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The International Space Station 
(ISS) is made livable in great 

part thanks to a system that cap-
tures and removes carbon dioxide 
(CO2) from the air. The workhorse 
in this is a compressor, which ful-
fills its CO2-capture duties, but 
at a cost: it is noisy and requires 
frequent maintenance. Engineers 
at NASA used modeling and sim-
ulation together with experimental 
testing to analyze the next gener-
ation of compressor designs that 
get the job done more quietly, with 
fewer maintenance needs, and at 
lower fabrication cost.

Removal of contaminants

Astronauts signing up to live and 
work on the ISS put a lot of trust in 
the engineers behind the contami-
nant removal technology that rids 
the cabin of CO2 (Fig. 1). Current-
ly, this is done by a system called 
Carbon Dioxide Removal Assem-
bly. This CDRA absorbs carbon 
dioxide and sends it to a Sabatier 
reactor where it is combined with 
hydrogen from the oxygen genera-
tion system to produce water. That 
water is supplied to the astronauts 
for drinking. The system also yields 

methane, which is sent into space. 
“We have this closed-loop system 
to keep the astronauts alive, but 
in order for the carbon dioxide to 
work with the Sabatier reactor, it 
has to be at a higher pressure than 
what it is absorbed at, so we have a 
compressor in between the CDRA 
and the Sabatier reactor,” said Han-
nah Alpert, an aerospace systems 
engineer at NASA Ames Research 
Center. The CDRA is currently 
being upgraded to a new four-bed 
molecular steam system: the four-
bed, CO2 scrubber, or 4BCO2 in 
shorthand.

For a better life in space
NASA combines thermal modeling and experimental testing to find the best compressor  
design for the system that keeps the air breathable on the International Space Station.
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The new system is designed to 
improve reliability and performance 
compared to the current CDRA. 
Various changes are necessary to 
achieve this: Firstly, the outdated 
sorbent used for CO2 capture must 
be replaced. In addition, some com-
ponents have gone from a rectan-
gular to a cylindrical bed and the 
heating core was redesigned to bet-
ter distribute the sorbent and elim-
inate the empty spaces. A filter for 
dust collec tion and new valves for 
a longer operating life were added. 
However, the basic functionality of 
the 4BCO2 as integrated into the 
compressor is essentially the same 
as at present.

Redesigning the compressor
The current system features a me-
chanical compressor, which has a 
high mass and power, resulting in 
high noise levels. The many me-
chanical, rotating parts require fre-
quent maintenance – making the 
system expensive to both manu-
facture and operate. As an alterna-
tive technology, a promising option 
seems to be an air-cooled tempera-
ture swing adsorption compressor 
or AC-TSAC. 

The new type of compressor is 
expected to bring many advantages 
for the ISS: the AC-TSAC is cheaper 
to manufacture, easier to produce, 
lighter, has lower energy require-
ments and is much less noisy, so it 
will disturb the astronauts on the 
ISS less. In addition, there are no 
rotating parts, so hopefully few-
er parts will need to be replaced. 
The AC-TSAC is a bed filled with 
zeolite pellets that capture CO2. 
It adsorbs CO2 more efficiently at 
room temperature. 

The entire cycle to pressurise 
the CO2 is as follows (Fig. 2): The 
AC-TSAC is cooled to room tem-
perature and absorbs the CO2. It is 
then heated up to release the CO2 
and thus increase the pressure in 
the canisters. The pressurised CO2 
is then fed into the Sabatier reactor, 
which converts it into water. The 
cooling phase takes around 60 min-
utes, the heating phase takes a fur-
ther 25 minutes and then it remains 
in the heating phase for around 
75 minutes. To ensure that CO2 is 
constantly fed into the Sabatier re-
actor, the AC-TSAC is divided into 
two beds, one in the heating and 
adsorption phase and the other in 
the cooling and production phase, 
which is then switched over. 

The team has already developed 
one version of the AC-TSAC and is 
now using thermal modeling to fur-
ther improve on the designs.

Next-generation design
The COMSOL Multiphysics® sim-
ulation platform was used to create 
models for the current AC-TSAC 
design. For this project, Hannah 
Alpert created both a 3D and a 2D 
version of the model. As both ver-
sions delivered the same results for 
her purposes, she opted for the 2D 
model as it took less time to run. 
As shown in the model (Fig. 3), 

inside the AC-TSAC there are 
three shelves in the centre and ze-
olite pellets packed into the open 
spaces. Between the shelves are 
resistance heating plates to heat 
up the bed. Air flows through the 
cooling channels during the cool-
ing phase.

To validate the model, the team 
used temperature and power read-
ings from two test campaigns that 
were done on the AC-TSAC. “The 
first one was a two-bed test for 
functionality at NASA Marshall 
in October of 2022. Then we did 
a more focused test campaign at 
NASA Ames, where we just used 
one bed to isolate the exact prop-
erties more”, described Hannah 
Alpert.

During the NASA Marshall test, 
they placed resistance temperature 
detectors in specific locations on 
the heater surface to measure the 
temperature. From there, they used 
the measured temperature as one 
of the boundary conditions of the 
model and ran the model to check if 
the modeled temperature matched 
the experimental data. The results 
matched very well. Similarly, in 
terms of the power that was being 
put into the bed, the team was able 
to match the experimental data to 
the model. For this test, they only 
looked at the heating phase of the 
cycle.

 Fig. 1 NASA astronauts work on 
a Carbon Dioxide Removal Assembly 
(CDRA) inside the station‘s Japanese  
Experiment Module.

Fig. 2 The complete cycle for pressurising the CO2 in the AC-TSAC process takes 
150 minutes. 

Cooling
Bed is cooled to room 
temperature for more 

efficient CO2 adsorption
Production

CO2 is delivered to 
the Sabatier reactor 
for water generation

Adsorption
CO2 is adsorbed 

by the zeolite

Compression
Zeolite bed is heated, 
releasing  the CO2 and 

increasing the pressure 
in the cannister

O
rig

in
al

 im
ag

e 
co

ur
te

sy
 o

f N
AS

A,
 m

od
ifi

ed
 b

y 
CO

M
SO

L



6 Physics’ Best, April 2025 © 2025 Wiley-VCH GmbH

S o f t w a r e

Next, to gain confidence in the 
power that was being applied, the 
team performed the focused test 
at NASA Ames, which tested just a 
single bed and collected experimen-
tal data from the heater surface and 
sorbent node. In this case, they used 
the measured power as input to the 
model and measured the tempera-
tures at the heater node and sorbent 
node in the model. The comparison 
between the model and the test re-
sults showed a good overlap between 
the data (Fig. 4). Using the validat-
ed model, the scientists were now 
able to analyse how various design 
changes would affect the heating and 
heating rate of the compressor.

Design trade studies

As part of their search for the best 
new design, the team looked at four 
specific design trade studies: inter-
nal vs. external heaters, aluminum 
bed vs. vapor chambers, rectangle 
vs. cylinder bed, and total number 
of compartments. The goal was to 
reach high temperature quickly 
and for the temperature to be uni-
form throughout the bed during 
ramp-up.

Internal vs. external heaters
“The first measure we considered 
was switching from internal heat-
ers,“ said Hannah Alpert. “Cur-
rently, the internal heaters are in the 
centre of the beds, and these inter-
nal resistance heaters are a poten tial 

source of failure. There are a lot of 
wires going into the bed, and it‘s just 
a complex, messy bundle of wires 
and heaters.“ So the team wondered 
if it would be possible to move the 
heating elements to the outside of 
the bed and still heat the sorbent 
quickly and evenly. Using the mod-
el, they applied power to the inter-
nal and external heaters to compare 
the heating rate and uniformity.

The scientists found that switch-
ing from internal to external heaters 
did not have a major impact. Thus, 
the use of external heaters instead 
of internal ones has the potential 
to improve or at least maintain the 
temperature uniformity of the sor-
bent while reducing the complexity 
of the system.

Aluminum bed vs. vapor 
chambers
For the second design trial, the team 
investigated the effects of switching 
from an aluminium bed to the use 
of vapour chambers. Vapour cham-
bers are heat pipes that efficiently 
distribute heat in multiple direc-
tions. Heat is applied to one end of 
a vapour chamber and then a small 
amount of liquid is trapped in the 
chamber. This vaporises into steam, 
which flows through the chamber, 
heats it up very quickly and then 
condenses as soon as it reaches the 
cooler areas. The capillary action 

Fig. 4 The 
experimental 
results from 
the focused 
test and 
the thermal 
model show 
good agree-
ment. 

Fig. 3 The actual compressor (a) can be easily visualised using both a 2D model (b) and a 3D model (c). A 2D model was therefore 
sufficient for further modelling. 

Cooling passages
and fins CO2 inlet

Cooling inlet
Resistive heating plate

Aluminium Sorbent Air Heater
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causes the liquid to flow back to the 
heat source, and this cycle is repeat-
ed. This enables extremely high ef-
fective thermal conductivity in the 
order of 10 000 to 100 000 W/(m K).

NASA works with external part-
ners who manufacture and test 
the vapour chambers and perform 
realistic modelling. For this analy-
sis, the team modelled the vapour 
chambers with the material proper-
ties of aluminium, but with a much 
higher thermal conductivity to get 
an idea of what impact this would 
have. The key finding here is that 
the use of vapour chambers can im-
prove the temperature uniformity 
of the sorbent if a vapour chamber 
bed is used instead of an aluminium 
bed, while the average temperature 
of the sorbent remains the same. 
This is especially true for the cylin-
drical housing, which is part of the 
third design study.

Rectangle vs. cylinder bed
Hannah Alpert and her team used 
a simplified model to get a feel for 
how changing the shape of the bed 
affects temperature uniformity. 
“I left the surface area of the sorbent 
the same. The distance between 
the aluminium or vapour chamber 
is the same and the length of the 
heater is also the same. That‘s how 
I narrowed down the problem,“ she 
said. The analysis showed that both 
shapes give similar average tem-

peratures of the sorbent, but the 
temperature uniformity is much 
worse in the cylindrical case when 
it is made of aluminium (Fig. 5). 
This makes sense to Hannah Alp-
ert: “The sorbent is separated by 
aluminium walls and the heater is 
only on the outside. So the sorbent 
near the heater gets much hotter 
than the sorbent on the inside.”

When they switched to a vapor 
chamber structure, the thermal 
conductivity is high enough that the 
heat very quickly flows through the 
walls. In that case, the team noted 
that the temperature uniformity is 
pretty similar between the rectan-
gular and cylindrical bed shapes.

Number of compartments
In the fourth design trade study, the 
team analysed the number of sor-
bent chambers to determine wheth-
er more or fewer chambers would 
affect the average temperature and 
temperature uniformity. Hannah 
Alpert was not surprised that in-
creasing the number of chambers 
improved the temperature unifor-
mity as the chambers were closer to-
gether: “Each of the compartments 
is smaller, but we have added more 
thermal mass because there is now 
more aluminum in the system. So 
that decreases the overall heating 
rate for the average sorbent tem-
perature.”

Fig. 5 In these designs for cylindrical (a) and rectangular beds (b), the sorption 
surface, the distance between the aluminium/steam chambers and the length of the 
heater remain unchanged.

Heaters Aluminium Sorbent
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The team also found that with 
the same volume of the entire sys-
tem but more compartments, the 
amount of sorbent that fits in a given 
volume actually decreases. This in 
turn would reduce the amount of 
CO2 that can be removed.

Performance sensitivity 
analyses
In addition to those studies, the 
NASA team also tried to increase 
the thermal conductivity of the sor-
bent itself. The aim was to find out 
how much the thermal conductivity 
had to be increased and what effects 
this would have.

In the thermal model of the orig-
inal AC-TSAC design, the team saw 
that increasing the thermal conduc-
tivity of the sorbent did not have 
much of an effect on the average 
sorbent temperature, but it did im-
prove the temperature uniformity 
to a large degree. This shows that 
the scientists‘ efforts are going in the 
right direction and that it is worth 
concentrating a large part of all de-
velopment efforts there.

Similarly, when the team in-
creased the thermal conductivity 
in their model of a cylindrical bed 
with vapor chamber, the simulation 
results showed a large improvement 

in the temperature uniformity of 
the sorbent throughout the bed 
(Fig. 6).

Finally, the team analysed the 
effects of increasing the input pow-
er. It is clear that higher power in-
creases the temperature. But the re-
searchers wanted to get a feel for the 
extent to which the heating rate in-
creases and the extent to which the 
temperature becomes less uniform. 
The results showed that with a pow-
er consumption of 1000 W instead 
of 600 W, an additional heating of 
100 °C is possible over a period of 
30 minutes, although the tempera-
ture uniformity decreases.

Better design through 
combination
Hannah Alpert and her team suc-
cessfully created a thermal model 
of the existing AC-TSAC and val-
idated it using test data. Using the 
validated model, they were able to 
determine which design parameters 
needed to be changed to achieve 
the desired results. The simulation 
showed that external heating ele-
ments reduce system complexity 
and potential for error, that vapor 
chambers have higher thermal con-
ductivity and thus improve sorbent 
temperature uniformity, and that 

they should continue to focus on 
increasing the thermal conductivity 
of the sorbent.

So far, the scientists have only in-
vestigated the heating phase. Now 
they need to investigate the station-
ary phase and the cooling phase of 
the cycle as well. The team will also 
continue to validate the thermal 
model with experimental data and 
take mechanisms such as heat losses 
into account.

“COMSOL is this nice multi-
physics platform,” said Hannah 
 Alpert, “we can do more than just 
thermal here. At high temperature 
when the pressure goes up for the 
CO2, that has not yet been incor-
porated into the model. That is 
something we’ll plan to do in the 
future.”
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Detailed AC-TSAC Thermal Model
Rectangular Bed, Aluminium Structure, Internal Heating
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Fig. 6 Increasing the thermal conductivity (k) leads to less of a temperature difference of the sorbent throughout the bed. 


