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Definition and design of the optimal Life Support System (LSS) becomes one of the most 

important drivers for the long term manned space mission. Optimization studies must be 

considered already during early stages of LSS design. The Virtual Habitat tool provides a 

solid platform for performing such studies. The Virtual Habitat (V-HAB) is a tool for 

dynamic simulations of LSS currently being developed in the Technical University Munich 

(TUM). With V-HAB it is possible to establish dynamic LSS models of whole habitats 

including all LSS physio-chemical technologies, bio-regenerative components and crew 

members. For these simulated habitats it is possible to perform different studies to assess 

closure of the system, its stability and controllability. The functionality of V-HAB was 

demonstrated simulating theoretical LSSs (potential Mars mission hybrid LSS) and more 

importantly real ones (LSS of the International Space Station (ISS)). Optimization of LSS is 

not a trivial task. One must consider variety of possibilities to combine technological as well 

as biological LSS components to achieve the defined task of providing a living environment 

for crew members. However, proposed LSS design variants differ widely in total mass, 

stability and other parameters, and may include more or less biological components. To 

select the most optimal design the optimization criteria need to be selected carefully. This 

paper discusses the selection of an appropriate optimization criterion and the approach for 

defining the optimal LSS. For the optimization criteria the Equivalent system mass and 

scientific crew time are proposed. Modification directions of LSS architectures are presented 

and plausibility of those is demonstrated. Additionally, necessary updates of V-HAB 

simulation to support optimization studies are presented. 

Nomenclature 

4BMS  = 4-Bed Molecular Sieve  

C.R.O.P. = Combined Regenerative Food Production 

CDRA =                                  

COL  =                  (ISS) 

DLR = Deutsches Zentrum für Luft- und Raumfahrt e. V. 

ECLSS = Environmental Control and Life Support System 

ESM = Equivalent System Mass  

ISS  = International Space Station 

LiOH = Lithium hydroxide 

LSS = Life Support System 

MPLM =      -                          

P/C = Physio-Chemical 

SM =                  (ISS) 

TUM = Technical University Munich 

V-HAB = the Virtual HABitat 
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I. Introduction 

or the long term manned space missions to the Moon, Mars or other deep space objects of the Solar system it 

will be necessary to design a life support system (LSS), which can provide the stable living environment for 

crew members along the whole journey and protect them from the hostile external conditions. Optimization of LSS 

already on early stages of a project is a very important task and the success of the mission and its cost will be 

massively influenced by correct selection of LSS architecture.  

However, the optimization of LSS is not a trivial task. Due to high number of LSS technologies and components, 

complicated interactions between them and numerous control parameters, the optimization of LSS becomes a 

multidimensional optimization problem. Combined with long mission duration time and therefore long simulation 

time of a single variant of the LSS architecture, it becomes clear, that it is necessary to define a strategy for LSS 

architecture variation and its characterization.  

For the optimization studies the tool for dynamic simulations of LSS called The Virtual Habitat (V-HAB) is 

supposed to be used. This tool is currently being developed in the                                          -

                                                                                              -

                           -                                                                           is possible 

to p                                                                             controllability
1
                           

 -                                           simulation of hybrid LSS
2
 and a LSS of the International Space 

Station (ISS)
3,4

.  

 For the optimization studies the proposed LSS architectures need to be modelled in the V-HAB environment and 

the simulation of the whole mission must be performed. Based on the simulation results predefined LSS 

characteristics (figures of merit) for each architecture can be compared. With this information available the optimal 

variant can be selected. Selection of these LSS characteristic parameters must allow an unambiguous comparison of 

different architectures.  

In the next chapters the suggested characteristic parameters of LSS architectures are presented and discussed. 

Afterwards simulation examples and ways of LSS architecture modifications to improve the LSS parameters are 

presented. The V-HAB simulation, present limitations and necessary improvements are also discussed. 

 

II. LSS architecture parameters 

The principal task of the LSS is to provide the proper environmental conditions for crew members, to supply 

them with the required substances and remove and recycle of the waste products. Defined by these needs 

requirements for LSS depend mainly on mission scenario (duration, crew member number, etc.) and can be assumed 

as constant for certain mission. However, to fulfill these LSS tasks, multiple variants of LSS architecture could be 

proposed: from open loop systems through system fully based on physio-chemical technologies to biological-based 

one. If dimensioned properly, all of these LSS architectures are able to fulfill main LSS requirements; however, the 

quality of each LSS design may vary to a large extent. Thus characteristic parameters must be derived to be used 

directly or indirectly as criteria for LSS architecture optimization. 

Independently from the selected LSS architecture following main parameters can be listed to characterize the 

LSS architecture: 

 Mass – a total mass of all LSS technologies and necessary equipment supporting their function as power 

supply, pressurized volumes, buffer tanks etc.; 

 Volume – total volume of LSS equipment to be accommodated in the spacecraft or surface basis; 

 Power consumption – required power to be provided to LSS equipment to ensure its functionality; 

 Cooling requirements – required cooling for the LSS equipment to ensure its functionality; 

 Crew time – time of the crew, which is used for LSS operation and maintenance; 

 Stability - ability of a system not to exceed certain thresholds by itself and the ability to return to a nominal 

functioning (all values within defined thresholds) after the system has been disturbed
5
; 

 Robustness – a measure up to which extent the stability of the LSS can be restored or maintained. Thus, a 

more robust system can compensate stronger and/or more disturbances. 

 

The mass, volume, power consumption and cooling requirements in LSS design is typically combined into the 

integral parameter of the system called hardware Equivalent System Mass (ESM). Usage of this integral criterion 

allows comparing LSS systems based on even completely different functioning principles and reflect the costs of the 

LSS
6
. It is obvious, that minimization of hardware ESM is a goal of the optimization process. 

F 
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Crew time needed for the operation and maintenance of the LSS equipment depends on the selected architecture. 

In an extreme case through unfavorable selection of LSS technologies it could happen, that complete available crew 

time is spent for keeping LSS functional. In this case no scientific activities can be performed and mission is useless 

(assuming, that LSS housekeeping is not one of the primary mission goals). Crew time can be included in ESM to 

reflect the crew time needs for LSS
6,7

, introducing a certain kind of penalty to ESM. ESM calculated in such way 

(taking into account maintenance crew time) is called crew time ESM. According to this approach the ESM of the 

LSS architecture where the half of crew time is spent for maintenance is doubled. In this case to achieve doubled 

scientific crew time it is necessary to scale the LSS and crew member number by factor of two. It is obvious, that 

such way of scientific time increase is not realistic. In the reality the improvement of such LSS should be 

concentrated on introducing better technologies, automated processes and improved control. Concluding, the 

implementation of maintenance crew time in ESM is considered as too conservative and will be not used in 

optimization process of LSS architectures with V-HAB. Instead of this it is proposed to trace only hardware ESM in 

combination with the scientific crew time as the most wanted resource
5
 to have a direct measure for comparing 

different LSS architectures.  

The stability and robustness parameters of LSS are interconnected to each other. A stability parameter is an 

important characteristic of the LSS architecture. As described in Ref.5, selection of the LSS technologies based on 

static averaged parameters does not mean, that these technologies can work together in the most effective way. Only 

the dynamic modeling of the proposed LSS architecture can demonstrate, if the system is stable and able to keep 

itself in certain predefined ranges (e.g. for CO2 partial pressure, O2 partial pressure, etc.). So the stability parameter 

is mandatory for the LSS optimization process. If the parameters of LSS are going outside the nominal limits, the 

performance of crew members and as a consequence - effective crew time - will be reduced. So less stable systems 

will get a penalty on total scientific crew time. However, in the present time the dynamic human model of V-HAB is 

not able to represent the crew member performance degradation due to environmental condition. That is why the 

robustness of the LSS architecture is proposed to be traced as a specific parameter for characterization of LSS 

stability and for the optimization. 

It is proposed to calculate the robustness as an integral of all excesses of LSS parameters outsides the normal 

operation limits. If the environmental conditions exceed the nominal operational limits more seldom and/or for 

shorter period of time the excesses will have less integral value and is more robust. So the optimization of LSS 

architecture should have a goal to minimize the robustness parameter. 

Using this approach the following operational parameter limits should be defined: 

 Normal operational limits using for stability evaluation – in this limits the nominal functionality of crew 

members is possible. Parameters exceeding this limits will be integrated to obtain the robustness 

characteristic of  LSS architecture 

 Critical operational limits – if parameter of LSS system goes outside these limits there is a serious danger 

of crew member death. Such systems allowing this situation are considered as not acceptable and are 

excluded from competition. 

For the optimization process it might be too conservative to design a system which is able to withstand all 

possible emergency situations. It will result in unnecessary over-dimensioning of the system. So the specific set of 

emergency situations needs to be defined and applied during LSS simulation same for all LSS architectures. This 

approach in contradiction to the random generated emergency events allows fair competition between different LSS 

architectures. 

Considering the presented aspects, the following procedure for the LSS architecture characterization to be used 

in V-HAB is proposed: 

 Create a dynamic model of a LSS architecture (based on static design, previous studies, etc.) 

 Perform a dynamic simulation of LSS architecture considering predefined mission schedule and emergency 

events schedule. 

 Verify if selected LSS architecture is compliant with stability criteria and calculate the robustness of LSS 

architecture. Variants which are not compliant need to be excluded from competition. However, they can be 

modified in order to improve its performance (see chapter III) and used for the new simulation run. Then 

they however become new architectures to be evaluated.  

 Compute the hardware ESM value and crew time characteristics.  

 Save the results in data bank 

 Repeat for next LSS architecture 

As mentioned above, the LSS technologies which not satisfy the stability criteria can be modified to improve the 

performance. To save the analysis time and avoid an unnecessary loop, it makes sense to introduce LSS architecture 
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modification rules, which allows investigating possible variants in the quicker way. The next chapter describes such 

modification directions in more details. 

 

III. LSS architecture modifications 

Due to high simulation times of LSS architectures for long missions the modification logic should be established. 

                                                                                           “        ”               

possible modifications can be divided in two groups:  

 Basic - Modifications to create new LSS architecture.  

 Advanced - Modifications to tune already analyzed architecture to achieve better stability and robustness 

The first group of modification associate practically all new created LSS architectures. As a starting point every 

LSS architecture can be used: statically designed, previously simulated or theoretically assessed. To the basic 

modification corresponds a selection of different P/C technology chain for certain LSS function, e.g. usage of Bosch 

reactor instead of Sabatier for CO2 reduction or LiOH instead of 4BMS for CO2 removal. The replacement of some 

P/C technologies with Biological components as well as change of proportion between bio and P/C components can 

be also referred to this modification group. 

Second group of modification is oriented on alteration of analyzed designs in order to improve their 

performance. In this case the analysis results need to be studied and reasons of non-compliance with stability and 

robustness criteria should be identified. In this group the following modifications are possible: 

 Introduction of parallel operational systems  

In this case the LSS task is shared between two or more technologies. Through the working phase 

coordination the stability of the LSS can be significantly improved. Outage of one technology will have less 

dramatic effect on the LSS in general. Negative effect can even be completely eliminated, if remaining 

technologies would be able to increase their performances to cover completely LSS needs. A good example 

of such an approach is the ISS, where the                                            (CDRA) does not 

cause the unacceptable increase of CO2 thanks to Vozdukh working in parallel to CDRA (see example 

below).  

The hardware ESM cost of such a solution is a combination from the implementation of additional 

technologies, increased power needs and more crew time for the maintenance of additional systems. 

 Introduction of redundant systems  

In this case another one technology of same type is introduced. This technology is used, if the nominal one 

fails or is turned off for maintenance. Introduction of redundant technology increase the robustness of LSS. 

However it almost doubles the hardware ESM for this technology, as redundant system needs the same 

accommodation volume, have same mass as a nominal system. Power consumption increases not 

significantly due to that fact, that redundant system stays most of time in stand-by mode.  

Advantages of redundancy approach are the interchangeability of spare parts, similar complexity of LSS as 

no new type of technologies are introduced (no need to train crew members to maintain another types of 

technologies), increasing of life time, as nominal and redundant technology can be used in an alternating 

manner.  

 Introduction of back-up systems  

In this case additional technology is introduced, which take over the LSS task in the period when nominal 

technology is inactive. The back-up technology can use different working principle, for example for CDRA 

a non-regenerative technologies as LiOH cartridges can be used.  

Back-up technology can be much more compact and light as main one, increasing the hardware ESM of 

LSS in much less extends as redundant system. However, this back-up technology needs to be sized 

carefully, especially if non-regenerative components are used. 

 Increase of system buffers 

                                                          “      ”                                           

LSS. This is a passive way of stability and robustness improvement and can cost a lot of hardware ESM in 

order to achieve significant improvement 

 Staggering of plant generations 

In case of LSS architectures with high plants the staggering of plant generation improves the stability of the 

system, as the big fluctuations of total biomass in the system will be smoothed. 

Implementation of this solution will cost additional crew time to maintain additional planting and harvest 

times. 



 

International Conference on Environmental Systems 
 

 

5 

Temporary reduction of resource consumption (e.g. water) as a mitigation measure by LSS technology failure 

could also be considered to improve the LSS characteristics; however, this approach is considered as not studied 

enough and will be not implemented for optimization studies performed with V-HAB. 

To demonstrate a feasibility of the proposed modification directions two examples of LSS simulation are 

presented hereafter. 

A. Usage of the parallel technology and system buffer effect 

A LSS simulation of possible future space station for deep space called Outpost has been performed
3,4

. The 

simulated configuration of this space station includes three permanent modules: a Node, a Multi-Purpose Logistics 

Module (MPLM) and a Logistics Module. As a spacecraft for deep missions the Orion has been assumed. As LSS 

for this space station the ISS LSS technologies of US segment have been assumed. The schematic overview of 

Outpost LSS is presented in Figure 1. Four crew members have been assumed for the simulation. 

For the air vitalization only one CO2 removal P/C technology, Carbon Dioxide Removal Assembly (CDRA) is 

running compared to CDRA and Vozdukh in ISS. As can be seen in the Figure 2, the system reaches a steady state 

condition with CO2 concentration around 

700Pa. Comparing this value with flight data 

from ISS, it can be seen, that CO2 

concentration in higher due to this fact, that 

only one air revitalization technology is 

working against two in the ISS. The obtained 

CO2 concentration for normal operation of 

Outpost LSS exceeds also the allowable 

0.4kPa for long duration missions
8
. 

To assess the effect of the CDRA failure 

the CDRA outage for approximately 10 hours 

(from 9892 to 10531 minute) has been 

simulated (the outage time was selected 

according to real ISS operational case 

corresponding to Oct. 3rd 2011 to Oct. 16th 

2011 where the CDRA was turned off from 

9892 to 10531 minute, see Ref. 4). Due to 

absence of a redundant technology the partial 

pressure of CO2 increase rapidly and reach after 10 hours a value above 1500Pa. Recovery from the failure after 

reactivation of CDRA takes around 34 hours. In totally the CO2 partial pressure exceeds the maximum allowable 

level of 1010Pa
8
 for more than 16 hours, what is considered as not acceptable.  

According to the optimization logic described in chapter II, such design of the LSS needs to be excluded from 

the pool of the possible LSS architectures, as this system is not able to keep CO2 partial pressure in certain range and 

cope with short term outage of components. Due to technology failure the environmental parameter, carbon dioxide, 

 
Figure 1.  Schematic overview of Outpost LSS

4
 

 
Figure 2.  CO2 partial pressure comparison of Outpost simulation and ISS flight data

4
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goes out of acceptable limits.  

Possible ways for improvement of the performance of this LSS architecture can be drawn from the comparison 

of those with ISS LSS architecture. Compared with simulated Outpost, ISS has an additional technology working in 

parallel and higher pressured volume. As can be seen in Figure 2 (blue, red and green curve – CO2 sensor data in 

ISS service module (SM) and Columbus module (COL)), steady-state level of CO2 measured on ISS is lower and the 

same outage of CDRA from 9892 to 10531 minute does not cause such a peak in CO2 partial pressure as in the 

Outpost. This example demonstrates the feasibility of usage additional technology working in the parallel and 

positive effect of system buffer increase (in this case the volume of the atmosphere) for LSS stability improvement. 

B. Plant generations staggering 

To demonstrate the effect of the plant generation staggering a simulation of greenhouse has been used. Ten 

different crop species (lettuce, 

soybean, dry bean, peanut, rice, 

tomato, sweet potato, white potato, 

wheat and beet) are planted 

simultaneously and cultivated 

continuously over a period of one 

year on the area of 10m
2
(Ref.9). 

Two variants of plant cultivation 

have been simulated: 

 batched cultivation, when 

every type of plant is 

planted on 1m
2
, harvested 

after growth period and 

replanted again 

 staggered cultivation, 

when every type of plant 

is planted in 2 generation 

on 0.5m
2
 each of them. 

Generations are planted with delay of half growth period. A new generation is planted after harvesting. 

The overall simulation time is 365 days, representing a long term mission. 

Results of simulation for total O2 production are presented in Figure 3. As can be seen, staggered cultivation 

results in much more stable oxygen production than the batched one. It is obvious, that stability can be improved 

further, if more than 2 generations are considered. However, increase of generation number will need an increase of 

crew time spent for the greenhouse servicing. 

 

IV. Selection of optimal LSS architecture 

With the optimization process described above a set 

of functional LSS architectures will be found. The next 

logical step shall be to select an optimal one. 

Most probably, it will be not possible to 

unambiguously define the best LSS architecture. The 

selection will be a compromise between costs (= 

hardware ESM), effectiveness (= scientific crew time) 

and robustness.  

For the visualization of optimization study and 

selection of best variant the building of Pareto frontier
10

 

can be used. According to this approach, all analyzed 

variants are put onto the diagram as points. Axes of the 

diagram represent the optimization parameters. Example 

of such Pareto frontier applicable to LSS architecture 

optimization is shown in Figure 4 (only two parameters 

are presented as an example to allow better 

understanding of the approach) 

 
Figure 3.  Total O2 production during a one year mission

9
. Batched 

cultivation (red line) vs staggered cultivation (blue line). 

 
Figure 4. Example of a Pareto frontier built using 

LSS architectures characterization study 
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As seen, the maximization of scientific crew time increases the hardware ESM value and therewith the cost of 

the mission. So the compromise needs to be found. This can be made for example by defining an acceptable amount 

of scientific crew time. Drawing a horizontal line on this value will produce an intersection point with Pareto 

frontier, indicating best achieved hardware ESM value and corresponding LSS architecture. This system will be able 

to provide a stable environment for crew members, it is robust and needed scientific crew time will be available to 

achieve mission success.  

Introducing a third parameter robustness in the Pareto frontier diagram add an additional dimension, meaning 

that for certain scientific crew time and minimum hardware ESM there could be several variants with different 

robustness characteristic. It is obvious that minimum value of robustness needs to be selected for a best LSS 

architecture. 

 

V. V-HAB simulation improvements 

Described above approach of LSS architecture optimization obviously requires plenty of simulations of selected 

variants. According to this one of the simulation speed will play a very important role to achieve an effective and 

successful optimization process. Current V-HAB development status allow to achieve a simulation speed factor of 

100 (relation between simulated time to simulation time) using one CPU. So to perform a simulation of the mission 

to Mars with duration of 600 days it will take 6 CPU days. Increasing of simulation speed factor is and shall be one 

of the high priority tasks in V-HAB development. 

Data obtained with the simulation needs to be organized in the databanks to allow easy access to information 

about certain simulated LSS architecture as well as results. Also failed architectures need to be stored to avoid a 

simulation repetition of same architectures. This information can be used further to establish new variants of LSS 

architectures with better properties. 

Simulation results plausibility plays also a big role for practical usage of the LSS architectures optimization in 

V-HAB. The development group works continuously to improve the representativity of the models and system 

simulations in V-HAB. A correlation of single models of each P/C component as well as of whole LSSs has been 

performed on the basis of the ISS. The measured data obtained from ground tests of technologies have been used to 

correlate single models and ISS telemetry data have been utilized to validate and correlate system level simulation
3,4

. 

Also the biological components undergo further development and correlation. The higher plants model is now being 

improved and correlated in cooperation with NASA Kennedy Space Center. Also new models of biological LSS 

technologies are being created. In cooperation with DLR the model of biological trickling filter for processing of 

biological wastes (urine, plants rests) called C.R.O.P.
11

 is being developed.  

 

VI. Conclusion 

Within this paper the process of LSS architecture optimization have been defined and described. The parameters 

used as optimization criteria are chosen and discussed. The optimization of LSS architecture shall be performed 

based on defined mission scenarios (defined emergency events) using the following three optimization parameters: 

 the Scientific Crew Time (integral over the mission)  

 the hardware Equivalent System Mass  

 the Robustness parameter (integral of stabilities violations over the mission).  

Maximization of the first one and minimization of second and third one is the optimization goal. Final selection 

of optimal LSS architecture will be obvious a compromise between mission costs (i.e. hardware ESM), scientific 

capability (i.e. scientific crew time) and robustness. Selection of the optimum is proposed to be found using Pareto 

frontier. This method allows graphic visualization of characteristics of all analyzed LSS architectures and aimed 

selection of optimal variant. V-HAB current limitations are discussed and next steps on the way to LSS architectures 

are defined. 
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