. The consensus score for each mission scenarios were calculated based on the Shannon alpha 
and beta entropy.  This concensus values indicate the degree of overlap or agreement between the participants.  The 
consensus values are 66.0% and 70.4% for the gateway and Mars mission respectively. 

 
Figure 11: (left) The AHP resulting matrix for the gateway mission; (right) the AHP resulting matrix for the 

Mars mission. 
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Figure 12 shows the AHP survey results.  For both the gateway and the Marsion mission, safety is considered the 
most important criteria. According to the graph in Figure 12, reliability and in-flight maintainability are more 
important in the Mars mission.  

 

 
Figure 12: A graph of the AHP criteria weights. 

 
 

Table 4 lists all the criteria weights for both the gateway missions and the corresponding performance score for 
each alternative systems. The total score in percentages are listed in Table 5.           
       

Table 4: A summary table listing criteria weights and performance scores for the SAC, AC-TSAC, TC-
TSAC. 

 
 

Table 5: A table listing the final scores for all three systems for both the gateway and the Mars mission. 

 
 
 

For the gateway mission, the TC-TSAC is scored than the SAC and the AC-TSAC by over 10% and 24% 
respectively and over 8% and 28% for the Mars mission respectively.  In order to further reduce the bias and conflict 
of interest associated with the assignment of the performance scores, sensitivity analysis was completed by varying 
the different criteria performance rating of the three alernatives to determine the effects the  performance ratings 
have on the final score.  There were a total of 13 different sensitivity cases completed. The TC-TSAC performance 
ratings were adjusted in case 2 to 5; the AC-TSAC performance ratings were adjusted in case 6-9; and the SAC 
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performance ratings were adjusted in case 10-14. As shown in the sensitivity graph, Figure 13, the most significant 
improvement in the SAC final score is by adjusting the SAC reliability by 200%. In all of the cases examined, the 
TC-TSAC remain system with the highest scores.   
 Notes here is that the safety, reliability, and in-flight maintainability performance values assigned were not 
discussed in detail and the final score may varied if these rating were adjusted. This will be done in a follow up trade 
study. 
 

 
Figure 13 shows the graph of that reflect the sensitivity analysis that corresponding to the sensitivity case and the 

various parameters adjusted. 

VI. Conclusions and Recommendations 
Of the various trade methods, AHP was chosen because it allows for multi-criteria analysis and it tackles  the 

subjective and objective approach to criteria weights and performance rating, and addresses bias and conflict of 
interest. Sensitivity analysis was conducted to determine the effect of adjusting the different performance rating on 
the final score. With sensitivity analysis, the TC –TSAC scored higher than the AC-TSAC and the SAC for both the 
gateway and the Mars missions. 
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