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To meet the needs of future extended human spaceflight operations, Airbus DS has been 

developing and continuously improving the technology of regenerative CO2-Adsorbers based 

on the utilization of Astrine
TM

, an adsorbent resin which features excellent CO2 adsorption 

capabilities, provides easy regeneration ability and features a long lifetime and stability. In 

addition to its CO2 adsorption capability, Astrine
TM

 also removes water soluble Volatile 

Organic Compounds (VOC) from the feed air, increasing its range of use even further. The 

current Carbon-dioxide Concentration Subsystem (CCA) of the Advanced Closed Loop 

System (ACLS) is designed to remove CO2 from the cabin air on the ISS and provide it to 

another subsystem of the ACLS for further processing. Previously bound CO2 in the 

Astrine
TM

 is displaced again by means of hot steam regeneration. By operating three CO2-

Adsorbers in an overlapping manner and making use of a steam insertion profile, the CO2 

delivery flow can be controlled very exactly and kept at a steady level throughout the 

overlapping desorptions. A downstream Water Recovery Unit (WRU) condenses water out 

of the humid product gas and provides it again for hot steam generation. The current design 

efforts concentrated on the key aspects of the desorption process by significantly reducing 

weight, energy consumption and water consumption, thereby improving its overall 

efficiency. This paper provides a design description of the CCA, with additional emphasis on 

the integrated design approach in view of closed-loop operation of the ACLS. It also 

provides information about the built status of the hardware as well  as key performance 

results of the current model of the CCA in stand-alone and closed-loop testing. An outlook to 

further development activities in the near future will be given as well. 
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Nomenclature 

ACLS = Advanced Closed Loop System 

BOL = Beginning-of-Life 

CCA = Carbon-dioxide Concentration Subsystem 

CHX = Condensing Heat Exchanger 

CRA = Carbon-dioxide Reprocessing Subsystem 

CWC = Contingency Water Container 

CWSA = Condensate Water Separator Assembly 

DAU = Data Acquisition Unit 

DLR = Deutsches Zentrum für Luft und Raumfahrt 

EM = Engineering Model 

EOL = End-of-Life 

FM = Flight Model 

HTV = H-II Transport Vehicle 

H/W = Hardware 

IF, I/F = Interface 

ISS = International Space Station 

OGA = Oxygen Generation Subsystem 

WMS = Water Management Subsystem 

WRU = Water Recovery Unit 

w/o = without

 

I. Introduction 

HE Carbon-dioxide Concentration Subsystem as part of the Advanced Closed Loop System (ACLS) is designed 

to remove metabolically produced CO2 from the cabin atmosphere of the ISS through an adsorption process on 

Astrine
TM

, a solid amine resin bed. Once the Astrine
TM

 bed is loaded, the previously bound CO2 is desorbed through 

the application of overheated steam. As a subsystem of the ACLS, this CO2 is either delivered in a very pure form 

(>95% CO2 volume concentration) to the Carbon-dioxide Reprocessing Subsystem (CRA) or vented overboard. 

 

II. ACLS & CCA Functional Description 

A. ACLS Functional Description 

The ACLS is a next-generation Life Support System planned for operation on the ISS. It combines three major 

functions: 

 

1. Production of oxygen for provision to the cabin air in the Oxygen Generation Subsystem (OGA) 

2. Removal of metabolically produced CO2 from the cabin air in the CO2 Concentration Subsystem (CCA) 

3. Production of water via catalytic reaction of H2 and CO2 in the CO2 Reprocessing Subsystem (CRA) 

 

 

T 

 
Figure 1. ACLS schematic 
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B. CCA Functional Description 

The CCA is designed to remove metabolically produced CO2 from the cabin air and provide it to the CRA. It 

consists of the following functional sections: 

 

1. Adsorption Section 

2. Air Management Section 

3. CO2 Management Section 

4. Water Management Section 

 

The Adsorption Section is located on Drawer #2 

of the ACLS and consists of three Adsorber Sections, 

each in turn consisting of a Single Adsorber Bed and 

a Steam Generator as well as interfacing periphery to 

the Air Management, CO2 Management and Water 

Management. 

 

The Air Management Section is located on 

Drawer #2 and #3 of the ACLS. Three pairs of 

modulating Air Valves (Inlet/Outlet) are interfacing 

the Adsorber Sections on Drawer #2. An Air Fan 

located on Drawer #3 sucks Air from the cabin 

through the Adsorber Sections, depending on which 

Air Valves are opened or closed. A Condensing Heat 

Exchanger (CHX) on Drawer #3 reduces air 

humidity before releasing it again to the cabin, 

thereby limiting latent heat release
5
. The condensed 

water from the CHX is separated from the air in a 

Condensate Water Separator (CWSA) and 

subsequently provided to the Water Management 

Section. 

 

The CO2 Management Section is located on 

Drawer #1 and #2 of the ACLS. Previously adsorbed 

CO2 in the Adsorbers is desorbed again via 

application of superheated steam and subsequently 

released into the CO2 Management Section. Two 

CO2 Water Recovery Units reduce the humidity of 

the product gas by condensing water and providing it 

again to the WMS. The dried-out gas flow is then – 

depending on system operation status and O2 

concentration – either routed to the CRA or vented 

over board. 

 

                                                                 
5
 ACLS uses the "TCS MOD Supply" I/F, i.e. moderate temperature cooling water at ~18°C inlet temperature, 

limiting the efficiency of both CHX and CO2 WRUs. 

 
Figure 2. Adsorption and Air Management Sections  
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The Water Management Section is primarily located on Drawer #3 of the ACLS, with interfaces to the three 

Adsorber Sections on Drawer #2. It provides them with water for steam generation in the Steam Generators, 

depending on which Adsorber is currently in the desorption phase. Primary source of water is the US Lab Waste 

Water IF; however, the WMS also receives recovered water from the CHX/CWSA of the Air Management and the 

WRUs of the CO2 Management via Drawer #1. 

 

III. CCA Development Status 

A. Drawer #1 

 – CO2 Management 

By the end of the first 

quarter of 2016 the Flight 

Model (FM) Drawer #1 is in 

the last stages of assembly. 

After a short checkout and 

commissioning phase it will be 

integrated into the system rack 

for subsequent FM system 

testing. Since ACLS was last 

presented in detail
6
, an 

additional port for external 

experiments has been included 

in the design. This port 

interfaces the CO2 line 

upstream of the functional 

equipment and includes an 

additional solenoid valve. In 

case this valve is opened, CO2 

will be provided to external 

CO2 users. 

                                                                 
6
 See References 

1
 

 
Figure 3. CO2 Management schematic 

 

 
Figure 4. FM Drawer #1 w/o DAU and I/F equipment for external CO2 

users 
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B. Drawer #2 – Adsorption Section 

The FM Drawer #2 can be separated into the three Adsorber 

Sections and the Drawer itself with hard-mounted equipment. This 

is because the Adsorbers  will be launched in soft-stowed 

configuration
7
 and integrated on the Drawer on orbit. 

 

The assembly of the FM Adsorber Sections has been concluded. 

Each Adsorber contains 2.4 kg dry-mass of Astrine
TM

 which itself 

is contained in between two meshed plates. One of these plates is 

movable on spring-supported stand-offs to allow for expansion of 

Astrine
TM

 during hot-steam desorption. The thin-walled aluminium 

container features electrical foil heaters to heat-up the structure 

prior to steam insertion which in turn minimizes water 

consumption for desorption
8
. As thermal insulation as well as 

structural support, rigid foam pieces are glued on the outside of the 

aluminium container, which in turn are covered by a layer of 

aluminium tape. 

 

The air inlet and outlet interfaces of the Adsorber Sections have undergone a significant design change in the 

development of the Adsorber design. To simplify on-orbit integration of the Adsorber Sections on Drawer #2, the 

previous screwed interface has been replaced with a so-called bayonet-lock, significantly reducing the necessary 

integration effort. The changes made on the I/F to the Adsorber Sections consequently made other design changes 

on the Drawer side necessary, e.g. routing of lines etc. Otherwise the design of FM Drawer #2 remained mostly 

unchanged in comparison to the Engineering Model (EM). 

 

 
 

The assembly of Drawer #2 itself, including the hard-mounted equipment, is being finalized by the end of the 

first quarter of 2016. Integration into the FM Rack and subsequent FM system testing will commence after a short 

checkout and commissioning phase. Figure 7 on the next page shows Drawer #2 with the Adsorber Sections 

mounted for fit-check and test of the bayonet-locks. 

                                                                 
7
 Eliminating the need for strong structural support fixation of the Adsorber Sections during launch, thereby 

significantly reducing mass and thermal losses during operation due to thermal conduction. 
8
 Condensation energy of the super-heated steam is used to displace again the bound CO2 from the Astrine

TM
. 

Electrical pre-heating of the structure prevents condensation on cold spots thereby focusing the available energy on 

the Astrine
TM

 itself, leading to a more efficient desorption in terms of steam consumption per amount of CO2 

desorbed. 

 
Figure 6. Bayonet-Locks on Air Inlet / Outlet of Adsorber Section 02 (CAD view) 

 
Figure 5. FM Adsorber Section 01 
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C. Drawer #3 – Air & Water Management 

Due to the re-location of ACLS from the Columbus Module to the US-Lab Destiny, which has been presented 

last year, the design of Drawer #3 has been adapted to accommodate the new interface requirements to the station. 

The WMS now provides a single interface to the Waste Water Bus for combined CCA Water Supply and Water 

Draining. The need for CWC-I water bags as water source is therefore no longer necessary; a second interface for 

water draining could be removed and the overall WMS des ign could be simplified in that regard. The design of Air 

Management related equipment, i.e. CHX, CWSA and Fan/Muffler, however was not changed in general.  

 

 
 

The FM Drawer #3 will be available for integration into the FM system rack and subsequent FM system testing 

by the end of the first quarter of 2016 after the electrical wiring is finalized on the FM Drawer #3. 

 
Figure 8. FM Drawer #3 during wiring activities 

  
Figure 7. FM Drawer #2 with FM Adsorber Sections mounted 
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IV. CCA Operational Performance  

A. CO2-removal capacity and steam consumption 

At design point environmental conditions
9
 the CCA is capable of removing at least 3 kg of CO2 per day from the 

cabin air of the ISS, which is equivalent to the amount of metabolically produced CO2 of three Astronauts. Each of 

the three Adsorber Sections of the CCA cycles between adsorption and desorption phases. 

 

During adsorption, the cabin 

air is routed through the Adsorber 

and CO2 is bound to the Astrine
TM

. 

The amount of adsorbed CO2 

depends on the conditions of the 

feed air and the state of the 

Astrine
TM

 resin. In nominal 

conditions, Astrine
TM

 is capable of 

binding approximately 0.08 g CO2 

per g own mass, as shown in 

Figure 9
10

. At begin-of-life (BOL), 

each Adsorber Section of the CCA 

theoretically provides the capacity 

to bind 190 g of CO2 per cycle. 

However in the course of its 

lifetime, Astrine
TM

 loses some of 

its capability to bind CO2
11

. To 

compensate for the performance 

loss, the cycle frequency can be 

increased, at the cost of increased 

steam consumption. 

 

During desorption the previously bound CO2 is displaced again by means of hot steam insertion and released 

through the CO2 outlet. The amount of steam necessary to completely regenerate the Astrine
TM

 mainly depends on 

the amount of bound CO2. In the course of several design iterations the relative steam consumption (the amount of 

steam necessary to release 1 g of CO2) was reduced significantly. The current design uses no more than 275 g steam 

per desorption to regenerate the Astrine
TM

. At BOL the total steam consumption for desorption of at least 3kg CO2 

per day and provision to the downstream CRA amounts to no more than 8 kg. Of this 8 kg, about 1 kg of water is 

recovered in the CO2 WRUs, depending on operational parameters. The water loss in CCA stand-alone operation, 

i.e. vacuum venting of the product gas, is lower than 75 g/d, as per ACLS system requirement. 

 

Figure 10 on the next page shows the relative steam consumption
12

 for different Adsorber designs: 

 

  EM-1:    Engineering Model 1 

  EM-1 mod:  thermally modified Engineering Model 1 

  EM-1 mod ph: thermally modified Engineering Model 1 with electrical pre-heating 

  EM-1 mod ch: thermally modified Engineering Model 1 with continuous heating  

  EM-2:    Engineering Model 2 

  EM-3 / FM  Engineering Model 3 / Flight Model 

 

With each design iteration up to EM-2, the relative steam consumption could be reduced. The EM-3 / FM design 

is very closely based on its direct predecessor; further optimization with regard to steam consumption was not the 

aim of the design changes made. 

                                                                 
9
 23°C, 45% rH, ambient pressure and 0.4 vol-% CO2 (3.0 mmHg) 

10
 approximate values, few data points below 0.2 vol-% 

11
 <10% CO2-removal performance loss per 2500 cycles after run-in; envisaged lifetime of ~10000 cycles  

12
 g H2O (steam) necessary to desorb 1 g of CO2 

 
Figure 9. Astrine

TM
 CO2 load capacity at nominal conditions 
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The theoretical minimum relative steam consumption shown in Figure 10 is based on dedicated tests performed 

with Astrine
TM

 under ESA contract. 

B. CO2-delivery flow and steam profile 

A desorption cycle can be divided up into several phases by looking at heating, steam flow used for desorption 

and the resulting CO2 flow. 

 

 

The duration of Phases 2 & 3 as well as the CO2 flow can be manipulated by varying the steam flow over time. 

Figure 11 provides a schematic view of both the CO2 delivery behavior at constant steam flow (part a)) and the CO2 

flow controlled through an adjusted steam profile (part b)). The latter is to be preferred as the CRA subsystem
13

 

requires a rather constant CO2 flow. Combined with an overlapping operation of the three Adsorbers as displayed in 

Figure 12 a constant CO2 delivery can also be achieved in the long run. 

 

                                                                 
13

 The CRA subsystem further processes CO2 in a Sabatier reaction with H2  

 
Figure 10. Evolution of Adsorber design efficiency 

Table 1. Overview of different phases of one Desorption. 

 Electrical 

heating 

Steam 

production 

CO2 flow 

delivery 

Phase 1 X   

Phase 2 X X  

Phase 3 X X X 
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For the present hardware configuration the following parameters on each of the above-mentioned phases have 

been found: 

 

 Phase 1: 10 minutes needed for Adsorber structure heat-up; Steam Generator heat-up much faster 

 Phase 2: insertions of 95 g of steam required before CO2 delivery starts 

 Phase 3: CO2 delivery remains at desired level at a constant steam flow for about 27 minutes, then steam 

   flow has to be steadily increased to push out remaining CO2 (i.e. efficiency of CO2 delivery per 

   steam amount decreases) 

 

CCA stand-alone tests in system configuration showed that the CO2 flow can be controlled to be rather constant, 

while – as expected – the critical phase is when one Adsorber finishes its desorption phase and the next one must 

take over provision of the CO2 flow. For the test data and time range
14

 displayed in Figure 13 the CO2 mass flow 

averaged to 2,30 g/min with a mean deviation of 0,39 g/min. Regularly at the switching point of CO2 delivery from 

one Adsorber to the next peaks in both positive and negative direction can be depicted. Further peaks occur when 

the CO2 routing has to be switched for Adsorber 2. This is due to only two routes being available for three 

Adsorbers
15

. All these peaks are unwanted but deemed acceptable as input to the subsequent Subsystem CRA. 

                                                                 
14

 The time range shown corresponds to two full cycles, starting with the start of an adsorption of Adsorber 3 and 

ending with the end of a desorption of Adsorber 3 
15

 See Figure 3 for visualization of CO2 routing from Adsorbers  

 
Figure 12. Schematic of cyclic overlap of three adsorbers including time-shifted start-up. 

  
a) b) 

Figure 11. Qualitative comparison of expected CO2 flow at constant steam flow (part a)) and 

with adjusted steam flow profile (part b)). Time ranges displayed correspond to one desorption 

cycle. 



 

International Conference on Environmental Systems 
 

 

10 

 
 

C. Astrine
TM

 performance at lower CO2 concentrations 

The CCA EM has been tested both at nominal (i.e. design point) and off-nominal conditions. An interesting 

aspect is the CCA performance at lower-than-nominal CO2 concentration in the feed air. 

 

Table 2 below shows the CO2 removal performance results of several tests. Four of the selected tests have been 

conducted at nominal conditions and BOL operational settings. These tests (Step03, Step03/11, P1_A, P1_B) show 

results between 3.2 – 3.35 kg/d removed CO2 at nominal CO2 concentrations of 0.4 vol-% (3.0 mmHg). 

 

Tests Step10_A and Step10_B have been conducted with the same BOL operational settings, but at lower CO2 

concentrations of 0.3 vol-% and 0.25 vol-% respectively. The results 

 

 3.20 kg/d removed CO2 at 0.3 vol-% CO2 concentration, 

 3.07 kg/d removed CO2 at 0.25 vol-% CO2 concentration, 

 

show, that even at significantly lower CO2 concentrations the CCA still operates within the required performance 

parameters. 

 
Figure 13. Steam profile for each Adsorber and resulting CO2 flow over several hours during 

stand-alone test in system configuration; for better visibility, the steam flows show set instead of 

actual values; time range displayed corresponds to two adsorption/desorption cycles. 

Table 2. CO2-removal per day vs. CO2 concentration 

Test 
CO2 concentration 

[vol-% ] / [mmHg] 

CO2 removal 

[kg /d] 

Step 03 0.4 / 3.0 3.30 

Step 10A 0.3 / 2.25 3.20 

Step 10B 0.25 / 1.88 3.07 

Step 03/11 0.4 / 3.0 3.34 

P1_A 0.4 / 3.0 3.21 

P1_B 0.4 / 3.0 3.27 
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The operational parameters could be further adapted to accommodate for even lower CO2 concentrations. An 

increased cycle frequency could allow for operation at lower concent rations, albeit at the cost of increased steam 

consumption and higher Astrine
TM

 lifetime impact. 

 

D. CRA-Safety and CO2 Refeed 

One main safety aspect of ACLS operation is to always keep the highly reactive H2 coming from the Oxygen 

Generation Assembly (OGA) subsystem
16

 under safe conditions. Above all this means limiting the allowed O2 

content within the H2 stream. When looking at one individual desorption, the CO2 gas flow from an Adsorber is rich 

in O2 in the beginning due to left-over air
17

 from the last adsorption phase, while later it is highly pure with O2 levels 

of < 1,5 hPa, corresponding to < 0,15 %vol. This behavior is displayed by the regular sudden decrease of the curves 

“O2 partial pressure – flow 1” and “O2 partial pressure – flow 2” in Figure 14
18

. While the highly pure CO2 flow in 

the advanced desorption phase is either vented (CCA stand-alone operation) or routed towards the CRA (full system 

operation), the initial flow rich in O2 is fed back into the Adsorber inlet air flow (“re-feed”).
19

 This way the O2 levels 

in the CO2 flow can be kept low downstream, while O2 is not unnecessarily vented and the CO2 contained in the re-

feed can be adsorbed again. 

 

As can be seen from Figure 12, there are always one or two Adsorber Sections in a desorption phase at the same 

time. This is why two Water Recovery Units (WRU) are sufficient to deal with three Adsorber Sections. As 

observable in Figure 3, the flows from the three Adsorber Sections are combined to two flows on Drawer #2 and 

then to one flow on Drawer #1. While the CO2 from Adsorber Section 1 is always routed via WRU 1 and the one 

from Adsorber Section 3 always via WRU 2, the flow from Adsorber Section 2 is routed via WRU 2 when Adsorber 

Section 1 is also in a desorption phase and later via WRU1 when Adsorber Section 3 is in a desorption phase. O2 

partial pressure sensors are located after each WRU and in the combined flow on Drawer #1. 

 

In order to keep gas mixtures anywhere in the ACLS away from explosive ranges, the CO2 flow combined from 

one to two Adsorbers in parallel desorptions is checked by redundant O2-sensors for a maximum O2 partial pressure 

of 70 hPa on Drawer #1. In case the check is negative, the CO2 flow may not mix with H2 and therefore is forced to 

be vented. 

 

To achieve a suitable gas composition, the “re-feed” criterion for both “upstream” individual CO2 flows is set to 

50 hPa, meaning that a flow with a O2 content higher than that will be routed back towards the Adsorbers on Drawer 

#2; the “downstream” combined CO2 flow
20

 on Drawer #1 can then also not contain more than this amount of O2. 

The controls described lead to a combined O2 partial-pressure curve as shown in Figure 14 by curve “O2 partial 

pressure – combined flow” with maxima of around 20 hPa occurring at the switching point of CO2 delivery between 

two Adsorbers. 

 

In total four O2-sensors are used by the CCA S/S to ensure that the O2 content in the product gas stream to the 

CRA stays below critical levels (see Figure 3 for reference). These sensors are foreseen for preventive maintenance 

after three years lifetime. 

                                                                 
16

 as a by-product of oxygen production 
17

 with an O2 partial pressure of around 200 hPa 
18

 See Figure 3: location of O2 partial pressure sensors (“ppO2”) on Drawer #2; two sensors are used for the three 

Adsorber Sections, making a regular switch of routing necessary  
19

 See Figure 3: “CO2 Re-feed” on Drawer #2 
20

 See Figure 3: location of O2 partial pressure sensors (ppO2) on Drawer #1 
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V. Conclusion and Outlook 

As part of the ACLS, the CCA is currently under development at Airbus Defence & Space and forese en for 

launch on HTV7 in 2017. In the course of the development activities the design, in particular the Adsorber design, 

has been continuously improved and tested, resulting in increased efficiency and reduced water consumption of the 

desorption process. In general it could be shown, that the CCA is capable to meet and even exceed the specified 

performance requirements with regard to 

 

 CO2 removal of at least 3 kg/d at design point and also at lower than nominal CO2 concentrations, 

 providing a continuous and stable CO2 delivery to the CRA, 

 providing high quality CO2 (>95% CO2 concentration) to the CRA. 

 

Both EM and FM H/W of ACLS will continue to be tested in 2016, to optimize the operational paramters in 

view of system operation in parallel to acceptance testing for launch. 
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Figure 14. O2 concentrations at different locations during stand-alone test in system configuration; data 

averaged over 100 sec for better visibility; flow 1 features data from Adsorber Sections 1 & 2, flow 2 

from Adsorber Section 2 & 3, subsequently. 


