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Abstract

Due to high resupply costs, especially for space habitats beyond low earth orbit,
future manned space missions will require environmental control and life support
systems with a high degree of regenerativity. On the international space station
ISS, the longest-duration space mission up to now, water recycling from urine
was just recently established while all exhaled carbon dioxide is still vented over
board.
Possible ways to overcome this waste of resources and to save on resupply mass
are examined in this thesis, mainly focusing on the utilisation of carbon dioxide.
Various methods for its decomposition are pointed out, which would facilitate
complete recycling of oxygen within the life support system. Ways to make use
of the generated excess carbon for partial food synthesis or ion propulsion are
presented as well.
The ACLS air revitalisation system, which is currently being developed by EADS
Astrium under contract with ESA, will be able to recover the oxygen from exhaled
carbon dioxide, but the employed Sabatier process generates methane as a side
product. If this methane was to be vented over board, hydrogen would be lost
and had to be resupplied. Therefore, a pyrolysis device is proposed, cracking
the methane into its constituents and recovering the hydrogen. Assuming the
scenario of a space station in orbit around an atmosphere bearing planet, the
excess carbon is used for ion propulsion allowing for station keeping. Plans to
develop such a device and to prove its practicability on board the ISS round off
this thesis.
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I think we’re going to the moon because it’s
in the nature of the human being to face
challenges.

Neil Alden Armstrong

1 Introduction

1.1 Context and Goals of this Thesis

Whenever humans venture into new environments, they have to make sure that
their basic body functions are kept up in order to survive. Therefore, the devel-
opment of reliable environmental control and life support systems is of utmost
importance for manned spaceflight.
Apart from reliability, spaceborn life support systems have to meet an additional
important requirement: As it is quite expensive to launch make-up supplies into
space and as mission durations are (hopefully) getting longer in future space
exploration, life support systems have to be efficient in re-using the existing re-
sources. Therefore, regenerative life support systems are under development,
reducing the need for supplies.
Especially for long-duration mission profiles such as interplanetary travel, space
stations, or permanent planetary outposts, it is desirable to close the material
cycles within the life support system as completely as possible. The ultimate goal
is the complete closure of all material cycles and the creation of an independent
ecosystem.
As this is still a long-term goal which will likely be possible only with bioregen-
erative techniques, it is a first step to try and close everything but the food cycle
by extending current functionality of physico-chemical life support systems.
In this context, ESA is developing the Advanced Closed Loop System ACLS
(previously known as the Air Revitalisation System ARES), which is to be flown
on board the international space station in 2013. While this system will recycle
carbon dioxide, another loop still needs to be closed: Methane is generated in
the carbon dioxide recycling process and is vented overboard. While this does
not matter for the contained carbon (which stems from food and is intended for
disposal anyway), the contained hydrogen is lost from the water-air cycle and has
to be replenished via supply missions.
It is the goal of this thesis to investigate possible solutions to close this hole in
the water-air cycle of the ACLS. The work consists of two parts: Initially, litera-
ture research is carried out and several approaches and ideas are gathered. The
most promising approach is then followed up and a design study for a device is
presented, which is intended to complement the ACLS.

1



1.2 Thesis Structure

This thesis is intended to start out with a general introduction to environmental
control and life support (ECLS) in Chapter 2. The fundamental functions of a
life support system and their interactions with the metabolism of a crew are de-
scribed, with a particular focus on air revitalisation. Different implementations
of these functions in existing life support systems, experimental prototypes and
design studies of future systems are presented and their properties and differ-
ences are pointed out. Also, the dependence of life support system design on
different mission scenarios and challenges in future developments are topics that
are touched upon.
As the primary objective of air revitalisation is the processing of carbon diox-
ide, Chapter 3 presents various methods to solve this task, including the use of a
Sabatier reactor, which is the most common method. The generation of nutrients
from resources within the life support system is another promising topic, which
could lead to the reduction of supply mass by partial food recycling.
The subsequent Chapter 4 is centred on methane. This gas is an intermediate
product in closed-loop ECLS implementations incorporating a Sabatier reactor.
The mechanisms of methane generation are scrutinised, and its possible uses are
presented, including the use as a propellant for propulsion or attitude and or-
bit control systems. Problems with existing methane recycling prototypes are
evaluated and several new or improved designs of devices for the breakdown of
methane are proposed.
The design study of a system which combines methane pyrolysis and ion propul-
sion is conducted in Chapter 5. After discussing its working principles and struc-
tural design, a road map of more and more advanced development tests is pre-
sented and a proof-of-concept mission to the international space station (ISS) is
planned.
Chapter 6 discusses the findings of this work and points out remaining challenges
and possible future developments, before a summary and outlook conclude the
thesis in Chapter 7.
The appendix contains extensive calculations, additional diagrams, and an ab-
breviation list.
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Orbiting earth in the spaceship, I saw how
beautiful our planet is. People, let us
preserve and increase this beauty, not
destroy it!

Yuri Alekseyevich Gagarin

2 Environmental Control and Life Support

Scuba diving equipment is amongst the contenders for being the earliest life
support system. In general, earthbound needs for life support (as detailed in
Chapter 2.3.1) were the early drivers for the development of environmental control
and life support systems (ECLSS). After human spaceflight became possible in
the 1960s, life support systems had to be improved and adapted to cope with
the new environmental challenges. Nowadays, long-duration space missions are
being planned (e.g. a manned Mars mission), while others are already under way
(e.g. the ISS). The need for better, more robust and more efficient life support
systems is still very present and regenerative systems have to be developed to
limit the dependency on supplies.
In order to be able to design ECLSSs, it is necessary to have an exact quantitative
understanding of the materials that have to be provided and recycled. Therefore,
it is of utmost importance to have a deeper insight into human metabolism. If
all metabolic processes, both of animals and plants, were entirely understood, an
ideal life support system could be built. It would most likely be a bioregenerative
life support system (see Chapter 2.2.4), constituting an entirely closed ecosystem.

2.1 The Human Metabolism

In the framework of a life support system (LSS), a human crew is effectively
reduced to being a system component. If one has an exact chemical understanding
of digestion and breathing, it is possible to define inputs and outputs of the
human metabolism. It is then possible to try and recycle all exhaled or excreted
substances by reversing the metabolic processes using external energy that can
be provided by solar cells. In case of a perfect ECLSS, the crew will only ‘run on
solar energy’, so to say. Our ecosystem on earth is such a perfect ECLSS, and
humans live off the energy that they gain from decomposing substances, which
were previously built up by plants. The plants, in turn, utilised solar energy to
do so.
Very roughly speaking, the human metabolism therefore performs the opposite
of photosynthesis (Equation 1): Glucose (C6H12O6) and oxygen are turned into
carbon dioxide and water, thereby releasing energy.

C6H12O6 + 6 O2 → 6 CO2 + 6 H2O + ∆E (1)
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This simple equation points out some of the most important properties of human
metabolism, which are not too obvious from day-to-day experience: Firstly, water
is created in the metabolic process, even if the food is entirely dry. And secondly,
a substantial part of the ingested food is exhaled in form of carbon dioxide. In
this idealised picture, no waste material is accumulated at all and a life support
system, running on solar energy, would just need to reverse the breaking up of
the glucose molecules to keep the entire system up forever.
Unfortunately, it is not that simple to reverse these biological processes and un-
fortunately, the processes are more complex. It is the task of ECLSS development
to successively take into account more and more accurate models of the human
metabolism. For this development to take place, it is important to understand the
average composition of the inputs and outputs of the system component ‘crew’:
The compositions of inhaled and exhaled air, as well as the compositions of food
and all kinds of excretions has to be quantified.

Table 1: Mass budget for a LSS: Consumable resources that need to be provided,
and produced substances after digestion or use (Sulzman and Genin, 1994).

Inputs kg
person·day

Outputs kg
person·day

Oxygen 0.83 Carbon dioxide 1.00

Food preparation water 0.79 Evaporated food preparation water 0.04
Drinking water 1.61 Water from respiration/perspiration 2.28
Water in food 1.15 Urine water 1.50

Faeces water 0.09

Dry food 0.62 Urine solids 0.06
Faeces solids 0.03
Sweat solids 0.02

Oral hygiene water 0.36 Hygiene water 7.18
Hand and face wash water 1.81 Evaporated hygiene water 0.44
Shower water 5.44
Clothes wash water 12.47 Clothes wash water 11.87

Evaporated clothes wash water 0.60
Dish wash water 5.44 Dish wash water 5.41

Evaporated dish wash water 0.03
Urinal/commode flush water 0.49 Urinal/commode flush water 0.49

Total: 31.0 31.0
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Table 1 lists reference design loads for a life support system, detailing the quanti-
ties of all inputs and outputs of an astronaut (Sulzman and Genin, 1994). These
numbers foresee the possibility to wash clothes, which is unfortunately not present
on board the ISS. It would save a lot of upmass though, because all clothing has
to be brought to the ISS via supply missions. Several ideas for a solution of this
problem have been presented (e.g. Ewert and Jeng, 2009), including designs for
washing machines and the possibility to manufacture clothes from carbon nano-
tube material, which could be recovered from on board waste material.

In order to understand the human metabolism, non-digestive uses of water
(i.e. hygiene, wash and flush water as well as evaporated water intended for
consumption) do not play a role. They total to 26.0 kg/person/day and can be
collected or condensed. After filtration or other ways of cleaning and disinfection,
the water can be re-used.
Likewise, consumed water, which is exhaled or excreted again without taking
part in chemical reactions, can be taken out of the calculation. Exhaled and
transpired water is usually condensed and recycled, while water from urine is
recently reclaimed by the urine processor assembly (UPA) aboard the ISS. Water
from faeces is currently not extracted, but discarded along with the faeces.
Comparing the amount of consumed water (from drinks and food) and produced
water (in respiration, perspiration, urine, and faeces), the significant difference
of 350 g per person and day can be observed. This is due to the fact that the
metabolic processes taking place produce water and carbon dioxide. 27% of the
exhaled carbon dioxide is the weight of carbon from food, while some of the oxy-
gen in the produced metabolic excess water originates from the inhaled air.
If the above Table 1 is reduced to only the substances that are changed in the
metabolic process, the throughput per person and day is reduced to just 1.45 kg
(see Table 2).

Table 2: Mass budget for a LSS, reduced to the substances which are changed in
the metabolic process.

Inputs kg
person·day

Outputs kg
person·day

Oxygen 0.83 Carbon dioxide 1.00

Metabolic water 0.35

Dry food 0.62 Solids 0.10

Total: 1.45 1.45
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From a chemical point of view, the input ‘oxygen’ is well-defined, while ‘food’
is quite a vague description. The solid outputs, i.e. urine, faeces, and sweat
solids, are not well-determined either, while carbon dioxide and water do not
pose problems from an analytical point of view.
Therefore, the following sections are intended to shed some light on the chemical
composition of food (Chapter 2.1.1) and excretions (Chapter 2.1.2).

2.1.1 Food

Usually, the main component of food is water. However, water is dealt with
separately in these considerations and food is therefore assumed to be completely
dry. The four main components of food are carbohydrates, fats, proteins, and
fibre. There are also salts, acids, vitamins, and a lot of other substances in
common food, but their concentrations are quite low and they are neglected in
this rough assessment of food constituents.

Carbohydrates Carbohydrates (Cm(H2O)n) are the main supply of energy for
the human body. They contribute the most to an average diet and have an
approximate C:H:O ratio of 1:2:1. The most prominent substances from this
group of nutrients are sugar (C6H12O6 for glucose) and starch ((C6H10O5)n).

Fats Fats are triesters of glycerol (C3H5(OH)3) and fatty acids (R-COOH, R
denoting a rest composed of 4 to 24 carbon atoms and a matching number of hy-
drogen atoms). This means that three fatty acid molecules reacted with glycerol
to replace its -OH groups by -OOC-R while producing water (H2O).
Fatty acids can be either saturated or (multiple times) unsaturated, depending
on the number of double bonds between the carbon atoms that form the back-
bone of the molecule. A very rough approximation for the C:H:O ratio of fats is
9:17:11.

Proteins Proteins are composed of amino acids (H2N-CHR-COOH), with the
group R varying significantly. The amino acids are connected via peptide bonds
to form long chains, which are then called proteins. The condensation reaction
forming a peptide bond leads to the formation of water: The -COOH group of
one amino acid and the H2N- group of another one form a -CO-NH- peptide bond
while releasing H2O. Assuming that all 20 amino acids found in humans exhibit
an equal molar occurrence, the ratio of C:H:N:O:S is found to be 107:157:29:29:2.
This ratio can be calculated by just adding the number of constituting atoms of

1Assuming 17 carbon atoms per fatty acid (16 in R and 1 in the -COOH group), the entire
fat molecule has 17·3+3 C atoms. There are only 6 O atoms, because the rest of the oxygen
was lost in water during esterification. The number of H atoms is a bit less than double the
amount of C, taking into account unsaturated fatty acids.
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all the 20 amino acids and subtracting an H2O per amino acid to compensate
for the water that is lost by forming the peptide bonds. As sulphur is not taken
into account in these rough approximations, the ratio can further be simplified
to C:H:N:O = 11:16:3:3.
These numbers nicely match the findings of Gerhardus Johannes Mulder in
the 19th century, who came up with the approximate protein composition of
C400H620N100O120P1S1 by performing a quantitative chemical analysis (Perrett,
2007).

Fibre Fibre is an expression for a variety of substances, namely all that defy
a digestive decomposition2. Fibre mainly consists of polysaccharides (e.g. cellu-
lose), resistant starches, and other non-digestible organic compounds. As the
chemical formula for polysaccharides is (C6H10O5)n and starches match this
C:H:O ratio, fibre can roughly be approximated by a C:H:O ratio of 6:10:5. (The
other organic compounds are assumed to be similar concerning their quantitative
composition.)

The respiratory quotient (RQ) of a specific substance is defined as the molar
ratio of produced CO2 to consumed O2 when it undergoes decomposition in the
metabolic process:

RQ =
released CO2

consumed O2

(2)

As can be observed in Equation 1, the complete oxidation of glucose consumes
as much O2 as it produces CO2. This reinforces the fact that the respiratory
quotient of carbohydrates is 1. The RQs of fats and proteins are 0.7 and 0.8,
respectively. Fibre does not have a RQ, because it does not undergo metabolic
decomposition. An average diet as outlined in Table 3 turns out to have a RQ of
about 0.9.

Table 3: Recommended daily nutrient intake for an astronaut.

Food component Mass ( g
day

) Molar C:H:N:O

Carbohydrates 350 1:2:0:1
Fats 100 9:17:0:1
Proteins 85 11:16:3:3
Fibre 35 6:10:0:5

Total: 570 21:38:1:14

2Note that this refers to a decomposition by the human digestive system. Ruminants, for
example, are very well able to digest cellulose, thereby releasing significant amounts of methane.
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This average diet follows the recommended daily nutrient intake for an as-
tronaut according to David and Preiß (1989), with the amount of fibre as rec-
ommended by the Food and Nutrition Board, Institute of Medicine, National
Academy of Sciences (2005). An astronaut is assumed to weigh in at 75 kg and
the average of US-American and Russian recommendations is used, yielding a
daily energy intake of 12300 kJ.
Using the mass ratio of these recommendations and the molar ratios of carbon,
hydrogen, nitrogen, and oxygen in the individual food components as derived
above, it is possible to calculate the overall molar C:H:N:O ratio of food in gen-
eral (see Appendix A.1). One ends up with an approximate ratio of 21:38:1:14,
so that ‘food’ could also be represented by C6H11O4 + 1

7
N2. This formula is just

intended for a handy comparison of element occurrences and does not constitute
an actual substance, of course.

2.1.2 Excretions

In a wider sense, excretions are all substances that leave the human body. Fol-
lowing this general definition, human excretions encompass a wide variety of
materials in either gaseous form (e.g. exhaled gases, flatulences), in the liquid
phase (e.g. urine, sweat, blood, liquid faeces), or in a solid state (e.g. hair, dead
skin, finger- and toenails, solid faeces).
The composition of the most important excretions is analysed in the following
sections. In order to analyse existing ECLSS and to sketch future ECLS cycles,
only the most important elements need to be taken into account. Therefore, only
carbon, hydrogen, nitrogen, and oxygen are of primary interest.

Sweat The amount of sweat produced per day varies widely depending on work-
load, atmospheric conditions and personal disposition. If some mild exercise is
performed, it is in the order of magnitude of a litre per day and person. Sweat
is composed almost exclusively of water, which makes up for 99% of its weight.
Solved solids are mainly salts (with chloride and sodium being the predominant
ions), but also urea, creatinine and trace elements such as iron are contained.
As salts and metals are neglected in a rough estimation of metabolic processes,
only the organic compounds have to be accounted for. As they match the organic
substances found in urine, sweat solids can be subsumed under urine solids unless
the underlying model is being improved.

Urine As with all human excretions, the contents of urine depend on the diet.
On average, about 96% are water, while the solved solids are dominated by
urea (CH4N2O). This makes urine the main output of nitrogen from the human
digestive system. Average mass fractions of solved substances are listed in Table 4
(Valtin, 1983; Karlson et al., 1994; Budecke and Fischer, 1992).
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Table 4: Average composition of urine.

Mass ( g
person·day

) Substance

1500 Water

27 Urea (CH4N2O)
2.3 Creatinine (C4H7N3O)
1.6 Uric acid (C5H4N4O3)
0.4 Hippuric acid (C9H9NO3)

traces Oxalic acid (C2H2O4)
Urobilinogen (C33H44N4O6)
Urobilin (C33H42N4O6)
Vitamin C (C6H8O6)
Phenolic substances
Proteins (amino acids)
Allantoin
Glucose

3.2 Sodium (Na+)
2.7 Potassium (K+)
1.1 Ammonia (NH+

4 )
0.3 Calcium (Ca2+)
0.2 Magnesium (Mg2+)

4.8 Chloride (Cl−)
1.9 Phosphate (PO3−

4 )
1.4 Sulphate (SO2−

4 )
1.1 Bicarbonate (HCO−3 )

traces Oxalate (C2O2−
4 )

<60 Total solids

Faeces As with urine, the composition of faeces is very dependent on the diet.
On average, 75% of their weight is accounted for by water. Table 5 provides
information about the quantities of other constituents.
The mentioned food residues are mainly fibre, i.e. polysaccharides, non-digestible
starches and similar substances, while the excreted intestinal bacteria consist of
proteins and carbohydrates (in an approximate ratio of 2 : 1, Srivastava and
Siddique, 1973). As epithelia are just dead tissue cells, approximately the same
composition can be assumed for them.
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Table 5: Average composition of faeces.

Mass ( g
person·day

) Substance

100 Water
13 Food residues
11 Intestinal bacteria
9 Epithelia

Analogue to the approximation for the chemical composition of food in Chap-
ter 2.1.1, a chemical replacement formula for faeces can be determined (see Ap-
pendix A.2). The approximative C2H3O1 is used for subsequent modelling in this
thesis. Note that this estimation does not contain nitrogen, because urea is the
main channel of its excretion and exceeds the amount of nitrogen in faeces by
about one order of magnitude.

Flatulences Flatulences mainly consist of swallowed air and some additional
gases which are produced during digestion. Therefore, the main constituents are
nitrogen, oxygen, and carbon dioxide, complemented by hydrogen, methane, and
hydrogen sulphide (H2S). Along with other traces, it is the latter of these gases
that is responsible for the smell of flati.
Concerning the quantity of expelled gases, there is no mentioning of flati in the
ISS reference design. Thus, one could assume that astronauts just do not fart.
They do in fact, but it only amounts to about half a litre per man-day, weighing
less than 1 gram. Taking into account that most of the gases are meant to be
part of the cabin atmosphere anyway, the rest can well be neglected for recycling
purposes on the current level of detail in ECLSS design. However, there has to be
a way to just remove trace gases from the cabin atmosphere (see Chapter 2.2.3).

2.1.3 Metabolic Equation

The approximate compositions of food and faeces were motivated above:

food =̂ C21H38O14N1 and faeces =̂ C2H3O1 (3)

Putting together the weight ratios and compositions of all the substances dis-
cussed above, assuming a respiratory quotient of about 0.9 and sticking with all
assumed simplifications, it is possible to describe the human metabolic process
in one expression:

2 food + 41 O2 → 37 CO2 + 33 H2O + CH4N2O + 2 faeces + ∆E (4)

In short: Food and oxygen are transformed to carbon dioxide, water, urea, and
faeces. This equation will be used for modelling LSSs in Chapter 2.3.
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2.2 Introduction to Life Support Systems

In order to keep a crew alive in the hostile environment of space, life support
systems have to provide the astronauts with an artificial environment that ide-
ally matches conditions on earth. If this objective target cannot be met, the
LSS should at least provide sufficient protection and resources to guarantee a
survival of the ‘living payload’. As humans are not able to survive under vac-
uum conditions, ECLSSs in space always have to be implemented inside a certain
pressurised volume, be it a space vehicle, planetary surface habitat, space suit or
any other kind of confined space that is surrounded by an outer shell.

2.2.1 Tasks of a Life Support System

Every ECLSS has to fulfil a certain number of functions in order to provide the
crew with survivable conditions (Eckart, 1996):
Accurate atmosphere management is the most immediate need. The pressurisa-
tion and temperature of the cabin have to be within a survivable envelope and a
breathable gas composition is obviously of utmost importance, too. Trace gases
and exhaled carbon dioxide have to be constantly removed from the atmosphere,
for it not to become toxic. Ideally, the cabin atmosphere is also subjected to
humidity control, purging excess water vapour.
Every life support system also needs water management: The crew has to be sup-
plied with fresh water, and waste water has to be processed and either discarded,
recycled or stored. Via the air humidity control function, water management is
closely related to the atmosphere management subsystem. Also, water is often
used to revitalise the atmosphere, i.e. to generate oxygen by splitting water into
oxygen and hydrogen, which leads to another connection point between these two
systems. It is therefore impossible for many considerations to just address one
ECLS subsystem without taking into account all the others as well.
Food production and storage are functions that are needed when mission dura-
tions exceed a few hours. In future LSSs, food production will take place, but
up to now spaceborn systems are only addressing the ‘storage’ rather than the
‘production’ part within this field.
With respect to crew hygiene, waste management is an important issue. Fae-
ces have to be safely processed without the opportunity for virulent bacteria to
spread within the cabin environment. This field is strongly related to water man-
agement, because combined liquid-solid waste streams can generally be expected.
Options to deal with waste are its destruction or conservation for storage and dis-
posal, but future systems will aim for recycling by decomposition and subsequent
feed-back to other ECLS subsystems (in form of gases, water, or even food).
Another effect detrimental to the crew’s health is the exposition to excessive
amounts of radiation, e.g. from the solar wind or galactic cosmic rays. Especially
on (long-duration) missions outside the earth’s protecting magnetic field, suffi-
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cient shielding has to be in place. Additional safety measures include fire detec-
tion and suppression, and the active (avoidance) or passive (shielding) protection
from micrometeoroids or orbital debris. The generation of artificial gravitation in
rotating space stations could also be considered part of ECLS, because another
environmental factor with a significant impact on the crew is altered. From a
safety point-of-view, an ECLSS has to be fail safe, i.e. backup solutions have to
be in place in case of subsystem failures. If one of the system fails, conditions
must still stay survivable.
It is apparent from this list of requirements that the design of LSSs is a rather
complicated endeavour, because one has to take into account all factors that
have an effect on the overall system. This thesis focuses on only one part of the
development of ECLSSs: From all the requirements listed above, it is just the
air revitalisation capability of the atmosphere management, which is the central
point of discussion.

2.2.2 Material Cycles

The three major resources which an ECLSS has to provide are air, water, and
food (Figure 1). As these resources are consumed and metabolically processed
they turn into different forms. It is the task of regenerative life support systems
to recycle these materials. Water recycling offers the largest potential for savings.
It was already tested on earlier spacecraft and is currently day-to-day business
on the ISS. Apart from this application of regenerative ECLS techniques, the
development of truly regenerative LSSs is still in its very early stages. The
next logical step is the further improvement of air revitalisation systems, before
proceeding to close the food loop. In order to do so, it is important to understand
the three fundamental material cycles that have to be sustained.

Crew

Oxygen

Fresh water

Food

Environmental 
control and life 
support system

Waste water

Solid wastes

Carbon dioxide

Figure 1: Basic material cycles of a life support system.
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Air Nitrogen, although the major constituent of air, does not take part in the
metabolic processes and is inhaled and exhaled without being changed. Therefore,
it does not take part in any material cycle but just contributes to filling the cabin
as an inert gas3. The fact that it is not needed in the breathing process lead to
several historic life support systems to be designed without the use of atmospheric
nitrogen (see Chapter 2.3.2). The only element that has to be taken into account
when describing the air cycle is therefore oxygen . When being metabolised, it
is inhaled as O2 and exhaled bound in a CO2 molecule. Thus, a regenerative
LSS has to extract it from the carbon dioxide in some way or another. Once it
is extracted, it can be inhaled again to be consumed, closing the cycle.
As the exhaled carbon dioxide weighs 1 kg per person and day, closing the air
cycle offers huge potential to save on supply mass. That is why the air cycle
will be the first loop to be closed in future LSSs for space flight, for the first
time by the Sabatier reactor in the ACLS to be installed on the ISS in 2013 (see
Chapter 2.3.3).

Water The consumption of water is essential to all vital functions of the human
body. Its excretion is variform: Water is exhaled and perspired in gaseous form
and occurs as a liquid in urine and faeces. In a regenerative LSS, it has to be
condensed and collected (gas) or extracted (liquid), before it can be cleaned and
reingested. For water vapour, this is already done since the early development of
space stations, but the extraction of water from urine was just recently established
on board the ISS by means of the urine processor assembly (UPA). Faeces are
not yet used as a water source, although it constitutes 75% of their mass.
As water is created from food metabolically, the human body excretes more water
than it consumes. Thus, the food cycle and the water cycle are interconnected
systems. It should therefore be possible to close the water cycle even in an
imperfect system, because there is a steady resupply of water from metabolism.
This only holds true, if there is a constant food supply, of course. If the food
cycle was to be closed as well, water would have to be fed back to it.
As water (H2O) is often split into oxygen (O2) and hydrogen (H2) to provide
oxygen for the cabin atmosphere, the water cycle is in these cases connected to
the air cycle as well. While oxygen was identified as the one important element
of the air cycle, it is now the element hydrogen that plays a crucial role in the
water cycle: It will only be possible to close the water cycle if no hydrogen is
vented overboard in the process of splitting water to provide oxygen.
As this is still the case in the current ACLS concept, it is the task of this thesis
to find solutions that stop any hydrogen from being vented overboard as a waste
product. As stated before, these two cycles (air and water) will therefore get the
most attention within this thesis.

3Some plants, e.g. peas, can actually process atmospheric nitrogen and transfer it over to
the food cycle, but as this effect is of minor importance it is neglected in this description.
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Food The general perception on earth is that food is digested in order to be
excreted as faeces, before plants grow on it again delivering food. This would
make the food cycle an intrinsically closed loop. However, this idea does not
include the numerous other ways that parts of the digested food take.
Indeed, the food loop is interconnected with all the other material cycles as well:
Exhaled carbon dioxide carries away carbon, establishing a connection to the air
cycle. Metabolic water is generated from the breakdown of organic molecules
within the food, thereby connecting to the water cycle. These interrelations with
the other cycles make it especially complicated to try and close the food loop
in a bioregenerative way, while an imperfect understanding of food synthesis via
physico-chemical processes avoids a purely physical approach. The principal ele-
ment in the food loop is carbon , which allows for the storage of energy in form
of extended organic molecules.
Leaving the food loop open provides the possibility to just take care of the most
important cycles in terms of resupply masses (i.e. air and water) and make up for
their losses via the food loop. This way, one does not need to fully understand all
other material cycles and - even more importantly - one does not have to come
up with a device for every material cycle one wants to close, which would be the
case in an ideal, fully self-sufficient system.
If one wants to close the food loop, the carbon from exhaled air as well as part
of the recycled water have to be fed back into the food loop, ultimately creating
new food. As plants are doing exactly that, the most promising approach to close
the food loop is via bioregenerative systems. Projects like MELiSSA (see Chap-
ter 2.2.4) are aiming at doing just that, but still require a lot of (bio-)engineering
efforts to come true.

Others Apart from oxygen, hydrogen, and carbon, there are more chemical
elements that are supplied by food, notably nitrogen , which is the fourth most
abundant element in biological processes. It is digested via food and mainly ex-
creted in the form of urea in urine. Apart from that, almost all other elements
are also present in food, even if in extremely low concentrations. Many of these
elements fulfil vital functions within the human body: Following C, N, O, and
H, the next most important ones are phosphorus, sulphur and salts containing
chlorine, sodium, potassium, magnesium, and calcium. In addition, at least four-
teen other elements have been identified as being part of physiological processes
(Kasper, 2009).
On earth, all these elements are easily fed back into the food cycle via plants and
animals. For ECLS technology, there is currently no other way than their resup-
ply through food, unless the food cycle is satisfactorily closed. On the other hand,
many salts and traces of metals remain unchanged by metabolic processes: Their
extraction from urine and feedback into the food cycle should be possible through
physical separation processes rather than complicated chemical reactions.
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2.2.3 Components of Physico-Chemical Life Support Systems

In physico-chemical LSSs, the occurring substances are treated in reactors by
chemical and physical processes. For bioregenerative techniques, which apply liv-
ing organisms like plants and bacteria to process the materials, see Chapter 2.2.4.
In the following, a very brief overview over existing and yet-to-be-developed tech-
nology is given. Many of the mentioned technologies are treated in more detail
in Chapter 2.3, where they are motivated in the context of actual ECLS imple-
mentations.

Water Management A LSS has to supply fresh water for drinking, food
preparation, washing, and also for oxygen generation by electrolysis. In order
to reduce supply dependencies, regenerative systems try to recover as much wa-
ter as possible from wastes. This is done by water vapour condensation from
exhaled air, by cleaning of waste water, and also by urine recovery. Methods
for all these recycling options exist already, but there is still ample space for im-
provements (see e.g. Remiker et al., 2009). The development of future ECLSSs
also aims at water recovery from faeces.

Atmosphere Management The most common devices for temperature and
humidity control are condensing heat exchangers (CHX): The temperature of the
cabin atmosphere is reduced via heat exchange with coolant loops, while conden-
sate is collected from the cooled air to lower its humidity.
Nitrogen has to be supplied for pressurisation to compensate for atmospheric
losses to the outside of the spacecraft. These losses can be caused by venting of
waste gases (which should of course be minimised), by leaking spacecraft mod-
ules, or by losses from airlocks when performing EVAs. In principle, oxygen
has to be supplied as well, but in many scenarios there are additional oxygen
sources: supplied food, the CO2-rich atmosphere of Mars, etc. Gas for resupply
can be stored under high pressure, in cryogenic tanks, or bound in liquid or solid
chemical compounds. The last option might include unwanted elements and ne-
cessitates a device for extraction, but these chemicals might be easier to store.
According to Eckart (1996), storing nitrogen in form of hydrazine (N2H4) is more
economic from an upmass point of view, because the weight penalty for a liquid
hydrazine tank is less than for compressed or cryogenic pure nitrogen storage.
This difference more than compensates for the additionally contained hydrogen.
Moreover, the hydrogen is most probably not just waste, but can be used for
other purposes within the LSS. On the other hand, the toxic hydrazine has to be
handled with care and might pose a safety hazard.
Carbon dioxide removal from the cabin air can be performed by molecular sieves
or amine desorption. These techniques have in common, that CO2 is removed
from the atmosphere by adsorption to special surface materials. It is later des-
orbed, providing concentrated carbon dioxide for further processing. Other ap-
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proaches to CO2 removal include the use of consumable chemicals, membrane
removal methods, and other techniques. Similar methods are also applied for
trace gas removal.
There are various methods for air revitalisation, many of which are described in
Chapters 2.3 and 3 ff. The most common technology for oxygen generation is
the electrolysis of water and CO2 can be recycled in a Sabatier reactor, as im-
plemented in the ACLS (Chapter 2.3.3). On the other hand, it is also possible
to generate oxygen directly from CO2 and a Bosch reactor or CO2 electrolysis
represent alternative (and methane-free) solution to the Sabatier reactor.

Waste Management Waste separation from water streams, waste storage and
its final disposal are important tasks. Ideally, storage and disposal are replaced by
recycling techniques, which generate basic supplies from the wastes. Up to now,
urine recovery is the only waste recovery technique used in spacecraft, and even
this is basically just the separation of solid wastes from water. More advanced
options include the electrolysis of urea and waste gasification or the processing
of organic wastes in a bioreactor. A prototype of a waste pyrolysis device is in
development for NASA (Serio et al., 2005).

2.2.4 Bioregenerative Concepts

As this thesis mainly deals with physico-chemical methods of life support, it only
briefly touches upon bioregenerative systems. While physico-chemical ECLS re-
lies on engineering solutions to perform well-understood processes in chemical
reactors, bioregenerative LSSs try to utilise the optimised processes of lifeforms
to close the material cycles within the small spacecraft ecosystem. Thus, biore-
generative LSSs take advantage of nature’s ingenuity.
Integral parts are oxygen generation via photosynthesis, degradation of biomass
to generate reusable resources, and the production of food by growing plants.
For the tasks of photosynthesis and biomass degradation, small organisms can be
used, which are relatively easy to predict: Algae are suitable for photosynthesis,
while an ensemble of bacteria and archaea can handle the composting process.
Plants for food production will always contain inedible parts as well, which have
to go back into the recycling process without being eaten. Care has to be taken,
that no harmful chemicals (especially from washing agents and shampoos) have
toxic effects for some organisms within the LSS and control mechanisms have to
be in place to keep the artificial ecosystem in a sound balance.
A prototype of such a system that is currently in development is ESA’s micro-
ecological life support system alternative MELiSSA, which is discussed in Chap-
ter 2.3.3. While some aspects of ECLS might be easier to realise in a physico-
chemical way, and others might be simpler to overcome by bioregenerative means,
hybrid systems will result from a successful merger of the best techniques from
both approaches.
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2.2.5 Dependence on Mission Scenarios

Depending on the mission profiles, various ECLS scenarios might be appropriate
in different situations. The most important mission parameters to take into ac-
count for trade-offs are mission duration and the feasibility of resupply, while the
most important aspect on the LSS side is the weight of the system. The more
complicated or expensive a resupply mission, and the longer an autonomous op-
eration of the LSS, the heavier a system can be without becoming inefficient. In
general, a higher system mass is equivalent to a higher degree of regenerativity.
Depending on crew size and mission objective, the efforts necessary for mainte-
nance of a LSS might be another limiting factor.
For a space station orbiting Jupiter, for example, destined for a long-duration oc-
cupancy, it would be sensible to incorporate a degree of regenerativity as high as
possible, because an economic resupply from earth is hardly feasible with current
technology. For surface habitats on Moon or Mars, the same argument is valid,
but an exception could be made for substances, which can be easily processed
from in-situ resources. For short-duration missions, a fully closed ECLSS needs
to be extremely weight-efficient to be a competitive option. The dependence of
the size of a LSSs on different mission parameters is discussed quantitatively in
Boscheri et al. (2009).

17



2.3 Life Support System Implementations

In the following, an overview of several different kinds of LSS implementations
is provided. While bioregenerative systems are covered briefly, the focus is on
physico-chemical applications. Their range from historical space vehicles to fu-
turistic concepts reflects the development of ECLS design in the last decades.
Whenever a substantially different ECLS design is presented, it is depicted in a
system diagram (starting with Figure 2). These diagrams are intended to repre-
sent the chemical processes taking place within the LSS. Several simplifications
and omissions are in place to keep the diagrams at a readable and understand-
able level: Food and faeces are replaced by approximate chemical representa-
tions as motivated in Chapter 2.1.1. All excess water and nitrogen as well as
all other substances that are not involved in chemical reactions are omitted.
Therefore, only water needed for oxygen generation or produced in the human
metabolism is shown. Also, concentration and separation assemblies, which do
not perform chemical reactions, are not mentioned. The respiratory quotient of
the metabolism is assumed to be about 0.9. The given numbers are in moles and
refer to one day for a crew of three astronauts, including a safety margin of about
10%. Furthermore, trace gases, salts, and metals are not considered, but only
carbon, hydrogen, nitrogen, and oxygen are taken into account. All indigestible
organic compounds, including the ones present in urine, are subsumed under fae-
ces. The systems are always assumed to be lossless and ideal, i.e. there are no
chemical byproducts, no wear, no contaminants, etc.

2.3.1 Earthbound Systems

Life support systems have been in use for a long time. They are needed, whenever
individuals have to survive in environments that are out of the ordinary.
In high-altitude mountaineering, many alpinists carry supplemental oxygen when
trying to ascend the highest mountains of the world. In the early days of Hi-
malayan alpinism, it was common to do so when attempting any of the eight-
thousanders. However, the trade-off between carrying the heavy oxygen equip-
ment and the actual advantage of breathing a higher partial pressure of oxygen
was reconsidered, and nowadays, oxygen is usually used for the highest five peaks
only4.
Commercial aeroplanes operate at heights of about 10 km and therefore need life
support systems, too (see Figure 2). As they are travelling at high velocities, it is
possible to use the compressed bleed airflow from the aeroplane’s turbine engines
to sufficiently re-supply the airtight cabin. The excess air is simply released from
the aircraft into the surrounding atmosphere. However, in case of a rapid decom-

4Recent statistics show only very few professional ascends of the lower nine eight-thousanders
using supplemental oxygen, while ascends of Makalu, Lhotse, Kangchenjunga, K2 (about 50%)
and Everest (more than 96%) still have high supplemental oxygen rates (Jurgalski, 2009).
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Figure 2: ECLSS model of an aircraft cabin. All supplies are either stored or
externally provided and there is no regenerativity, i.e. no feedback loops. Refer to
the introduction of Chapter 2.3 for help with the interpretation of this diagram.

pression, e.g. in case of a fuselage damage, this scheme does not work anymore.
For this scenario, breathing masks connected to an on board oxygen supply are
in place. As the supply is limited, the aircraft will rapidly decrease its altitude of
travel and the on board system only has to bridge the time span until the aircraft
reaches a sufficiently dense surrounding atmosphere.

The fact that scuba diving equipment constitutes a LSS as well is already pointed
out by its very name, ‘scuba’ being an acronym for ‘self-contained underwater
breathing apparatus’. For diving, there are even LSSs with some degree of regen-
erativity: So-called rebreather systems scrub the exhaled carbon dioxide, while
the rest of the exhaled air is replenished with oxygen and recirculated. This
allows for longer and therefore deeper dives with less weighty equipment. For
safety reasons, these systems usually also carry a diluent gas supply (e.g. air) to
replenish the closed loop, because system failures or leaks could otherwise lead
to a loss of gas from the closed system, leaving the diver with the remaining pure
oxygen, which is toxic at partial pressures above 150 kPa.
Submarines either carry the needed oxygen for breathing in tanks or produce it
on board. Electrolysis of water is a very suitable method to do so, because the
needed resource is available in great abundance. So-called self-contained oxygen
generators, ‘oxygen candles’ that produce oxygen via an ongoing chemical reac-
tion, are used as well. They were also found on spacecraft like the MIR space
station, where they were used as a backup solution in case of a failure of the
primary system. As submarines can replenish their resources regularly (water at
any time and air on re-emersion) it is not necessary to use LSSs with a higher
degree of regenerability in this context.
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Closed Ecosystem Experiments Apart from ground-based testing of LSSs
intended for spaceflight, which will be described in the following sections, addi-
tional earthbound ECLS experiments have been carried out. Their basic idea
is to try and establish an entirely closed ecosystem within a hermetically sealed
habitat. No exchange of materials with the outside may take place, and solar
light provides the only source of energy to sustain the biological processes taking
place. (Also, electricity is provided, which could be generated from sunlight.)
Of these large-scale ecosystem experiments, the American Biosphere 2 and the
Russian BIOS-3 are the most well-known. They provide ideal testbeds for the
development of bioregenerative life support systems (see Chapter 2.2.4).
Biosphere 2, with 12700 m2 the largest closed ecosystem ever built, contains sev-
eral different climates from rain forest to desert and is an attempt to build a
scaled-down version of the earth’s ecosystem. The main problem during a two-
year run of Biosphere 2 (1991-1993) was a continuous drop in the partial pressure
of oxygen in the atmosphere, which ultimately lead to the use of externally sup-
plied oxygen. Also, a decrease in active carbon was measured and the inhabitants
suffered from weight loss due to a low-caloric diet. Both observations can be ex-
plained by the reaction of atmospheric carbon dioxide with exposed concrete of
the habitat structure, forming calcium carbonate (CaCO3) and thereby acting as
a sink for both oxygen and carbon (Severinghaus et al., 1994).
The ECLS of BIOS-3 is more easily transferable to spacecraft LSSs, but does not
constitute a strictly closed ecosystem: Dry wastes are not recycled and certain
food originates from external supplies. Crop chambers and a bioreactor with
algae for the conversion of carbon dioxide to oxygen via photosynthesis are the
most important components of this artificial ecosystem, which performed its first
test runs already in the 1970’s. The analysis of obtained results is still in progress
(e.g. Holubnyak and Rygalov, 2009).

2.3.2 Spaceborn Systems

EVA Systems Spacesuits for extra-vehicular activities (EVAs) provide very
basic life support for short durations. Early models worn by US astronauts dur-
ing the Gemini flights (no EVAs took place during the Mercury missions) were
linked to the spacecraft via an umbilical cord, which linked them to the space-
craft’s LSS. During the Skylab missions, the US returned to this concept, but
used longer umbilicals and more advanced suits.
Apollo and Space Shuttle spacesuits are autonomous, provide pure oxygen and
work at the comparatively low pressure of 29.5 kPa to allow for better freedom of
movement during space-walks. If the cabin atmosphere contains nitrogen, appro-
priate measures have to be taken when changing from the spacecraft’s atmosphere
into the suits in order to avoid decompression sickness as encountered in diving.
Carbon dioxide and contaminant gases are removed (‘scrubbed’) by lithium hy-
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droxide (LiOH) and activated carbon filters, respectively. This is comparable to
so-called (closed-cycle) rebreather systems in scuba diving. However, opposed
to deep diving, there is no need to worry about too high a partial pressure of
oxygen, which would have toxic effects.
Russian spacesuits were continuously improved since the first space-walk during
a Voskhod mission. The operating principles are basically the same as for the US
spacesuits, only that the suit pressure is a bit higher at 40.6 kPa. They have the
option to lower the pressure to 27.6 kPa for a short period during the space-walk,
if additional mobility is required. The difference in US and Russian spacesuit
pressures is owed to the different spacecraft atmospheres used during their early
missions (as described in the next sections).
Both the Russian suits and the US Space Shuttle suits are nowadays also used
for EVAs from the ISS (Eckart, 1996).

Historic Space Vehicles in the US For all the manned US programs up to
this day (i.e. Mercury, Gemini, Apollo, Skylab, and Space Shuttle), the imple-
mentation of the atmospheric management subsystem resembles the one for an
aeroplane (see Figure 2), only that the oxygen supply is not provided from the
surrounding atmosphere, but from storage tanks. In all cases (except for Skylab),
the mission duration was limited to about 2 weeks and no further regenerativity
was implemented. Even for Skylab, a space station which was originally intended
for long-duration stays, the carbon dioxide was not recycled.
The Mercury, Gemini and Apollo missions used a cabin atmosphere of pure oxy-
gen at 34.5 kPa. Only for the more recent missions, nitrogen was added to more
closely resemble the earth’s atmosphere and to limit the danger of fire (Skylab
used 72% O2 and 28% N2 while staying with 34.5 kPa, the Space Shuttle uses an
atmospheric composition of 21.7% O2 and 78.3% N2 with the cabin pressure at
a standard atmospheric value of 101.3 kPa). Resupply for the cabin atmosphere
was stored either as a compressed gas (Mercury, Skylab), in a supercritical cryo-
genic state (Gemini, Apollo Command Module), or in both forms (Apollo Lunar
Module, Space Shuttle).
The removal of carbon dioxide from the atmosphere was carried out with lithium
hydroxide (LiOH), which is also used in submarines. As a consumable, it binds
carbon dioxide and is not recyclable on site:

2 LiOH + CO2 → Li2CO3 + H2O + ∆E (5)

Skylab instead used the more advanced molecular sieves made of zeolites, which
adsorb carbon dioxide from the cabin air. For desorption, the molecular sieves
were exposed to vacuum conditions. This way, at least the CO2 removal system
was regenerative. The Space Shuttles still use lithium hydroxide, but also feature
regenerable solid amine adsorption/desorption devices with a similar working
principle to the molecular sieves.
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Trace gases were filtered from the cabin atmosphere with activated carbon fil-
ters, and cabin temperature and humidity were controlled by condensing heat
exchangers.
The water supply for all these missions was simply provided from tanks, using
varying chemicals for disinfection. Only the two spacecraft that used fuel cells
to generate on board energy, i.e. the Apollo command module and the Space
Shuttle, did not need to carry water at all but used the water produced by their
fuel cells.
Even the Skylab did not recycle any waste water, resulting in a huge weight
penalty for long-duration missions (Diamant and Humphries, 1990).

Historic Space Vehicles in Russia From the start, the manned Russian mis-
sions (i.e. Vostok, Voskhod, Soyuz, and the Salyut space stations; Mir is discussed
separately in the next section) used an earth-like composition and pressure of the
cabin atmosphere.
Potassium superoxide (KO2) was used to react with the atmospheric water vapour
from respiration and perspiration, generating oxygen and potassium hydroxide
(KOH):

2 H2O + 4 KO2 → 3 O2 + 4 KOH + ∆E (6)

Analogue to the American use of lithium hydroxide, the ensuing KOH removed
carbon dioxide from the cabin atmosphere:

2 KOH + CO2 → K2CO3 + H2O + ∆E (7)

The leftover potassium carbonate (K2CO3) would finally bind one more carbon
dioxide and water to end up as potassium hydrogen carbonate (KHCO3):

K2CO3 + CO2 + H2O→ 2 KHCO3 + ∆E (8)

Therefore, canisters of potassium superoxide contributed to three ECLS subsys-
tems at the same time: they removed excess humidity from the air, kept the
carbon dioxide concentration down and generated oxygen. Combining the three
individual reaction equations yields the overall expression

4 KO2 + 4 CO2 + 2 H2O→ 4 KHCO3 + 3 O2 + ∆E (9)

This way, for every absorbed carbon dioxide, 3
4

new oxygen molecules (O2) are
generated. According to Equation 3 in Chapter 2.1.3, a human but needs to in-
hale 41

37
oxygen molecules per exhaled CO2. Therefore, additional oxygen supply

is necessary. Also, the amount of bound water vapour is not sufficient to keep
the cabin air dry: Additional measures for humidity control are needed as well.
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The consumed KO2 of the Russian system is heavier than the LiOH of the US
system, but the Russian system has to provide less oxygen. It turns out, that
these factors effectively cancel out (see calculations in Appendix A.3) so that the
weight of the needed consumables is about the same. Taking into account that
the weight penalty for storing oxygen (in a pressurised tank) is higher than for
LiOH or KO2 and that the US system requires a larger dehumidification assem-
bly, the Russian system can be seen as the more economic solution.
Additional dehumidification of the cabin air was initially (Vostok, Voskhod) con-
ducted by silica gel dehumidifiers. Later, condensing heat exchangers dealt with
this issue (as in US spacecraft). Trace gases were also removed by activated car-
bon filters, although some trace gases were already bound by side-reactions with
the (very multi-functional) potassium superoxide system.
No water processing was performed until the Salyut missions. Starting with
Salyut 6, water reclamation was implemented in the same way as on the Mir
space station (see below).

Mir During its fifteen years of operation, Mir’s LSS was subjected to active
development. In the end, an acceptable degree of regenerativity was reached,
facilitating long-duration human presence in orbit at acceptable resupply costs
(see Figure 3). For the first time, oxygen was generated by electrolysis of water:

2 H2O + ∆E→ 2 H2 + O2 (10)

Carbon dioxide was removed employing regenerable solid amine adsorption and
desorption (as on the Space Shuttle). The active carbon filters used for the re-
moval of trace contaminants were thermally regenerable as well. As on many
space vehicles before, condensing heat exchangers controlled temperature and
humidity of the cabin atmosphere.
Already starting on the Salyut missions, a water regeneration system was in-
stalled and continuously improved: Hygiene water, urine distillate (produced by
evaporation of urine), and humidity condensate from the cabin air were treated
as three separate streams, which were all purified by multifiltration. The re-
claimed urine water was used for the production of oxygen by electrolysis, the
reclaimed hygiene water was re-used for hygiene purposes, and the humidity con-
densate provided a source of fresh water for drinking and food preparation. All
water was disinfected with silver ions, and the taste of the drinking water was
improved by adding salts.
The introduction of water recycling aboard the Mir space station saved substan-
tial amounts of upmass in comparison to previous missions and can be seen as
an enabling technology to facilitate manned long-duration space missions. The
fact that the CO2 removal system did not require any consumables as opposed to
systems relying on LiOH or KO2 contributed further to the reduction of supply
needs. On the other hand, all the exhaled carbon dioxide was eventually vented
overboard.
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Figure 3: ECLSS model of the Mir and ISS space stations. An electrolyser
produces oxygen and hydrogen from water, increasing the degree of regenerativity.

ISS The Russian and US segment of the ISS have redundant ECLS capabilities.
In principle, no improvements have been made since Mir concerning ECLS tech-
nology: Oxygen is generated by electrolysis, the electrolyser units being called
Oxygen Generating System (OGS) on the US side and Elektron on the Russian
side. Carbon dioxide removal based on regenerable absorption is managed by
the US Carbon Dioxide Removal Assembly (CDRA) and the Russian Vozdukh
system. Still, the carbon dioxide is vented overboard.(Wieland, 1998)
Oxygen for EVAs is supplied and stored in cryogenic tanks. Trace contaminants
are again removed with activated carbon filters, but a catalytic oxidiser is oper-
ated as well. For temperature and humidity control, the well-proven concept of
condensing heat exchangers is employed.
Water management constitutes the only major difference to the Mir space station:
Hygiene water, urine distillate, and humidity condensate are not treated sepa-
rately, but form a combined waste stream. Before entering it, urine is first treated
by vapour compression distillation in the Urine Processor Assembly (UPA). The
combined wastewater stream is treated by multifiltration and disinfected, yield-
ing fresh water. Therefore, unlike on Mir, there are no different water qualities
rather than waste water and fresh water.
As can be seen in Figure 3, wastes produced in this ECLS setup ideally amount
to 3.3 kg of CO2, 330 g of H2, 170 g of dry faeces, and 120 g of urea per day for
a crew of three. Therefore, the by far largest remaining waste of mass remains
to be the overboard venting of carbon dioxide.
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2.3.3 Prototypes for Spaceflight

Orion As pointed out by Barta and Ewert (2009), the different space vehicles
of the Constellation program were planned to have LSSs with varying degrees
of regenerativity: The Orion capsule, also called the crew exploration vehicle
(CEV), had its LSS developed by Paragon Space Development Corporation. As
the Constellation program was designed in the style of the Apollo mission of
the 1960’s and early 70’s, Orion’s LSS featured nothing special, but an amine
swing-bed adsorption/desorption device for carbon dioxide removal. The exact
LSS layouts for the lunar lander (Altair) and pressurised rovers were not yet
determined, but carbon dioxide loop closure was deemed critical for lunar surface
habitats.
Ground-based tests of the Orion LSS have already been conducted (Lin and
Sweterlitsch, 2009). After the Review of United States Human Space Flight
Plans Committee (better known as the Augustine commission) assessed possible
options for manned spaceflight in the post Space Shuttle era (Augustine et al.,
2009), the Constellation program was cancelled and responsibility for the Orion
spacecraft was handed back to the prime contractor Lockheed Martin. Due to
the lack of an available man-rated launch vehicle, this spacecraft - if it is put into
service at all - will only be used as a return vehicle from the ISS.

Dragon Space Exploration Technologies Corporation (SpaceX) is in the devel-
opment process for their Dragon spacecraft. As for the Orion vehicle, its LSS
is provided by Paragon and can be expected to have an almost identical layout.
Although the Dragon is planned to fly several cargo missions before being used as
a manned vehicle, ECLS is already implemented in the cargo version, taking care
of living payloads such as lab mice and providing a test platform for subsequent
manned flights.
The first operational Dragon spacecraft is to be launched with a Falcon 9 rocket
in the second half of 2010 on the first test flight of the Commercial Orbital Trans-
portation Services (COTS). It will feature basic environmental control, with CO2

and humidity control to be added before manned flights can take place. Both the
Dragon and Orion spacecraft follow the most basic ECLSS design as outlined in
Figure 2.

Sundancer Bigelow Aerospace is planning to launch its first human-rated in-
flatable space habitat, the Sundancer, in 2014 on board a SpaceX Falcon 9 rocket.
Its ECLSS is under development by Orbital Technologies Corporation (Orbitec).
Being intended for long-duration missions, it will rely on water electrolysis for
oxygen generation, while the implementation of carbon dioxide recycling is not
planned. Therefore, its LSS will be similar to the one of Mir or ISS (see Figure 3)
and no further development of ECLS technologies is promoted.
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ACLS The closed-loop air revitalisation system ACLS is a LSS developed by
ESA, which incorporates a Sabatier reactor (see Chapter 3.1) to recycle carbon
dioxide. Oxygen is generated by pyrolysis of water and carbon dioxide concentra-
tion is performed by regenerable adsorption and desorption (Bockstahler et al.,
2009). An ACLS technology demonstration payload capable of accommodating
a crew of three is to be flown on the ISS in 2013, and will be the first LSS,
which does not waste the exhaled carbon dioxide. As can be seen in the system
diagram in Figure 4, it is but necessary to care for hydrogen resupply in form of
water, because hydrogen is lost within methane molecules that are generated in
the Sabatier process (see Chapter 3.1).
Due to the fact, that no oxygen is lost in the recycling process, the supply needs
are strongly reduced in comparison to the current ECLSS of the ISS. Three astro-
nauts exhale 3.3 kg of CO2 a day, which currently corresponds to a loss of 2.4 kg
of oxygen. Moreover, 330 g of H2 created by water electrolysis are lost each day.
With ACLS, no oxygen needs to be wasted and the hydrogen from electrolysis
can be used in the Sabatier reactor. Thus, only 300 g of hydrogen would be bound
in methane and vented over board. Unfortunately, the ISS does not provide a
suitable infrastructure to resupply only the wasted hydrogen. Therefore, the re-
supply is brought up in form of water, which is very inefficient as only 1

9
of its

weight is actually comprised of hydrogen. Part of the excess oxygen can at least
be used to make up for losses due to cabin leakage, but the rest is not used in
the current setup and is vented over board in form of carbon dioxide.
Despite the unnecessary transportation of oxygen, the ACLS saves 1.5 kg of up-
mass per day in comparison to the current ISS ECLSS. Table 7 at the end of
Chapter 2.3.4 compares the resupply needs of the current ISS system, ACLS and
more advanced concepts.

Electrolyser

2 H2O → 2 H2 + O2

Sabatier reactor

4 H2 + CO2 →

2 H2O + CH4

Crew of 3

(*)

2 CH4N2O

4 faeces

82 O2

82 H2O

66 H2O

4 food
Wet food

External supplies

164 H2

41 CO2

(*)  2 food + 41 O2 → 37 CO2 + 33 H2O + CH4N2O + 2 faeces

       food: [C21H38O14N1]
       faeces: [C2H3O1]

Solid waste

Collected and dumped, 
burning up in the 

atmosphere

Gaseous waste

Vented overboard

41 CH4

16 H2O

33 CO2

Figure 4: ECLS model of the ACLS, using a Sabatier reactor to process CO2.

26



MELiSSA A technology study of a bioregenerative ECLSS, which closes even
the food loop, is currently carried out by ESA and bears the name MELiSSA:
Micro-Ecological Life Support System Alternative. As depicted in Figure 5, air re-
vitalisation via photosynthesis is carried into execution by bacteria of the species
Arthrospira platensis as well as by higher plants, which also serve as a food source.
An ensemble of several different species of bacteria cares for the degradation of
all kinds of wastes occurring in the system, delivering new nutrients for plant
growth.
Melissa is still undergoing development and there are still many problems to be
solved. The control over a bioregenerative LSS is way more complicated as in
the physico-chemical case, because it is a living system with delayed responses to
control inputs. Owing to their comparatively short generation periods, genetic
evolution of the involved lifeforms might pose a problem, especially under radia-
tion levels of deep space. Also, the contamination of the system with unwanted
germs, e.g. from the astronaut’s digestive tracts, has to be prevented (Wattiez
et al., 2003).
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Figure 5: ECLS model of MELiSSA. Note that there are no inputs from external
sources, as this bioregenerative LSS constitutes a completely closed ecosystem.
Image credits: Wattiez et al. (2003)
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2.3.4 More Advanced ECLS Scenarios

Closed Air and Water Cycle - Sabatier Reactor and Methane Pyrolysis
It is an interesting option to complement the ACLS with an additional methane
pyrolysis device, which splits the produced methane into its components so that
the contained hydrogen can be fed back to the system. This way, both the air
and water cycle would be closed, and at least in theory no additional water and
gases would need to be supplied. (A system like this was already proposed by
Birbara et al., 1984) Dry food would be the only supply required from an ECLS
point of view. In comparison to the ACLS, the sole addition of methane pyrolysis
would therefore save another 0.3 kg of upmass per day for a crew of three (see
Table 7). Multiple pyrolysis methods are discussed in Chapter 4.3.
As most of the needed technology is already proven, the concept is most likely
to be used for the first human outposts in space, if lightweight bioregenerative
approaches do not work by then. Due to the continuous supply of food, the
combination of the ACLS and a methane pyrolysis assembly would even allow for
the waste of some water, which is more realistic as it is hard to extract all water
from urine and faeces (Figure 6).
If control over the form of the produced elemental carbon is obtained, activated
carbon could be used to replace air and water filters of the ECLSS. Also, carbon
nanotube material could possibly make it into new clothing for the astronauts.
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Figure 6: ECLS model of the ACLS with an additional methane pyrolysis assem-
bly. Water and air cycles are closed and only food has to be supplied.
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Closed Air and Water Cycle - Sabatier Reactor and Steam Reforming
A fully regenerative device for methane pyrolysis has yet to be proven feasible,
while steam reforming of methane is a process that is applied in industrial appli-
cations on a frequent basis (Chapter 4.1.2). Therefore, steam reforming (Chap-
ter 4.1.2) could be an alternative to methane pyrolysis, if subsequent recycling of
the generated carbon monoxide is mastered. Possibilities to decompose CO are
pointed out in Chapter 3.6. In Figure 7, the inverse water gas reaction is applied
to do so.
If steam reforming of methane was applied, the methane pyrolysis assembly would
be replaced with two devices: A steam reforming reactor, and a carbon monoxide
processing unit. It depends on several factors, whether replacing one device with
two is of any advantage: Energy consumption, device masses, generated heat,
and the feasibility of constructing the devices have to be taken into account.
An option that replaces the Sabatier reactor and the attached methane process-
ing unit(s) with just one integrated device is the use of a Bosch reactor as shown
in Appendix B.1, Figure 23. However, its technical implementation with regen-
erative catalysts turns out to be not yet feasible (Chapter 3.2).
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(*)  2 food + 41 O2 → 37 CO2 + 33 H2O + CH4N2O + 2 faeces

       food: [C21H38O14N1]
       faeces: [C2H3O1]
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Figure 7: ECLS model of the ACLS with additional steam reforming and subse-
quent carbon monoxide processing. The degree of regenerativity of this solution
is the same as for the combination of ACLS and methane pyrolysis.
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Figure 8: A possible ECLSS design employing CO2 electrolysis. Note that the
capability of generating oxygen is limited by the amount of produced CO2. Ad-
ditional oxygen sources would be needed to compensate for potential imbalances.

Closed Air and Water Cycle - CO2 electrolysis Another option to de-
compose carbon dioxide without a Sabatier reactor is its electrolysis. Various ap-
proaches to this problem are pointed out in Chapter 3.4. Again, carbon monoxide
is produced and has to be decomposed further so that the contained oxygen can
be reused. In Figure 8, the Boudouard disproportionation is used for this purpose
(see Chapter 3.6).
As no water electrolysis unit is part of the LSS, CO2 electrolysis is the only way
to generate oxygen. Due to the fact that the human metabolism demands more
moles of oxygen than it produces carbon dioxide, an additional CO2 source has
to be established in order to be capable of generating enough oxygen. For this
purpose, the concept of waste gasification could be used, which is explained in
more detail in the next section.
Space stations in low planetary orbits are affected by atmospheric drag. As a
very direct form of waste utilisation, liquid propulsion is proposed to compensate
for the loss of altitude: Water with solved urea is led into a tank and pressurised
with excess hydrogen, before the liquid is just squirted out. This procedure is
repeated as soon as enough new urine and hydrogen are produced.

Closed Air and Water Cycle with Waste Utilisation In the light of future
efforts to synthesise food, it is important to try and recycle urine and faeces,
because otherwise important resources are lost from the system. In Figure 9,
some proposed waste utilisation methods are pointed out, but no food production
is included yet. In this example, the regained resources are used for chemical
propulsion instead (see Chapter 4.2.1).
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       faeces: [C2H3O1]

Figure 9: System diagram showing a regenerative ECLSS featuring the recycling
of urea and faeces. Food has to be provided from external supplies. The oxidiser-
fuel ratio of the methane thruster is not optimal: More oxygen would need to be
provided for a more efficient operation.

The most abundant substance solved in the water of urine is urea (CH4N2O).
Electrolytic oxidation of urea in aqueous solution is possible at an electrochemical
potential of 0.37 V on nickel catalysts (Boggs et al., 2009):

2 CH4N2O + O2 + ∆E→ 2 CO2 + 2 N2 + 4 H2 (11)

However, the various salts contained in urine still pose a problem, because their
presence could lead to the creation of chlorine gas (amongst other substances),
which attacks metals and would eventually destroy the electrodes. Another op-
tion is the use of urea in the trace gas removal unit of LSSs. As it is done in
modern automotive catalytic converters, urea could possibly be applied in the
removal of toxic trace gases from the cabin air.
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Waste gasification is a concept, which is already applied on industrial scales.
Plasma arc waste disposal facilities employ an electric arc for plasma generation
from an inert gas. The hot plasma is then used to split municipal waste into
gaseous and solid components prior to dumping it, in order to save landfill space
and to produce energy from the extracted gas. Applied to organic wastes like
dried faeces, the process would ideally produce elemental carbon and tar as well
as gases like carbon monoxide, carbon dioxide, and hydrogen (Sheth and Babu,
2006). If just enough oxygen was allowed to be consumed and suitable tempera-
tures for the recombination of the different species were chosen, this ensemble of
generated substances could theoretically be brought down to just carbon dioxide
and hydrogen.
This idealised model might deviate strongly from reality, though: Carbon de-
posits and all the other materials that were neglected within the used model will
accumulate at this point. However, this fact could turn out to be an advantage, as
it would allow for the possibility to accumulate all trace elements and unwanted
compounds in one place. They could then be easily removed from the system
to be compressed and stored for later jettison or analysis. As long as the food
loop of the ECLSS is not completely closed, the resupply of the lost material is
automatically provided via food.
Advanced Fuel Research, Inc. (AFR) is developing a prototype waste pyrolysis
system for NASA (Serio et al., 2005). Apart form that, proposed methods for
the recycling of solid organic wastes include super-critical water oxidation, where
water at high temperatures and pressures causes the breakdown of molecular
structures by oxidation (Eckart, 1996).

Closed Air and Water Cycle with Partial Food Recycling Using the
resources recovered from waste for propulsion does only make sense for a limited
number of mission scenarios. For long-duration missions in planetary habitats,
on space-stations in L4/L5 Lagrange points, or on spacecraft using more powerful
(e.g. nuclear) propulsion, no thrust generated from metabolic wastes is needed.
Due to their complicated resupply, it is but desirable to reduce the mass of con-
sumed food by closing the food loop. Ultimately, the most promising way to do
so seems to be via bioregenerative approaches, but as physico-chemical processes
are easier to control on the long run, synthesising the most important food com-
ponents in chemical reactors is definitely an option that should be considered.
Figure 10 illustrates such an ECLSS, which features the generation of sugars and
glycerol (C3H8O3) from formaldehyde (CH2O). While formaldehyde can be gen-
erated from methane and oxygen as described in Chapter 4.1.3, sugars can be
obtained via the formose reaction. Glycerol is to be used as a dietary replacement
for lipids and can be formed by the condensation of formaldehyde to trioses and
subsequent catalytic reduction. Approaches to both sugar and glycerol formation
are described in Chapter 3.8.
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Figure 10: Model of a regenerative physico-chemical ECLSS with partial food
synthesis. Formaldehyde is synthesised from methane and oxygen and serves as
a building block for sugars and glycerol, which are then fed back into the food
cycle.

An ECLSS based on CO2 electrolysis could be used for sugar and glycerol syn-
thesis, too (Appendix B.1, Figure 25). Formaldehyde could just be generated by
the hydrogenation of carbon monoxide, but the need for hydrogen and the sparse
oxygen production would necessitate the use of an additional water electrolysis
unit.
In terms of supply mass, partial food synthesis would be a significant improve-
ment: According to Table 3, the recycling of all carbohydrates and fats would
save 450 g of the 570 g of recommended daily nutrients per astronaut. Strongly
reducing the fibre content of the remaining food components would facilitate the
reduction of expendable food supplies to only 100 g per person and day as out-
lined in Table 6.
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Table 6: Food components that would need to be provided in case of synthetic
carbohydrate and fat replacement. As opposed to the system model, electrolytes
and trace elements are taken into account in this table.

Food component g
person·day

Proteins 85
non-essential amino acids (77)
essential amino acids (8)

Electrolytes 10
potassium (4.7)
chlorine (2.3)
sodium (1.5)
calcium (1.0)

Vitamins 0.15
ascorbic acid (vitamin C) (0.10)

Minerals (trace elements) 0.07
silicon (0.03)
iron and zinc (0.03)

Essential fatty acids < 1
Fibre 4

Total: 100

A conversion of generated sugars to starch, as well as the formation of actual
lipids from glycerol, would significantly increase the quality of life for the astro-
nauts, but is not mandatory for their diet. The synthesis of proteins, which is
not feasible in physico-chemical ways as of now, would make it possible to save
another 77 g per person and day, or even 85 g if the essential amino acids could be
built as well. Finally, electrolytes and minerals could be extracted from waste wa-
ter and faeces, saving another 10 g of upmass. Fibre should be easily recyclable,
because it is not altered in the digestion process. Thus with protein synthesis
solved, food resupply should only consist of vitamins, essential fatty acids and
essential amino acids, which would amount to less than 10 g per person and day.
In Table 7, the less ambitious but more realistic solution is used, which assumes
that only formose sugars and glycerol are recycled: Still, a crew of three astro-
nauts would save 1.6 kg of upmass per day.
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Bioregenerative with Animals Like MELiSSA, all concepts of bioregenera-
tive ECLSS have so far planned a vegetarian diet for the astronauts. While this
is not a problem from a nutritional point of view, animals could be beneficial for
psychological reasons and would increase the quality of life of astronauts. This
is obviously no sufficiently strong argument in mass-critical missions, but should
be considered as a luxury for long-duration stays on permanent bases.
Aquacultures of shrimps or fish seem to be the most promising concept, and the
use of many individuals of a species with a short life cycle is advisable for system
stability (Eckart, 1996). However, the integration of such an aquaculture into
a closed-loop bioregenerative ECLSS proves to be complicated and only little
research has been conducted on this subject.

Table 7: Comparison of resupply needs of various ECLS scenarios. Based on the
total LSS masses and the weights of consumables given in this table, a reasonable
mission-depended choice of ECLS technology should be possible. All numbers are
in g

day
for a crew of three.

ECLSS Needed supplies
Water Food Total

Mir, ISS 1750 2100 3850
ACLS 300 2100 2400
Closed air and water cycle 0 2100 2100
Partial food synthesis 0 500 500
MELiSSA 0 0 0

35



2.4 In-Situ Resources and Resupply

2.4.1 In-Situ Resource Utilisation

The reliable closure of air and water cycles in an ECLSS seems to be only a
small step away from current developments, so that the need for in-situ resource
utilisation (ISRU) does not seem to be necessary from a LSS point of view.
However, apart from just supporting a partially closed LSS there are multiple
reasons for ISRU:

• Reducing the degree of regenerativity of a LSS in favour of ISRU could
reduce the number of LSS devices, because recycling devices could be
dropped. This would reduce upmass in form of ECLS machinery and would
also decrease maintenance efforts and the possibility of LSS failure. The
accumulation of waste products in closed-cycle ECLSSs could be circum-
vented as well.

• Enlarging ECLSSs to support more people or to just inhabit larger spaces
could be performed without the need to bring all the necessary supplies.
Spaceships would just need to drop off additional astronauts and food sup-
plies, but no water or atmospheric gases. LSS devices could be started
below their capabilities at the beginning and circulating materials could be
harvested in situ and added to the ECLS cycles. Ideally, this would even
include food or at least building blocks for food components.

• In-situ resources like Lunar or Martian regolith have to be used as build-
ing and shielding materials, because bringing up materials for construction
works is highly uneconomical.

• The in-situ generation of propellants could save enormous amounts of up-
mass and become the enabling technology for interplanetary travel. At least
as long as chemical propulsion is the drive system of choice, many mission
scenarios would otherwise be impossible.

Ideally, the LSS components of a planet-bound spacecraft can be put to use for
ISRU after reaching the destination.

Mars The first in-situ measurements of the Martian atmospheric composition
were performed by the Viking landers (Flinn, 1977). The determined percentages
of the constituents are detailed in Table 8 and show a predominance of carbon
dioxide5. Therefore, oxygen generation could easily be established by carbon
dioxide electrolysis (Chapter 3.4). Carbon monoxide, produced as a byproduct,
could just be released back into the atmosphere.

5Note that these values do not take into account annual fluctuations at the poles of Mars,
which occur as parts of the carbon dioxide freeze-out during winter.
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According to Kieffer et al. (1992), water ice is not only present at the Martian
poles, but sub-surface deposits could be accessed by drilling. Thus, the electroly-
sis of water would present another source of oxygen. As a water electrolysis unit
is most probably already part of the LSS of the arriving spacecraft, this might
well be the preferred option. Another advantage of this approach would be that
hydrogen is brought into the system, which is needed for in-situ propellant gen-
eration.
Obviously, all resources for upkeep and expansion of an ECLSS are available from
the Martian atmosphere and water ice: Hydrogen, oxygen, carbon, and nitrogen
can be taken from in-situ resources and allow for an easy-to-maintain open-loop
LSS. An enormous increase of environmentally controlled space could be achieved
by just digging caves below the Martian surface and supplying them with nitro-
gen and argon from the atmosphere and oxygen from electrolysis of either carbon
dioxide or water. These caves could be sealed in a way that the same amount of
gas is leaked than is supplied. Depending on regolith properties, thin foil might
be used to prevent excessive leakage into the surrounding soil. If proper venting
was used, this could even alleviate the need for carbon dioxide removal from the
environmentally controlled space.
Given the rich supply of resources, no further recycling measures like urea elec-
trolysis would be needed anymore. Instead, urea could be used for trace gas
contaminant control: The CO2 deprived Martian atmosphere (mainly nitrogen

Table 8: The most important constituents of the Martian atmosphere and Mar-
tian and Lunar soil. Martian atmosphere data from the Viking 1 and 2 Mars
landers (Flinn, 1977), Martian soil data from the Mars Pathfinder rover (Rieder
et al., 1997), Lunar soil composition from samples taken during the Apollo mis-
sions (Turkevich, 1973).

Martian atmosphere Martian soil Lunar soil
Component Volume (%) Component Mass (%) Element Atoms (%)

Carbon dioxide 95.32 SiO2 49.5 Oxygen 60.9
Nitrogen (N2) 2.7 FeO 16.0 Silicon 16.4
Argon 1.6 Al2O3 8.5 Aluminium 9.4
Oxygen (O2) 0.13 MgO 7.7 Calcium 5.8
Carbon monoxide 0.07 CaO 6.5 Magnesium 4.2
Water vapour 0.03 SO3 5.5 Iron 2.3

Na2O 2.3 Sodium 0.4
TiO2 1.2 Titanium 0.3
Cl 0.6
K2O 0.3
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and argon), which would be used as the inert gas for filling the habitable space,
contains traces of nitrogen oxide. These could be removed with the help of urea,
as it is done in modern automotive catalytic converters.
With the help of a Sabatier reactor (which might also be part of the LSS of the
arriving spacecraft), methane could be generated to be used as fuel (see Fig-
ure 11. Rocks and soil could be used for radiation shielding (as it is the case for
sub-surface habitats) and as a building material. For more advanced construc-
tion works, metals could be extracted from martian soil by applying industrial
methods for metal production on earth. The measurements of the mobile Alpha
Proton x-ray Spectrometer (APXS) on the Mars Pathfinder rover (Table 8) pro-
vide information on the available metal oxides.
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Figure 11: ECLS layout with ISRU on Mars. Water from Martian ice deposits
and CO2 from its atmosphere are used, superseding the need for a closed-loop
architecture. As propellant production scales linear with the value of x, it should
be chosen as high as possible, depending on the capabilities of the employed
devices.
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Moon The Moon does not have an atmosphere and bears no significant re-
sources of water. Lunar regolith consists of the same materials as Martian soil,
though in different concentrations. (Only the absence of sulphur trioxide, SO3,
from lunar soils may be noted.) Its elemental composition, determined from
samples, which were brought back from the Moon during the Apollo missions, is
compiled in Table 8. Although 1 m3 of average lunar soil contains ‘the chemical
equivalent of lunch for two large cheese sandwiches, two 12-oz sodas (sweetened
with sugar), and two plums, with substantial N and C left over’ (Haskin, 1992),
reducing the amount of ECLS regenerativity is not an option for Lunar bases.
The traces of light elements (hydrogen, carbon, nitrogen) on the Moon are im-
planted into the soil by the solar wind and would be very complicated to extract.
A study by Orbitec (Gustafson et al., 2009) points out that oxygen could be
generated from the oxides present in lunar soil. The contained amounts of iron
and aluminium could be used for construction works. However, their extraction
from the regolith with common industrial methods would consume a lot of en-
ergy. Further uses of lunar soil include its utilisation as filter material for water
recovery (Thomas et al., 2009).
The lack of hydrogen and carbon prevents a complete in-situ generation of con-
ventional propellants on the Moon. As hydrogen makes up only a fraction of the
propellant mass (11% in case of hydrogen/oxygen), in-situ propellant production
using hydrogen supplies brought from earth is but still economical.
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Figure 12: ECLS model of a possible manned outpost on the Moon. Oxygen is
produced from regolith, while hydrogen has to be supplied from earth. Recy-
cling hydrogen from faeces and urea would further optimise the system. Water
resources might be accessible at the Lunar poles: See Figure 24 in Appendix B.1
for a system diagram which includes the utilisation of on-site water.
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Nitrogen in metabolic quantities is provided with food supplies, but additional
nitrogen supplies would be needed for an increase in environmentally controlled
volume. Another more independent option would be a Lunar outpost with an
atmosphere of pure oxygen and increased fire prevention measures.

2.4.2 Resupply Considerations

In case of manned outposts in deep space that do not have access to any re-
sources, expansions of the ECLSS as well as leakage of gases from the spacecraft
necessitate the resupply of the vital elements H, C, N and O even for closed-loop
architectures. Ideally, just one substance is stored, which is easy to handle and
contains all the needed supplies at once. Even better, this substance also contains
additional energy in form of chemical bonds and can alternatively be used as a
fuel.
Ammonium dinitramide (ADN, chemical formula H4N4O4) brings all the required
properties (except for C atoms, see below). It can be used as a monopropellant,
for example in LMP-103S, which also includes ammonia and methanol (Neff et al.,
2009). During combustion, it disintegrates into water, nitrogen and oxygen (the
latter already in the molar ratio 2:1, which is about right for a standard atmo-
spheric composition). A possible resupply mission to a remote space station could
use ADN for energy generation to power a non-chemical propulsion system (for
example a powerful ion thruster like VASIMR, see Chapter 4.2.3), collecting the
generated water, oxygen and nitrogen. These resources, along with excess ADN
could then be delivered to the space station.
Thus, ADN would offer an all-in-one solution, except for the resupply of car-
bon. As carbon is contained in food supplies, and full closure of the food loop is
not to be expected in near future ECLSSs, this should not be a reason for con-
cern, though. A potential drawback is the fact that ADN is a monopropellant:
The storage tank should be thermally controlled and sufficiently shielded from
micrometeorite impacts in order to prevent explosions.

40



If an elderly but distinguished scientist says
that something is possible, he is almost
certainly right; but if he says that it is
impossible, he is very probably wrong.

Arthur Charles Clarke

3 Carbon Dioxide Processing

The main task of air revitalisation within an ECLSS is the removal of carbon
dioxide and the addition of fresh oxygen to the cabin atmosphere. While this
task can be solved by simply scrubbing the CO2 and adding stored oxygen, this
approach carries a huge weight penalty (see Table 7 in Chapter 2.3.4). In this
chapter, regenerative methods of CO2 processing are presented, which decompose
carbon dioxide molecules and recover the contained oxygen. The Sabatier process
(see Chapter 3.1 below) is the most prominent technique to do so, but generates
methane as a byproduct.
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Figure 13: Overview over all processes evaluated for carbon dioxide processing.
Crosses indicate dead ends for ECLS application, while dark grey items mark
technologies, which should be further investigated. For follow-up processes of the
Sabatier reaction, which deal with the generated methane, see Figure 18.
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Figure 13 depicts the considered methods of dealing with carbon dioxide. It is an
excerpt from the overall Figure 26 in Appendix B.2 which brings into context all
the possible ECLS techniques presented in Chapters 3 and 4. (It might be useful
as a cheat sheet in order to keep track while reading the following chapters.)

3.1 Sabatier Process

The Sabatier process offers the possibility to recycle oxygen bound in exhaled
carbon dioxide and produces methane as a byproduct. If used within an ECLSS,
the Sabatier reactor is by far the largest source of methane within the system.
The working principle of the Sabatier reaction follows the reaction scheme

CO2 + 4 H2 → CH4 + 2 H2O (12)

and is carried out under a pressure of 75 to 100 kPa (i.e. atmospheric pressure)
at temperatures of about 820 K in presence of a catalyst (temperatures may
vary; this value is the design temperature for ACLS’s CO2 reduction assembly,
Bockstahler et al., 2009).
While nickel works reasonably well, catalysts composed of ruthenium on alu-
minium oxide (such as UASC-151G, see Birbara and Sribnik, 1979) are more
efficient and allow for lower temperatures and pressures. The surface area of the
catalyst has to be as large as possible while still retaining a good gas flow through
the reactor tube. Using ceramic foams of Al2O3 impregnated with ruthenium, it
is possible to fulfil these requirements while at the same time allowing for good
heat transfer off the catalyst, which prolongs its lifetime (Peng and Richardson,
2004).
The Sabatier process is also very interesting with respect to in-situ resource util-
isation. As carbon dioxide is abundantly present in many planetary atmospheres
(e.g. on Mars), a Sabatier reactor would facilitate the production of methane
as a fuel, while electrolysis of the generated water could provide oxygen as the
oxidiser.

3.2 Bosch Reaction

The Bosch reaction is an exothermic chemical reaction that is able to decompose
carbon dioxide using hydrogen as a reactant:

CO2 + 2 H2 → C + 2 H2O + ∆E (13)

Due to its high activation energy, a reactor temperature of at least ≈ 800 K must
be established, and a catalyst (usually iron) has to be present. The reaction
takes place in two steps, the first of which is known as the reverse Water-Gas
Shift Reaction (WGSR):

CO2 + H2 → CO + H2O (14)
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It is a well-studied chemical equilibrium process, which can be influenced by the
choice of temperature and catalyst. Detailed descriptions of the reaction kinetics
have been published by Bustamante et al. (2005) for the forward WGSR and
Barkley et al. (1952) for the reverse reaction.
Several specialised catalysts for the reverse WGSR have been proposed (Park
et al., 2001; Yang et al., 2006), which would allow for lower reaction temperatures
and the suppression of the next reaction step in the Bosch reaction. If only this
first step was carried out, the second one (dealing with the resulting carbon
monoxide) could be performed differently as in the previous sections.
The second step of the Bosch reaction is the slower one of the two processes and
controls the overall reaction rate:

CO + H2 → C + H2O (15)

It causes carbon deposition on the catalyst and leads to its deactivation. As there
are no means of reactivating the iron catalyst on board a space station, this fact
is the main drawback of the Bosch reaction (Holmes et al., 1970). Due to its
expendable nature, the catalyst would need to be supplied, causing additional
upmass and rendering the concept uneconomical.
As of today, no catalyst has been found that could be easily reactivated. Using
an alternate reaction for the second step would circumvent these problems but
would lead to the need for an additional device.
If it was possible to implement a working Bosch reactor, it would replace both
the Sabatier reactor and a potential methane pyrolysis device. In terms of in-
situ resource utilisation, a Sabatier reactor would still be needed to produce
methane as a fuel, if that was required. On the other hand, a Bosch reactor,
along with a water electrolyser, could be used to produce oxygen from the martian
atmosphere. If hydrogen was supplied or harvested from in-situ water, liquid H2

and O2 could even be uses as cryogenic propellants, but this would require more
complex infrastructure for storage and fuelling.

3.3 Pyrolysis of Carbon Dioxide

ACLS, the air revitalisation system in development by ESA (see Chapter 2.3.3),
which incorporates a Sabatier reactor for carbon dioxide processing, needs an
additional device to deal with the generated methane. Direct pyrolysis of carbon
dioxide would save a lot of effort, as oxygen recovery from CO2 would be feasible
with just one device without wasting any other resources. Its basic principle
would be to heat carbon dioxide until it breaks up into its constituents:

CO2 + ∆E→ C + O2 (16)

Unfortunately, this process requires very high temperatures and some means
of separating the reaction products before they cool down, in order to prevent
recombination.
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3.3.1 Thermal Cracking

More realistically, thermal cracking of CO2 leads to the production of carbon
monoxide and oxygen:

2 CO2 + ∆E→ 2 CO + O2 (17)

As large surfaces are needed to obtain sufficiently high conversion rates, ceramic
foam is the preferred material for heat exchange. If this approach was chosen,
the subsequent decomposition of carbon monoxide would be necessary (see Chap-
ter 3.6).

3.3.2 Plasma Methods

Non-catalytic pyrolysis of carbon dioxide is also possible via plasma generation.
Possible ways to turn a gas into its plasma state are described in detail in Chap-
ters 4.3.4 through 4.3.6 in the context of decomposing methane. However, the
described techniques are also applicable for the decomposition of CO2. They
are the best candidates for a direct pyrolysis of carbon dioxide into carbon and
oxygen (as described in Equation 16 above), because the energy transfer into the
gas is more efficient than for thermal methods.
This complete CO2 pyrolysis would be similar to the Bosch reaction described in
Chapter 3.2, only that it would not use hydrogen as a reactant and the formation
of carbon would not take place on a catalyst but ‘mid-air’. The temperature and
pressure conditions would have to be chosen carefully, so that a sufficiently long
mean free path length of the products would prevent their recombination before
cooling down.
If an incomplete pyrolysis was implemented, the same reaction as for thermal
cracking would take place and one would need to go on with CO decomposition
(Chapter 3.6).

3.4 Electrolysis of Carbon Dioxide

The decomposition of CO2 into carbon monoxide and oxygen (Equation 17) can
also be performed electrolytically. This approach promises to be energy efficient,
but again an additional device for the final decomposition of carbon monoxide is
needed.
Fuel cells seem to be appropriate reactors for CO2 electrolysis and offer the advan-
tage of being an industry- and even space-proven technology. (Hydrogen-oxygen
fuel cells serve as the power plants for electricity on board the Space Shuttles.)
They consist of an anode and cathode with an electrolytic material in between,
and are usually used to generate an electric current from the chemical reaction
between a fuel and an oxidiser (e.g. hydrogen and oxygen). By the use of a
catalytic material, the ionisation of the fuel at the anode is promoted. While the
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positive ions can easily travel through the electrolytic material to the cathode,
the electrons are ‘taken on a detour’ and generate the electric current. Finally,
the cathode is made of a catalytic material facilitating the chemical reaction of
both the positive ions and the electrons with the oxidiser. In this reaction, a
product (e.g. water) is formed that has a lower enthalpy than the oxidiser and
fuel: It is this difference in enthalpy that drives the electric current.
For carbon dioxide electrolysis, the working mechanism of a fuel cell is reversed:
CO2 is lead to the fuel cell and a voltage is applied between anode and cathode.
If the conditions are right, it is decomposed into carbon monoxide and oxygen.
Unfortunately the conditions have to be quite hot: Using a solid oxide as the elec-
trolyte, a temperature of about 1100 K is needed for the reaction to take place
(Tao et al., 2004). Molten carbonate fuel cells are a bit easier to control and have
operating temperatures as low as ≈800 K (Lueck et al., 2001).
Recent research into ionic liquids has discovered new materials, and first results
seem to prove that they are able to maintain CO2 electrolysis at room tempera-
ture (Reddy, 2008).
Moreover, it is possible to use ultraviolet (UV) radiation to facilitate the splitting
of CO2 without the need for high reaction temperatures. With in-situ resource
utilisation on Mars in mind, this photochemical approach seems to be promising,
as UV radiation is abundantly available on Mars’ surface due to the lack of an
atmospheric ozone layer (Hepp et al., 1993; Breedlove et al., 2001).

3.5 Co-Electrolysis of Steam and Carbon Dioxide

The co-electrolysis of steam and carbon dioxide might be a viable option, too.
Using an electrolytic fuel cell again, both CO2 and H2O are simultaneously re-
duced to CO and H2, with the WGSR (as mentioned earlier in Equation 14)
supporting the intended chemical reactions:

CO2 + H2O + ∆E → CO + H2 + O2 (18)

Several experiments are investigating this reaction (Ebbesen et al., 2009; Stoots
et al., 2009; Zhan et al., 2009). It seems to be very suitable for ECLS applications,
because both the electrolysis of water and the reduction of carbon dioxide are
needed in LSSs. The oxygen separation from the resulting mixture of carbon
monoxide and hydrogen (commonly called syngas) can be achieved by using Ion
Transport Membranes (ITM), which selectively separate oxygen from the gas
stream.

3.6 Carbon Monoxide Decomposition

Except for the complete pyrolysis of carbon dioxide and the Bosch reaction, all of
the previously proposed CO2 decomposition methods do not break it down into
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carbon and oxygen, but rather produce carbon monoxide and oxygen6. If nutri-
ents are to be synthesised within the ECLSS, carbon monoxide hydrogenation
can be performed to generate formaldehyde as a building block (Chapter 3.8.1),
but even in this scenario about half of the CO needs to be decomposed to prevent
running out of breathable oxygen.
Therefore, in order to prevent the loss of one oxygen atom per metabolised carbon
atom, a way to split carbon monoxide into carbon and oxygen has to be found:

CO→ C + O (19)

3.6.1 Carbon Monoxide Pyrolysis

A way to accomplish Equation 19 is the pyrolysis of carbon monoxide. Before it
is lead into the pyrolysis assembly, the CO has to be separated from other gases,
which might still be in the gas stream, because oxygen and hydrogen could lead
to additional reaction channels, decreasing the CO cracking efficiency. The same
methods as for methane pyrolysis could be applied as outlined in Chapter 4.3,
but more energy has to be spent, because the binding enthalpy that has to be
overcome is significantly higher for carbon monoxide than for methane.
As for methane pyrolysis, the main problem with this solution will be the deposi-
tion of high-density carbon everywhere in the reactor, leading to clogging of the
apparatus. Due to the higher temperatures needed for CO cracking, it will be
even more severe in this case.

3.6.2 Boudouard Reaction

The Boudouard disproportionation reaction describes the equilibrium between
carbon monoxide and carbon dioxide:

2 CO 
 C + CO2 (20)

At atmospheric pressure, the equilibrium is on the carbon dioxide side for tem-
peratures below 800 K, while high temperatures above 1100 K favour the carbon
monoxide side. It therefore seems to be a straight-forward approach to simply
cool down CO without access to oxygen in order to get carbon and CO2. The
CO2 can then be recycled into the device, while the carbon is dumped. Unfortu-
nately, the reaction rate of the conversion between the two sides of the equilibrium
decreases with temperature, leading to the fact that CO is meta-stable at low
temperatures. It is therefore problematic to achieve equilibrium conditions at
low temperatures, because CO does not convert back to CO2 under these cir-
cumstances.

6It is advisable to divide CO and O2 while still at a high temperature, because otherwise the
recombination reaction CO+O → CO2+∆E can take place and partly cancel out the previous
decomposition. See Wehner et al. (2003) for a kinetic analysis of this equilibrium reaction.
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Applying higher pressure moves the equilibrium temperature up, so that the con-
version to the CO2 side can still take place at higher temperatures an therefore
at higher reaction rates. An easier way to increase the reactivity - without the
need for higher temperatures and pressure - might be the use of suitable cata-
lysts (Tomita, 2001), although problems with catalyst deactivation and carbon
deposition could arise again.
A promising option that is not prone to these problems is the manipulation of
the equilibrium reaction rate by optical pumping. It is presented in Chapter 3.7,
where a modified Bosch reactor is proposed.

3.6.3 Reverse Water Gas Reaction

Not to be confused with the reverse water gas shift reaction, which constitutes the
first step of the Bosch reaction, ‘reverse water gas reaction’ is another expression
for the second step of the Bosch reaction:

CO + H2 
 C + H2O (21)

As for the Boudouard reaction, it is a chemical equilibrium and one could try
and manipulate the reaction conditions in a way which pushes the equilibrium
as much to the carbon/water side as possible. In a Bosch reactor, this is done at
high temperatures by using an iron catalyst. Unfortunately, this is at the same
time a show stopper, as irreversible catalyst deactivation renders this option
uneconomical.
An advantage of this approach is that it works with syngas instead of pure carbon
monoxide, so that no gas separation is needed before. Similar solutions as for the
Boudouard problem are thinkable, but more research is needed on this subject
to prove them feasible.

3.7 Combining Bosch and Boudouard Processes

If it was not for the yet unsolved problem with catalyst deactivation, the Bosch
reaction (Chapter 3.2) would offer an elegant all-in-one solution for the conversion
of CO2 to oxygen and carbon. As these problems only arise in the second reaction
step, it might be an option to stick with the reverse WGSR (the first step of the
Bosch reaction) and only replace the second one by another, less problematic
reaction:

Step 1 : CO2 + H2 → CO + H2O (22)

Step 2 :
((((((((((((
CO + H2 → C + H2O 2 CO→ CO2 + C (23)

The replacement reaction is the Boudouard disproportionation described in Chap-
ter 3.6.2. For the disproportionation of CO into carbon and CO2 to take place,
it has to be carried out at lower temperatures (< 800 K). Unfortunately, the
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reaction rate is very low in that case, so that additional measures have to be
taken to speed up the conversion: By using a laser, it is possible to vibrationally
excite the CO molecules without adding to the gas temperature (Essenhigh et al.,
2006). This way, the Boudouard reaction rate is increased, but the equilibrium
conditions still favour the formation of carbon dioxide. The big advantage of this
technique is, that the disproportionation reaction does not take place at a catalyst
surface, but only between two vibrationally excited free molecules. Therefore, no
high-density carbon deposition at the reactor walls is expected and it should be
easy to extract the soot from the reactor. The created CO2 can be led back into
the first-step reactor in a closed feedback cycle.
The construction of such an assembly could be based on the Sabatier reactor that
already exists as part of the ACLS (see Figure 14). Only the laser-irradiated re-
action chamber for the Boudouard disproportionation would need to be added,
so that the effort for building this setup on the basis of the ACLS should be
comparable to the scenario of adding methane pyrolysis.
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(Sabatier reaction)

Electrolyser

CoolingCH4

2 H2O (g)

2 H2O (l)

CH4

4 H2

  2 O2

CO2

ACLS
                2 H2O (l)
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(reverse WGSR)
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   2 CO
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    O2
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Boudouard

Reactor
(Boudouard)

CO2

      C

Figure 14: Comparison of the ACLS layout with that of the proposed Bosch-
Boudouard reactor. In the lower diagram, the former Sabatier reactor is equipped
with different catalysts and turned into the stage for the reverse WGSR. Apart
from the addition of a reaction chamber for the laser-induced Boudouard dispro-
portionation, all parts of the ACLS infrastructure can be reused.
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3.8 Artificial Photosynthesis

The term ‘artificial photosynthesis’ is often confused with the process of just
splitting water into its constituents by using solar energy and thus producing
oxygen via the electrolysis of water. However, more complicated mechanisms are
required for real photosynthesis in order to fulfil the chemical equation

6 CO2 + 6 H2O→ C6H12O6 + 6 O2 (24)

Various reaction pathways exist for this process, and even in plants there are
two different implementations: So-called C3 and C4 plants differ in the number
of carbon compounds used in the sugar formation process Odum (1990). Due
to differences in their response to the solar spectrum, the latter are often found
in high light and temperature environments, while the former prefer moderate
lighting conditions.
For a physico-chemical approach, the pathway via synthesis of formaldehyde and
subsequent polymerisation to sugar seems to yield the most promising results.
The following sections describe how this could be done, starting with the initial
synthesis of formaldehyde and then focusing on the formose reaction, which gen-
erates a sugar mixture that could replace all carbohydrates in the astronauts’
diet. Likewise, glycerol can be processed from formaldehyde and could repre-
sent a fat replacement. By processing these food components from resources
within the life-support system, supply masses could be cut back significantly (see
Chapter 2.3.4, especially Table 7). While the application of these processes for
life-support equipment was promoted in the wake of the euphoria surrounding
the Apollo program (e.g. Shapira et al., 1969), more recent research is of purely
scientific nature and not aimed at LSS utilisation.

3.8.1 Synthesis of Formaldehyde

Although formaldehyde (CH2O) is a toxic compound, it occurs as an intermedi-
ate product in the human metabolism. It is a gas at room temperature, but most
often occurs in aqueous solution.
Several studies which focus on the creation of formaldehyde from methane are
described in Chapter 4.1.3, but it can also be synthesised directly from CO2 and
hydrogen using platinum compound catalysts (Lee et al., 2001). However, it
might be easier to implement the formaldehyde formation process using a mix-
ture of carbon monoxide and hydrogen (syngas) as a starting point: By circling
syngas through a reactor and exposing it to electric discharges, formaldehyde
can be generated and is easily extracted by the use of water wash traps due to
its high solubility in water (Sahasrabudhey and Kalyanasundaram, 1948). The
needed carbon monoxide for this process could for example be generated by CO2

electrolysis (see Chapter 3.4).
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3.8.2 Formose Reaction

Being a very important process for carbohydrate synthesis, the formose reaction is
being considered for ECLS use since decades (Weiss et al., 1981; Khomenko et al.,
1980). It is a polymerisation reaction which converts formaldehyde into a mixture
of different sugars. The reaction is of autocatalytic nature, i.e. intermediate
products within the sugar formation process are needed in order to catalyse earlier
reaction steps (R. F. Socha, 1980). Therefore, after starting the process by adding
a small amount of glycolaldehyde (C2H4O2), the entire reaction carries on in a
self-contained manner. The resulting mix of sugars is called formose and consists
mainly of pentoses and hexoses (i.e. sugars with five or six carbon atoms, C5H10O5

or C6H12O6) in various isomeric forms.

The polymerisation of formaldehyde to various sugars takes place via multi-
ple aldol additions of CH2O to monosaccharides, starting with glycolaldehyde
(C2H4O2), as shown in Figure 15. The carbon backbones of these molecules are
prolonged with every aldol addition until they reach a length of usually five or
six carbon atoms. As pentoses (C5H10O5, e.g. ribose) and hexoses (C6H12O6,
e.g. glucose) can take a closed-ring shape, they can now undergo isomerisation
into their cyclic form and drop out of the reactive equilibrium as they are not
available for aldol additions any more. Thus, they give way for the formation of
even more sugar, ideally leading to the entire formaldehyde being used up and
converted into monosaccharides. In order to accept additional CH2O molecules
for building the carbon backbone, the growing monosaccharides have to change
their shape in between the aldol additions. This so-called ‘Lobry-de Bruyn-van
Ekenstein transformation’ moves a carbon-oxygen double bond in the molecule to
another position via two subsequent keto-enol tautomerisation reactions. As this
transformation takes place randomly, it leads to an equilibrium between aldose
and ketose isomers. It is depicted in Figure 16.

Figure 15: A new carbon-carbon bond is formed via an aldol addition of formalde-
hyde to a monosaccharide. R has the formula CnH2nOnOH, with n = 0 for the
transition from glycolaldehyde to glyceraldehyde, n = 1 for the transition from
glyceraldehyde to aldotetrose, etc. (For the sake of clarity in the depiction of or-
ganic molecules, carbon atoms are represented by vertices and obvious hydrogen
atoms are omitted.)
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Figure 16: The Lobry-de Bruyn-van Ekenstein transformation between an aldose
(with the C=O double bond at the end of the carbon chain) and a ketose (with
the C=O double bond at position 2 in the chain) takes place via two subsequent
keto-enol tautomerisation reactions, which move the double bond between C=O
and C=C (enol).

The needed building blocks for growing long chained sugar molecules from glyco-
laldehyde or other short-chained monosaccharides are supplied by the breaking
up of some longer sugar molecules. All together, one possible autocatalytic cycle
in the formose reaction could look like the one depicted in Figure 17. However,
a multitude of different reaction channels does exist, and the reaction kinetics
of the entire process are still not fully understood. For a kinetic analysis of the
reaction see e.g. Niitsu et al. (1992).

According to Mizuno and Weiss (1974), tests with laboratory rats showed a
low nutritive efficacy of formose sugars, because only d-hexoses seem to be ab-
sorbed in the digestion process7. Also, diarrhoea and damage to the intestines
were observed, leading to the death of the rats. Whether these effects occurred
due to the presence of unnatural inedible sugars or remaining traces of toxic
formaldehyde is unclear.
Either way, the extraction of edible sugars from formose or better control of
the formose reaction is necessary to produce sugars which are safe for ingestion.
The latter can be achieved by performing the formose reaction under controlled
temperature conditions, which leads to a simplification of the formose sugar com-
position (Likholobov et al., 1978). An entire series of some thirty papers focusing
on the selective formation of certain sugars was published by Japanese researchers
for over a decade (e.g. Shigemasa et al., 1977, 1980, 1981, 1990).
Recent research includes conducting the formose reaction in the gas phase (Jal-
bout et al., 2007) and developing a reactor solution with a high degree of control
over the produced sugars (Chen et al., 2005). Also the production of pure d-
glucose and even more complex edible oligosaccharides is feasible and renders the
use of the formose reaction for food recycling in future physico-chemical ECLSSs
possible (Wang et al., 2007).

7The d (as opposed to l) denotes a group of stereo-isomers of hexose. In nature, sugars
almost exclusively occur in the d configuration.

51



Figure 17: Example of an autocatalytic cycle of the formose reaction, lead-
ing to the production of a cyclo-hexose molecule. Formaldehyde is added to
the monosaccharides by aldol additions, while the molecules undergo Lobry-de
Bruyn-van Ekenstein transformations in between these additions. The reaction
depicted in the top portion of the lower cycle is the breaking up of a tetrose into
two molecules of glycolaldehyde. The final reaction in the centre of the upper
spiral is an isomerisation reaction of hexose, changing from a chain into its cyclic
shape. The addition of a short-chained monosaccharide to the formaldehyde is
needed in order to start the reaction, which then carries on due to the continuous
generation of new monosaccharides via the lower cycle. Suitable for this task are
monosaccharides up to tetrose, because they do not exhibit cyclic isomers.

3.8.3 Synthesis of Glycerol

As explained in Chapter 2.1.1, glycerol represents the backbone of fat molecules.
Experiments with laboratory animals have proven that it can be safely ingested
in amounts comparable to glucose (Spector, 1956). Using trioses (i.e. sugars
with three carbon atoms, C3H6O3) from the formose reaction, glycerol could be
produced via catalytic hydrogenation (Gracey et al., 1991). By subsequently per-
forming an esterification with acetic acid (CH3COOH), it would even be possible
to produce triacetin (C9H14O6), a simple fat.
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The most exciting phrase to hear in science,
the one that heralds new discoveries, is not
‘Eureka!’ but ‘That’s funny...’

Isaac Asimov

4 Methane Utilisation

Methane (CH4) is a colourless gas with a boiling temperature of 112 K. It is
abundant in the earth’s crust and also exists in form of methane clathrate on
ocean floors. While these sources are more or less decoupled from our ecosys-
tem (except for volcanic activities and future mining of methane clathrate), its
production within our system is mainly through anoxic decomposition of organic
material by so-called methanogens, prokaryotic micro-organisms from the domain
Archaea8. They can be found wherever organic material has to be decomposed
under anaerobic conditions, be it in wetlands, in landfills, in digestive tracts of an-
imals (especially termites and ruminant animals like cattle, as their diets require
more support by methanogens), or in dam reservoirs9. The burning of organic
material also releases methane as a byproduct.
According to Dlugokencky et al. (2009), the abundance of methane in the earth’s
atmosphere amounts to 1.8 ppm. It used to be half as much about two hun-
dred years ago (Etheridge et al., 2002), suggesting anthropogenic causes for the
increase. Some scientists claim, that a substantial warming of sea water could
also lead to the melting of methane clathrate in arctic seas and permafrost soils,
adding even more to global warming and triggering a runaway process. This
process could have lead to periods of rapid warming in the past, causing massive
extinction events (Erwin, 1993).
Methane is the major constituent of so-called biogas or natural gas, which is usu-
ally mined from geological sources, often in combination with oil. It is commonly
used for heating, cooking and as a fuel for generating electricity. In the form of
Compressed Natural Gas (CNG), it is used as a vehicle fuel. Moreover, methane
is part of some important industrial processes (see Chapter 4.1.2).
It might be interesting to note, that methane also exists on other planets within
the solar system - notably on Mars, where it might stem from the metabolism of
extraterrestrial micro-organisms rather than being blown into the atmosphere by
volcanic activity (Mumma et al., 2009).

8Although they are both unicellular micro-organisms without a nucleus, archaea and bacteria
are significantly different (Woese et al., 1990). Therefore, in biological taxonomy, cellular life
is subdivided into the three domains Archaea, Bacteria, and Eucaryota.

9The rotting of previously existing vegetation and soil submerged in dam reservoirs causes a
significant methane emission (dos Santos et al., 2006). This is quite paradoxical, because many
dam projects are intended to produce environmentally friendly energy via hydro-power plants.
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4.1 Generation and Uses

4.1.1 Generation

While most methane for industrial purposes is mined as natural gas, a minor con-
tribution to the gas supply also stems from bioreactors (employing methanogens
under anoxic conditions) and from the burning of biomass and domestic wastes.
In the context of life support systems, methane plays a major role in air revital-
isation if a Sabatier reactor (Chapter 3.1) is employed. However, apart from a
Sabatier reactor there are also other potential sources of methane within a life
support system. One of them is the crew itself, producing methane during di-
gestion. The amount is but so low (≈ 1 g per person and day), that the weight
penalty of a dedicated device for its utilisation is too high for all but largest-scale
applications (e.g. big cities in space habitats). Therefore, its non-regenerative
removal from air is usually carried out along with the scrubbing of other trace
gases.
Another way of producing methane within an ECLSS in reasonable quantities
is the use of bioreactors. Using an ensemble of methanogenic micro-organisms,
the processing of solid and liquid wastes under anaerobic conditions could yield
substantial amounts of methane from otherwise useless waste material. These
techniques carry names like upflow anaerobic filter process (Young and McCarty,
1969), upflow sludge blanket reactor (Lettinga et al., 1980), or anaerobic fluidised
bed reactor (Jeris, 1983) and are already used for the degradation of cow manure.
The incineration of waste material is yet another source of methane. Although
waste gasification methods (see Chapter 2.2.3) ideally turn organic wastes to just
CO2 and water, methane is the most significant byproduct and might be formed
in relevant quantities (depending on the oxygen supply during the burning pro-
cess).

4.1.2 Industrial Uses

Within an ECLSS, there are many ways to handle the methane that is produced
by the Sabatier reaction (or another of the above mentioned processes). Fig-
ure 18 provides an overview of existing processes, which could be considered for
methane processing within a LSS. It is an excerpt from the overall Figure 26 in
Appendix B.2.
Some of these methods are applied commercially, as methane is the basis of several
industrial processes. The most important ways of every-day methane utilisation
are discussed in the following.
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Figure 18: Overview of processes relevant to life support systems in case methane
is produced by a Sabatier reactor. Crosses indicate dead ends for ECLS applica-
tion, while dark grey items mark technologies, which should be further investi-
gated. Pyrolytic methane decomposition is detailed in Figure 21.

Combustion The foremost use of methane is as a fuel for combustion, i.e. for
heating, cooking, creation of electric energy by driving steam turbines, and as
a vehicle fuel. Overall, the chemical reaction taking place during combustion is
given by

CH4 + 2 O2 → CO2 + 2 H2O (25)

This reaction takes place in multiple steps, because the reaction times for inter-
mediate products are different. It starts out with incomplete combustion, yielding
carbon monoxide, hydrogen and water:

CH4 + O2 → CO + H2 + H2O (26)

Then, the remaining hydrogen combines with oxygen in the so-called ‘Knallgas
reaction’:

2 H2 + O2 → 2 H2O (27)
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Finally, the carbon monoxide is oxidised as well:

2 CO + O2 → 2 CO2 (28)

All these reactions are exothermic and contribute to the overall energy that can
be gained from methane combustion. It is therefore important to try and carry
out a combustion as complete as possible. As all the reactions involve oxygen, not
all of these processes completely take place in an oxygen-starved environment.
Less energy is set free and more side products ensue in this case.

Steam Reforming Synthesis gas, a mixture of hydrogen and carbon monoxide,
is a sought-after basis for many processes in chemical industry, e.g. the production
of methanol and ammonia. While it can also be produced via coal gasification
(see Chapter 3.6), steam reforming of methane is the most common way to do it.
In a reactor, methane and water steam are converted to carbon monoxide and
hydrogen in presence of a catalyst:

CH4 + H2O→ CO + 3 H2 (29)

The CO:H2 ratio can be influenced via the Water-Gas Shift Reaction (WGSR),
which leads to a higher H2 concentration in the resulting gas mixture (as op-
posed to the reverse WGSR, the first step of the Bosch reaction described in
Chapter 3.2):

CO + H2O→ CO2 + H2 (30)

It is often desirable to get as high a H2 concentration as possible, because many
chemical follow-up processes need only the hydrogen as a reactant.
Steam reforming of methane does not appear useful in the framework of a life
support system, because it is also possible to create synthesis gas directly from
CO2. The direct approach would save an additional device (i.e. the Sabatier
reactor) and also energy that would be lost by taking the ‘detour’ via steam
reforming.

Oligomerisation Reaction Acetylene, C2H2, which is also used as a fuel and
serves as a basis for further processes in the chemical industry, can be obtained
from methane as well. By passing methane through an electric arc, it is possible
to trigger hydrogen formation from partial decomposition of methane, yielding
acetylene as a second product:

2 CH4 → C2H2 + 3 H2 (31)

A different process, which but leads to the same overall reaction, is used by At-
water et al. (2009) in their prototype for recycling methane in a physico-chemical
life support system (see Chapter 4.3.6).
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4.1.3 Further Processing

Conversion to Methanol Methanol (CH3OH) can easily be produced from
methane: First, syngas is produced by either steam reforming or partial oxi-
dation as mentioned above. In a second step, the syngas undergoes catalytic
conversion under high pressure using catalysts made of zinc oxide and chromium
oxide (Mittasch et al., 1925):

CO + 2 H2 → CH3OH (32)

As the technical implementation of these two processes exceeds weight and volume
limitations imposed by contemporary spacecraft, this option does not seem to be
suitable for use in LSSs. However, new regenerable catalysts were found for the
direct conversion of methane to methanol (Palkovits et al., 2009)

2 CH4 + O2 → 2 CH3OH (33)

as well as for the direct conversion of carbon dioxide to methanol (Riduan et al.,
2009):

2 CO2 + 4 H2 → 2 CH3OH + O2 (34)

In the latter case, the reaction is catalytically supported by N-heterocyclic car-
bene (NHC), and the consumed hydrogen has to be provided in the form of
hydrosilane (SinH2n).
Conversion of methane or carbon dioxide to methanol would facilitate the use of
methanol thrusters, see Chapter 4.2.1.

Conversion to Higher Hydrocarbons via Oxidative Pyrolysis Partial
oxidation of methane under high temperature conditions can lead to the forma-
tion of higher hydrocarbons like ethane (C2H6) or ethylene (C2H4). It can be
performed under standard atmospheric pressure either with or without the use
of a catalyst (Choudhary et al., 2004; Zhu et al., 1996). The addition of steam
to the process can significantly lower the formation of carbon deposits as well as
CO and CO2.

Synthesis of Formaldehyde Although formaldehyde (CH2O) itself is toxic,
it constitutes an important building block for the synthetic production of nutri-
ents as it could be done in the context of artificial photosynthesis (see Chap-
ter 3.8): Both sugars and glycerol can be obtained from polymerisation reactions
of formaldehyde. Industrial uses include the production of certain polymer-based
plastics, e.g. melamine resin, and the required formaldehyde is usually produced
from methanol via oxidation or dehydrogenation:

2 CH3OH + O2 → 2 CH2O + 2 H2O (35)

CH3OH→ CH2O + H2 (36)
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With methane at hand, there are two general approaches to the formation of
formaldehyde: Methane can either be oxidised or reacted with carbon dioxide.

CH4 + O2 → 2 CH2O + H2O (37)

CH4 + CO2 → 2 CH2O (38)

The reaction outlined in Equation 37 can be established with the help of electric
discharges (Thornton and Sergio, 1967) or by use of appropriate catalysts like
V2O5/SiO2 (Kartheuser et al., 1993; Yu et al., 1998). At operating temperatures
of about 900 K, high conversion rates can be achieved by use of a Continuous
Recycle Reactor Separator (CRRS, Bafas et al., 2001). A successful implemen-
tation of Equation 38 was reported by Shimamura et al. (2004) using the same
catalysts as for the oxidation reaction. Moreover, formaldehyde can be processed
from carbon dioxide and hydrogen alone (see Chapter 3.8.1).
Apart from its use for nutrient synthesis, formaldehyde could also be used for
decontamination purposes on long-duration missions (Pottage et al., 2010).
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4.2 Methane as a Propellant

Using methane from the LSS for propulsion would supersede the use of a methane
pyrolysis assembly. As it is produced in rather small amounts, it would obviously
not suffice for space travel but might be used for attitude control or station
keeping of orbiting space stations. Scenarios for these applications would include
atmospheric drag compensation of stations in low orbits around planets bearing
an atmosphere (e.g. the ISS in low earth orbit). Also, inhomogeneous mass
concentrations in celestial bodies can lead to the need for propulsion to stabilise
a station’s orbit, even if no atmosphere is present (e.g. in case of low lunar
orbits10, Bell and Phillips, 2006). Finally, orbits around Lagrangian points might
need additional stabilisation due to the gravitational influence of multiple bodies,
e.g. in the case of Earth-Moon Lagrangian orbits.
Therefore, different propulsion concepts employing methane as a propellant are
illuminated in the following. The properties of existing systems are revisited, and
their efficiencies are compared afterwards.
Alternatively, the synthesis of higher hydrocarbons from methane and their use
as a fuel might turn out to be beneficial, if these systems are more advanced and
have higher efficiency, or if storage is easier. For the case of methanol, this is
described below.

4.2.1 Chemical Propulsion

The idea to use ECLS resources or (even better) waste products for low-level
propulsion is not new (e.g. Zimmermann and Moseley, 1994), and the most
straight-forward approach is chemical propulsion. As the production of mono-
propellants on board a space station would pose certain dangers, the bipropellant
approach with the combustion of fuel and oxidiser seems to be appropriate.

Methane Thrusters Using methane as a fuel, the combustion with oxygen
would yield carbon dioxide and water. This was already explained in Chap-
ter 4.1.2 (Equation 25). Several methane thrusters have already been developed,
all of which use liquid oxygen as the oxidiser.
The only commercially available, production-ready methane thrusters are pro-
duced by XCOR Aerospace: Their XR-3M9 is intended for use in a reaction
control system (RCS) and offers 222 N of thrust, while the larger ‘workhorse en-
gine’ XR-5M15, which was jointly developed with Alliant Techsystems, boasts
33.4 kN and could even be used for the ascent of a manned vehicle from Moon or
Mars (Barry and Phillips, 2007). This could be of interest in conjunction with

10PFS-2, a small satellite which was deployed from the Apollo 16 command module to orbit
the Moon at a height of about 100 km, crashed already after 35 days because of inhomogeneities
in the Lunar mass distribution. However, four inclinations exist for low lunar orbits, in which
the mass concentrations compensate each other and yield stable trajectories.
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a manned habitat on Mars, because the propellant for return flights could be
generated from in-situ resources. Given a supply of hydrogen, a Sabatier reactor
could transform the atmosphere’s CO2 into oxygen and methane. Ideally, the
needed hydrogen would be extracted from in-situ water ice by electrolysis, but
even if it was brought to Mars, this option would still offer a significant weight
advantage.
Orion Propulsion Inc. (OPI) developed a methane engine for RCS use with a
thrust of 445 N, but after their takeover by Dynetics, the future of this product
line is uncertain. NASA also supported development projects by Aerojet and
Northrop Grumman, the latter leading to the 445 N TR408 thruster, which al-
lows for both methane and oxygen to be in either liquid or gaseous state. This
flexible solution might be a huge advantage when it comes to handling of the pro-
pellants with simplistic infrastructure on the surface of Mars (Federal Aviation
Administration, 2009).
A reusable methane powered rocket engine is being developed by the Volga
project, a consortium of four European companies and three Russian research
centres headed by Snecma. On their way to develop a Nano-satellite launch vehi-
cle, Garvey Spacecraft Corporation tested Prospector 14, a sounding rocket with
a 4.5 kN methane engine based on a student project carried out at California
State University, Long Beach.
Finally, in the framework of the (now cancelled) Constellation project, Pratt &
Whitney’s RS-18 engine was successfully modified and tested to run on methane.
Originally, it consumed hypergolic propellants and was used in the ascent stage
of Apollo’s Lunar modules some four decades ago (Melcher and Allred, 2009).

Methanol Thrusters Apart from methane, it might be worthwhile to consider
the use of methanol (CH3OH) as a fuel. Not only is the combustion of methanol
an industrially proven process, but because it is liquid at room temperature and
atmospheric pressure, it is very easy to handle. Its combustion to carbon dioxide
and water can be described as follows:

2 CH3OH + 3 O2 → 2 CO2 + 4 H2O (39)

The commercial development of methanol thrusters is for example pursued by
Armadillo Aerospace. Methanol can be produced from syngas under high pressure
(Chapter 4.1.3).

4.2.2 Gas Thrusters

The easiest way to use any gas for propulsion is to simply pressurise it and blow
it off the spacecraft opposite to its direction of travel. These so-called ‘cold gas’
thrusters offer only very limited thrust and low specific impulse. In LSSs without
CO2 recycling, the carbon dioxide itself would be the feed gas. On the contrary,
in the presence of a Sabatier reactor, it would be the excess methane.
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4.2.3 Ion Thrusters

Ion thrusters are based on the idea of creating a plasma and accelerating the
formed ions off the spacecraft for propulsion. As ions can be easily accelerated
to very high velocities by electric fields, this kind of propulsion offers a very
high specific impulse. It saves fuel mass and renders ion propulsion very eco-
nomic11. There is one problem, though: Contrary to chemical propulsion, where
the energy is stored within the chemicals, all energy for the acceleration of the
ions has to be provided by the spacecraft. Ion propulsion is therefore not mass-
but energy-limited (Parkinson, 2009). Because of that, it has not been used in
manned missions up to now: the energy budgets of contemporary spacecraft just
do not allow for enough thrust to accelerate on timescales, which are reasonable
for manned missions. Even though ion thrusters for principal spacecraft propul-
sion will only be feasible once advanced energy sources (most likely nuclear fission
or even fusion reactors) can be safely flown on board manned spacecraft, attitude
control and station keeping for manned missions should well be possible with ion
thrusters also at the present day.
Since the first ion engine was tested on the SERT-1 satellite, which was launched
in 1964, the development of ion thrusters made significant progress: Both the
specific impulse and the lifetime of ion engines could be increased dramatically.
Different concepts for the acceleration of the ions were tested, with gridded elec-
trostatic thrusters (e.g. ESA’s Dual-Stage 4-Grid ion thruster Fearn, 2005) and
Hall effect thrusters (e.g. Snecma’s PPS-1350) being the most common variants.
These conventional designs bear but one common flaw: due to the fact that the
electrodes for ion acceleration get into contact with the plasma, they are prone
to sputtering, which eventually leads to an engine malfunction. In order to over-
come this limiting factor for the engines’ lifetime, electrode-less engine designs
have been proposed (most notably Pulsed Inductive Thrusters and Magnetoplas-
madynamic Thrusters). Both technologies also offer the advantage of being easily
scalable for high energy/high thrust applications.
Two ongoing projects implementing the concept of a magnetoplasmadynamic
thruster are the Helicon Double Layer Thruster (HDLT), under development
at the Australian National University in collaboration with ESA (Charles and
Boswell, 2003), and VASIMR, the Variable Specific Impulse Magnetoplasma
Rocket being built by Ad Astra Rocket Company, a US-Costa Rican enterprise
founded by former astronaut Franklin Chang-Dı́az. Both of them use radio-
frequency (RF) excitation to turn their fuel gas into a plasma and to accelerate
it: Helicon antennae are wrapped around the combustion chamber to accomplish
the electromagnetic coupling. Magnetic nozzles take care that the impulse vec-
tors of the accelerated ions point in the right direction when they are expelled,
while the plasma is confined by magnetic fields during this acceleration phase.

11Some interplanetary mission profiles would not be possible at all without ion propulsion,
such as NASA’s Dawn mission to Vesta and Ceres with a ∆v (the integral over all velocity
changes) of over 10 km/s.
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Figure 19: Sketch depicting the basic physics of a VASIMR engine. Neutral gas
streams into the ionisation chamber and gets ionised by the RF emission of the
plasma source antenna. The resulting cold plasma is then energised by the RF
booster antenna, before the shape of the magnetic nozzle forces the ions’ mo-
mentum vectors to turn into the direction of the horizontal axis. This leads to
a speed-up of the plasma in that direction, before the ions are expelled. Super-
conducting magnets surrounding the ionisation chamber and the energising stage
prevent the plasma from interacting with the walls of the containment vessel.
Image credits: Bering et al. (2007)

The VASIMR is already in an advanced production state and a flight unit called
VF-200, which consists of two 100 kW thrusters, is going to be tested for drag
compensation on the ISS in 2012. Figure 19 gives a detailed depiction of its
working principles. It will deliver a thrust of 5 N at a specific impulse of 50 000 m

s

(see also Table 9).
As the plasma generation in ion thrusters and pyrolysis units (Chapter 4.3) have
a similar design, a combination of both technologies might be possible: In Chap-
ter 5, details are presented for a proposed device, which pyrolyses methane, keeps
the hydrogen, and uses the carbon for ion propulsion.

4.2.4 Comparison of Various Propulsion Concepts

Up to now, existing propulsion systems for manned spaceflight are of chemical
nature only: Solid propellants are often used in strap-on boosters such as the
Space Shuttle’s Solid Rocket Boosters (SRBs), but are less efficient than liquid
fuel systems. Cryogenic liquid propulsion can be found in the Space Shuttle main
engine (running on liquid hydrogen and oxygen), while hydrocarbon-based liquid
propulsion is for example used in the Russian Soyuz rockets (driven by liquid
oxygen and RP-1, which is highly refined kerosene).
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Attitude control and station keeping of the ISS are also facilitated by liquid
bipropellant systems, combining hydrazine fuel with dinitrogen tetroxide as an
oxidiser. Hydrazine can also act as a monopropellant, and is frequently used this
way in satellite reaction control systems for its simplicity. Because of its specific
impulse being significantly lower than that of bipropellant systems, it is not used
in performance-critical manned missions, though.

In human spaceflight, propulsion is needed in three categories: reaching orbit,
station keeping, and interplanetary travel. As it turns out, these categories have
fundamentally different requirements:

• Getting from a planetary surface to orbit requires a thrust-to-weight
ratio greater than one ( T

mg
> 1). Even for the Moon, with gMoon = 1.6 m

s2
,

chemical propulsion is the only feasible solution up to now: With a weight
of 300 kg and a thrust of 5 N, the VASIMR ion engine is still two orders
of magnitude away from this goal. (And that refers to the engine only -
without any payloads.)

• Station keeping/drag compensation of orbiting space stations, on the
other hand, does not require high thrust (see the calculation for ISS station
keeping in Appendix A.4), but should be as weight efficient as possible to
minimise fuel resupply. As ion thrusters have a significantly higher specific
impulse than chemical propulsion systems, they fulfil this requirement way
better and will replace chemical systems for this purpose on the long run.
By using continuous ion propulsion for drag compensation instead of regular
chemical boosts, it will also be possible to improve the zero-g level of the
ISS. As atmospheric drag exerts a tiny but constant acceleration on the
station, its compensation might lead to the space station turning from a
micro-g into a nano-g environment.

• For deep space travel, the travel time should be minimised. During
the Apollo missions, so far the only manned missions beyond low earth
orbit, this was done by the initial use of chemical propulsion followed by
a long time of coasting. Due to the high specific impulse of ion engines,
sufficient fuel for continuous firing throughout an entire journey to Mars
could be stored in a rocket. If enough energy was at hand to operate a high-
performance ion engine, the travel time could be significantly decreased.
Thus, as soon as the energy problem is solved, ion thrusters will be the
propulsion of choice for long-distance deep space travel. Space-proof nuclear
reactors, such as the SAFE-400 (Safe Affordable Fission Engine, Poston
et al., 2002), which was developed at Los Alamos National Laboratory,
could be a possible solution.
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Current Concepts As mentioned before, nowadays’ propulsion systems for
manned spaceflight take advantage of chemical reactions of a fuel with an oxidiser.
Cryogenic hydrogen/oxygen engines are the most efficient chemical thrusters (in
terms of Isp), but long-time storage of the propellants is hardly possible. There-
fore, non-cryogenic hydrazine bipropellant systems are used for ISS resupply. On
a regular basis, reboosts are performed by visiting vehicles like Progress or ATV
cargo ships, or by the station’s own thrusters. An approximate 4 t of propellants
per year are needed to facilitate ISS station keeping (see Table 9).
Soon, an ion thruster will be used to fulfil this task for the first time, when the
test run of the above-mentioned VASIMR engine is performed. With a power of
200 kW, it is operated in a pulsed mode buffered by batteries. In order to provide
one year of ISS drag compensation, it would consume 11 kW-years of electricity
and use 200 kg of argon gas as fuel. However, even if ion propulsion is used for
drag compensation, there is still a need for higher-thrust propulsion on board
the ISS: for debris avoidance manoeuvres and other possible contingency cases,
chemical propulsion is indispensable.
In the following, possible improvements of these existing propulsion concepts are
sketched, using methane or other LSS (waste-)products as propellants.

Table 9: Comparison of various propulsion concepts. Given are specific impulse
Isp and maximum thrust T in vacuum conditions, as well as the mass mE of
the engine. ∆m

∆t
describes the mass of consumed propellant for a year of ISS

station keeping, while Eel denotes the electrical power consumption required for
operation. In order to get a direct estimate of the effective exhaust velocity, Isp

is given in units of m
s
.

Propulsion technology Isp

[
m
s

]
T [N] mE [kg] ∆m

∆t

[
kg

year

]
Eel [kW]

0.001 0.013
Cold gas thruster 670 ... ... 15 000

266 0.231

MMH/N2O4 (ATV) 3100 490 < 5 4000
UDMH/N2O4 (Progress) 3000 3900 300 4000
H2/O2 (Space Shuttle) 4370 2.1 · 106 3 200
CH4/O2 (XR-5M15) 3650 33 400 < 50
CH4/O2 (required) ≥ 2500 ≥ 0.5 ≤ 4000

Argon ion thruster (VASIMR) 50 000 5 300 200 (200)
CO/CO2/CH4 ion thruster (required) 8400 ≥ 0.5 ≤ 1 200 > 1.4
MICO thruster (required) 17 000 ≥ 0.5 ≤ 590 > 2.7
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The current ECLSS implementation of the ISS (Figure 2, Chapter 2.3.2) has two
main sources of waste gases: H2 from the electrolytic oxygen generator and CO2

from the atmospheric control system. As a person breathes out about 1 kg of
carbon dioxide per day, the total amount of exhaled CO2 for a six-person crew
per year is 2.2 t. Adding the 220 kg of excess H2 generated by the electrolyser,
one ends up with 2.4 t of gas that could be used for propulsion instead of being
vented overboard. As carbon dioxide is very unreactive, chemical thrusters would
not be an option, though. Instead, cold gas thrusters could be considered (see
discussion below).
On the other hand, methane, which is produced by the Sabatier process in the
ACLS (Figure 4 in Chapter 2.3.3), would be ideally suited for chemical propulsion.
The maximum amount of methane generated by a crew of six is 790 kg per year.
If this was complemented by a sufficient amount of oxygen, methane thrusters
could be used for propulsion.
While this chemical propulsion method still consumes resources that have to
be resupplied, the ideal mode of operation for the ISS would only foresee the
supply with food (assuming that no food recycling is performed on board the
ISS) and use waste products for propulsion. The ECLSS depicted in Figure 20
turns as many metabolic waste products as possible into gases and uses them
for propulsion. While (Bertrand et al., 1996) proposed arcjet thrusters for this
task, ion propulsion should be preferred due to its significantly higher specific
impulse. As a Sabatier reactor is almost flight-ready for the ACLS, and no

Electrolyser

2 H2O → 2 H2 + O2

Sabatier reactor

4 H2 + CO2 →

2 H2O + CH4

Crew of 3

(*)

2 CH4N2O

4 faeces

66 O2

66 H2O

66 H2O

4 food
Dry food

External supplies

132 H2

33 CO2

(*)  2 food + 41 O2 → 37 CO2 + 33 H2O + CH4N2O + 2 faeces

       food: [C21H38O14N1]
       faeces: [C2H3O1]

Solid waste

Collected and dumped, burning 
up in the atmosphere

33 CH4

Multiple-gas
ion thruster

CO2 electrolysis

2 CO2 → 2 CO + O2

32 CO2

9 CO2

32 CO
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Figure 20: ECLS model of a system with a Sabatier reactor and carbon dioxide
electrolysis. Waste is produced as much in the gas phase as possible, and the
waste gas mix is used for ion propulsion.
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problems with a zero-g implementation of CO2 electrolysis are expected, the
depicted ECLSS could be implemented without the need for further extensive
development. It would produce 1.2 t of a mixture of CO, CO2 and CH4 per year,
which would ideally suffice for drag compensation of the ISS. No resupply of
propellants, atmospheric gases, or water would be needed at all.

Cold Gas Thrusters The exit velocity of an ideal gas passing through a
convergent-divergent (de Laval) nozzle is given by (Hahne, 2004)

Isp =

√
2

κ

κ− 1

RT

M
(40)

where R = 8.3 J
K mol

denotes the universal gas constant, T and M are the temper-
ature and molar mass of the gas, and κ is the isentropic expansion factor (≈ 1.4
for H2 and N2, ≈ 1.3 for CO2 and CH4).
Assuming that the 2.4 t of exhaled CO2 and generated H2 were expelled contin-
uously through cold gas thrusters, the ISS would experience a force of 0.05 N,
pointing out that the specific impulse of cold gas thrusters is far too low for this
task. In order to achieve the required thrust for station keeping, 0.32 N (see Ap-
pendix A.4), another 12.6 t of gas (N2 is commonly used for cold gas thrusters)
would need to be delivered to the space station. This is obviously unacceptable
and exceeds the upmass of the current solution by far.
Moreover, as no gas recycling is done, this scenario would require the LSS to be
replenished, too. In a Scenario with a Sabatier reactor, the situation would not
be any better, though: Only 790 kg methane per year would be at hand as a
propellant and 14.2 t would need to be supplied. Therefore, cold gas thrusters
can definitely be ruled out as a solution for ISS drag compensation.

Methane Thrusters If the ACLS was used and its Sabatier reactor would
produce the maximum amount of 790 kg methane per year, the combustion with
oxygen in a methane thruster could generate thrust for drag compensation. In or-
der to fulfil the stoichiometric requirements for complete combustion of methane
(Equation 25 in Chapter 4.1.2), 3160 kg of oxygen would be needed, so that the
total mass of of the gases would sum up to 4 t of propellant.
As methane thrusters, such as XCOR’s XR-5M15 engine, have a specific impulse
comparable to that of the currently used hydrazine thrusters, this would just
be sufficient for ISS station keeping. The methane fuel would not have to be
transported to the station, leading to 790 kg of upmass savings. Moreover, in
the ACLS scenario (Chapter 2.3.3), the supply with 200 kg of water per year is
needed for the generation of make-up hydrogen. If methane thrusters were used,
the oxygen for the combustion process would also be carried to the station in
form of water and would be electrolysed there. This would bring up more than
enough hydrogen, saving another 200 kg of upmass.
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If the ACLS was installed on the ISS, a methane thruster would therefore save
almost 1 t of upmass per year, compared to the conventional propulsion that is
used for drag compensation up to now. The needed infrastructure would not
be overly complicated, because methane thrusters that run on gaseous fuel and
oxidiser are available (Chapter 4.2.1). Thus, the complicated storage of liquefied
cryogenic gases, which would require heavy tanks and insulation and would con-
sume energy for cooling, is not needed.
The application of methane thrusters in manned spaceflight would be especially
useful for Mars missions: A Sabatier reactor could generate both methane and
oxygen from the carbon dioxide of the Martian atmosphere. Only hydrogen would
need to be provided, and even that might be harvested in-situ via the electroly-
sis of water ice. Thus, with methane thrusters available, no propellants for the
return trip would need to be taken on a Mars expedition, leading to significant
mass savings, which might even clear the way for otherwise impossible mission
scenarios.

Ion Thrusters The ECLSS in Figure 20 produces 600 kg CO, 250 kg CO2, and
350 kg CH4 per year, which can be used for propulsion. Even though no flight
tests have been performed with molecular gases as a fuel for ion engines yet, this
should not pose a problem from a theoretical point of view. The fact that one has
to deal with several gases at the same time could either be tackled by developing
multiple-gas ion engines, which run on the gas mix, or by using individual engines
with different parameters for the three different gases.
The molecular weights of these gases are on average lower (molar masses are
28/44/16 g for CO/CO2/CH4) than the molar masses of argon or xenon (40 or
131 g, respectively), which are frequently used in ion propulsion. This could lead
to a decrease in maximum thrust. With current technology, the goal of 0.5 N
should still be easily achievable, though. Using several thrusters at the same
time could further reduce this problem, and would offer the possibility of a bet-
ter spacial thrust distribution leading to even lower g-levels on the ISS. Thus,
the use of all these LSS waste gases for ion propulsion would supersede the need
for a methane pyrolysis device. Due to the availability of 1.2 t of gas per year, a
specific impulse of only 8400 m

s
would be required, which is easily achievable with

current ion propulsion technology.
The only problem with this scenario is the assumption of an ideal water man-
agement in Figure 20. Unless better water reclamation techniques are used, it
will be inevitable to lose some water along with the solid wastes. Therefore,
the ECLSS is running short on hydrogen and oxygen, and one cannot afford to
blow H- or O-atoms overboard. A possible solution to this problem would be to
combine ion propulsion with pyrolysis, to decompose the gases and to use only
carbon ions for propulsion: Such a Methane-In Carbon-Out (MICO) thruster is
proposed in Chapter 5. In case the ACLS was used for carbon dioxide recycling,
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such a thruster could simply be fed with the produced methane and act as a
methane pyrolysis unit, only that it would provide thrust at the same time (see
Figure 6 in Chapter 2.3.4).
The available mass of carbon atoms that can be extracted from the exhalations
of six astronauts sums up to 590 kg per year. If a MICO thruster would manage
to provide ISS drag compensation with that amount of carbon, the only resources
that would still need to be flown to the ISS would be food supplies.
The power needed to accelerate the ions can be approximated as

P =
1
2

∆mv2

∆t
=

1

2
T Isp (41)

where ∆m = 590 kg is the ion mass per ∆t = 1 year. v ≈ Isp is the exhaust
velocity, while T denotes the thrust. Of course, energy needs for the ionisation
of the gas and a sub-optimal thruster efficiency have to be taken into account,
too, but are not included in the theoretical values given in Table 9. For a more
detailed analysis in the case of the MICO thruster, see Chapter 5.2.5.
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4.3 Methane Pyrolysis

Research into methane pyrolysis is not a new field at all and many experiments
have been carried out for a long time (see Khan and Crynes, 1970, for an overview
of early studies). This chapter is intended to give an overview over a wide range
of existing methane pyrolysis methods and to assess the feasibility of their use in
an ECLSS. In doing so, the trade-off report by Bockstahler et al. (2006b) is used
as a reference for decision-making unless otherwise noted. It was established in
the framework of a study to build a methane pyrolysis assembly for the ACLS
carried out by EADS Astrium.
An outline of this chapter is given in Figure 21, which in turn is an excerpt from
the overall Figure 26 in Appendix B.2. As this chapter only presents current
technology it does not proceed at dead ends. New ideas and promising future
developments are presented in Chapter 4.4.
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Figure 21: Overview over all processes evaluated for pyrolytic methane decom-
position. Crosses indicate dead ends for ECLS application while dark grey items
mark technologies, which should be further investigated.
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4.3.1 Oxidative Processes

All methods involving oxygen as a reactant are called ‘oxidative’. Strictly speak-
ing, these processes are not pyrolytic, because by definition pyrolysis takes place
without additional oxygen.
Oxidative processes involving methane are widely applied in industry and are
presented in Chapter 4.1.2. Partial oxidation (as in Equation 26) and steam
reforming (Equation 29) would save some oxygen compared to complete combus-
tion (Equation 25), but it is still out of the question to waste oxygen. The weight
of the oxygen lost with vented carbon monoxide would be more severe than the
loss of hydrogen when just venting the methane (an oxygen atom weighs 16 u,
while methane contains hydrogen weighing only 4 u).
Thus, application of these methods is not sensible, unless a good way is found
to split carbon monoxide into carbon and oxygen (see Chapter 3.6). Even if this
was the case, the problem of methane decomposition would be extended, because
then two devices are needed: one for methane combustion and one for splitting
the carbon monoxide. The splitting of carbon monoxide would also be needed in
conjunction with the electrolysis of carbon dioxide (Chapter 3.4).
Another oxidative process is the formation of methanol at a catalyst, as explained
in Chapter 4.1.3. Of course, this approach only makes sense in a scenario, where
methanol is used as a resource which cannot be replaced by methane itself.

4.3.2 Catalytic Pyrolysis

Up to now, methods for the catalytic pyrolysis of methane required a consumable
catalyst, defeating the idea of reducing up-mass and maintaining an independent
LSS. Several recent studies carried out in Japan (e.g. Takenaka et al., 2003) were
able to increase the lifetime of catalysts, but only substantial advances in this
field would render catalytic pyrolysis of methane economical. Until regenerable
catalysts are found, non-catalytic pyrolysis techniques seem to be more promising
for ECLS applications.

4.3.3 Thermal Cracking

The most straight-forward approach to methane decomposition is to simply heat
it up to very high temperatures until it falls apart:

CH4 + ∆E → C + 2 H2 (42)

Past experiments, which tried to do just that, turned out to be very inefficient
(e.g. Cantelo, 1924) and led to a general neglect of this field of research.
Based on new technologies, possible options should be reconsidered. A possible
approach is to use heated ceramic foam as it is also used for thermal cracking
of CO2 (Chapter 3.3.1), because this would increase the surface area and lead to
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higher cracking efficiencies. It is important to note that the ceramic foam must
be made of a material that is strictly non-catalytic, so that no chemical reactions
take place on its surface. The removal of loose carbon black from the foam could
then be facilitated by pressurised gas or fluids. The alternating operation of two
reactors would be possible, where one (cold) reactor is cleaned by the gas stream
from the other active (hot) reactor.

4.3.4 Plasma processes

Plasma processes have been extensively studied and seem to be the most promis-
ing approach to methane pyrolysis. As there are many different ways of generat-
ing and dealing with plasma, the choice of an easy-to-implement low-maintenance
plasma pyrolysis method requires a closer look at all these methods.
While plasma processes can facilitate methane decomposition as in Equation 42
above12, other reaction mechanisms are possible, too: If carbon dioxide is used as
the feed gas instead of methane, it could be pyrolysed to form carbon monoxide
and oxygen (see Chapter 3.3.2). If a gas mixture of methane and carbon dioxide
is used, so-called ‘carbon dioxide reforming of methane’ is possible, but again
necessitates the further decomposition of carbon monoxide:

CH4 + CO2 → 2 CO + 2 H2 (43)

Low-temperature Plasmas In order to generate plasmas at low tempera-
tures, near vacuum conditions are needed (Iza and Lee, 2007). Unfortunately,
this limitation leads to too low plasma densities (≈ 1014 cm−3) for the operation
of a continuous flow reactor of sensible size. Thus, low-temperate (and there-
fore low-pressure) plasmas play no role in the instrumentation of conventional
LSSs, but can be applied in ion thrusters (see Chapter 4.2.3). A plasma genera-
tion method, which is only applicable to low-density plasmas, is the use of radio
frequency heating; it is described in Chapter 4.3.6 below.

High-temperature Plasmas At atmospheric pressure, plasma generation is
possible via electrostatic or electromagnetic coupling and leads to high plasma
temperatures. Electrostatic methods are industry-proven and transfer energy to
the plasma by electric discharge (Chapter 4.3.5) while electromagnetic plasma
generation methods transfer energy via excitation by electromagnetic waves. So
far, they have been applied in scientific applications only (Chapter 4.3.6).
When performing a complete pyrolysis of methane, all of these plasma methods
produce elemental carbon which usually cools down afterwards and conglomerates

12It should be noted that the decomposition of methane into carbon and H2 is only the main
reaction channel taking place in CH4 pyrolysis. An analysis of reaction kinetics by Dean (1990)
describes as many as 44 reactions involving 25 different species, pointing out that this is still
based on a simplified model.
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at some surface. Depending on the exact temperature, pressure, and surface
conditions, it can condense in various modifications: carbon black, activated
carbon, graphite, carbon nanotubes, or even diamond. Control over the formation
process of all these different modifications is the matter of ongoing research (e.g.
Katsumata, 1992; Takenaka et al., 2003). For continuous operation of a pyrolysis
reactor, this poses a huge problem: Only the carbon that recombined in the
gas phase gets carried out with the gas stream, while the rest of the carbon
forms depositions everywhere in the reaction chamber. This eventually leads to
clogging of the gas inlets and the entire system. This problem could be resolved
by magnetically confining the plasma, so that all recombination processes have
to take place in the gas phase (see Chapter 4.4.2).

4.3.5 Electrostatic Field Plasma

Electric Arc For plasma generation in industrial applications, the commonly
used method is to run the feed gas through an electric arc. For example, this
is used for the oligomerisation of methane to form acetylene (Chapter 4.1.2).
A potential problem with this technique is electrode wear, as they undergo a
constant bombardment by ions due to their charge. The use of plates instead
of pointed electrodes (with the electric arc permanently moving in between the
plates) mitigates this problem in so far as the wear is spread out over the entire
plates, significantly prolonging the electrode lifetime.

DC-Jet In case of a DC-jet plasma, an inert gas is turned into a plasma by an
electric arc and lead into a reaction chamber where it mixes with the feed gas.
Due to the heat exchange between the two gases, the feed gas is being pyrolysed.
Using hydrogen as the inert gas and methane as the feed gas, the products of
this process are just hydrogen and carbon.
Employing this technique, EADS Astrium in Friedrichshafen developed a pro-
totype for ESA (Bockstahler, 2006). After problems with electrode wear and
insufficient gas mixing were successfully overcome, the remaining problem was
the deposition of high-density carbon all over the reaction chamber, eventually
leading to the clogging of the entire device (Schäfer, 2007). Due to the extremely
rigid nature of the carbon depositions, no procedures for easy cleaning of the
reaction chamber could be established, so that the replacement of reactor parts
would need to be part of regular maintenance. Besides the fact that the supply
of replacement parts poses a significant weight penalty, the solution is also not
desirable from a safety point of view: Life support equipment should be designed
to run trouble free and without the dependence on complicated maintenance pro-
cedures for long periods of time.
To keep hot carbon away from the reactor walls, magnetic confinement could be
used. This new approach is described in Chapter 4.4.2.
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4.3.6 Electromagnetic Field Plasma

Heating the plasma via excitation by electromagnetic waves has the big advantage
of being an electrode-less solution. Thus, it is possible to exclude electrode wear
as a potential failure mode. While radio frequencies are sufficient for the gener-
ation of low density plasmas, a higher energy density is needed at atmospheric
pressure, promoting the use of microwave radiation in closed cabin applications.

Radio Frequency Plasma Radio frequency (RF) excitation, usually at a fre-
quency of 13.56 MHz, can be used for plasma generation. In order to do so, gas is
led through a reaction cavity, which is irradiated with RF radiation that ionises
the gas. Due to the comparatively low energy density of such a field, this method
is only applicable to low-density gas in near-vacuum conditions. Usually, helical
antennae are wound around the reaction tube to generate the RF field (e.g. Tysk
et al., 2004; Chen and Torreblanca, 2009).
However, the economic use of this technology for in-cabin LSS equipment is ques-
tionable, because an evacuated reaction chamber is needed. With microwave
plasma generation, a similar process exists that works under atmospheric pres-
sure.
On the other hand, RF excitation is the method of choice for plasma genera-
tion in ion thrusters, which are intended for operation in vacuum conditions (see
Chapter 4.2.3). It might also be an enabling technology for the combination of
methane pyrolysis and ion propulsion as proposed in Chapter 5.

Microwave Plasma As mentioned before, microwave (MW) excitation works
like RF plasma generation, with the difference that a microwave generator is
used instead of a RF helicon antenna. Due to the higher energy density of the
radiation, sufficiently high conversion rates are achieved with the feed gas being at
atmospheric pressure when passing through the reactor. EADS Astrium designed
a prototype for methane pyrolysis based on this technology, and managed to
achieve the continuous generation of a stable plasma (Bockstahler et al., 2006a).
However, as for the DC-jet prototype, problems arose with carbon depositions:
High-density carbon formed on the walls of the reactor tube, and eventually the
microwaves coupled with this carbon and heated it up. Thus, the energy was
not deposited in the gas and a breakdown of plasma formation could be observed
(Schäfer, 2007).
As for the DC plasma methods, magnetic confinement could prevent carbon ions
from undergoing recombination at the reactor walls (see Chapter 4.4.2).
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Microwave Pyrolysis Yielding Acetylene In the previously mentioned As-
trium prototype, plasma generation via microwave excitation is used to perform
a complete pyrolysis, which breaks up methane into carbon and hydrogen. How-
ever, different reaction channels for the recombination of the produced molecular
fragments exist, and their probability of occurrence can be influenced by changing
the environmental conditions of the reaction. By choosing certain temperature
and pressure conditions it is possible to promote the formation of hydrogen and
acetylene (C2H2), as in the industrial oligomerisation reaction (Equation 31 in
Chapter 4.1.2).
Atwater et al. (2009) are developing a microwave pyrolysis unit for ECLS, which
uses this reaction channel and thus effectively avoids any problems with carbon
clogging. On the other hand, 25% of the hydrogen contained in methane is still
wasted, as the produced acetylene is vented overboard. Moreover, acetylene is
unstable at atmospheric pressure and reacts explosively with oxygen13:

2 C2H2 + 5 O2 → 4 CO2 + 2 H2O (44)

Therefore, appropriate safety precautions have to be met in order to prevent
explosions.

Barrier Discharge Dielectric barrier discharge (DBD) is a technology that
combines properties of the above mentioned DC discharge methods (arc, jet) and
the electromagnetic excitation methods (RF, MW): A gas stream is established
through the gap between two electrodes, one of which is covered with a dielectric
material. An AC voltage is applied to the electrodes (at RF to MW frequencies),
leading to the buildup of a multitude of micro-discharges ionising the gas. Due
to the fact that the presence of the dielectric material prevents the formation
of long-duration discharge channels, the gas heating is lower than for the other
plasma generation techniques.
Plasma generation via barrier discharge is used in industrial applications such
as ozone generators, CO2 lasers, and most notably for plasma generation in flat
panel displays (Kogelschatz et al., 1999). Although one electrode is not covered
with electrolytic material, its contact with the gas stream is unproblematic, be-
cause no long-duration discharges take place that would promote electrode wear.
For this reason, and also because DBD is an energy-efficient low-temperature
process, it is a promising candidate technology for a LSS methane pyrolysis as-
sembly.
An interesting combination of several advanced concepts (barrier discharge, ce-
ramic foam, and catalytic materials) for CO2 reforming of methane was presented
by Kraus et al. (2001).

13This is the reason why acetylene is always stored in solution for commercial applications.
For this purpose, acetone (C3H6O) is used as a solvant in common gas cylinders.
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4.4 New Approaches to the Breakdown of Methane

The previously examined methods for the treatment of methane still offer poten-
tial for improvement. Some new approaches, which might be interesting to follow
up, are proposed in the following. Another possible solution, the combination of
ion propulsion with methane pyrolysis, is discussed in detail in Chapter 5.

4.4.1 Bioregenerative Approach

As mentioned before, methanogens are micro-organisms that produce methane by
breaking down larger hydrocarbons. Methanotrophs take this break-down pro-
cess even further by metabolising methane itself. As opposed to the methanogens,
they belong to the domain Bacteria and can metabolise methane under either
anaerobic or aerobic conditions. An example are the species of the genus Metha-
nococcus.
The overall metabolic mechanism for the aerobic methanotrophs is that they ox-
idise methane to carbon dioxide and water (Roslev and King, 1995). Therefore,
they are rather useless in the framework of ACLS, because the carbon dioxide
would have to be fed back into the Sabatier reactor, producing new methane.
However, in a system which does not produce methane per se (for example em-
ploying a Bosch reactor), these bacteria would offer a bioregenerative approach
to deal with the methane traces from rotting organic material and flati. ECLSSs
like MELiSSA, which entirely rely on bioregenerative techniques, incorporate this
kind of micro-organisms anyway.
There are also bacteria that only use SO4 from alluvium depositions on the sea
floor to oxidise CH4 under oxygen-starved conditions. Examples for bacteria em-
ploying this process even under very acidic conditions are Acidimethylosilex fu-
marolicum (Pol et al., 2007) and Methylacidiphilum infernorum (originally called
Methylokorus infernorum, Dunfield et al., 2007). In an advanced bioregenerative
life support system, they could probably be used to retrieve oxygen from the SO4

present in urine, which would be lost otherwise.

4.4.2 Plasma Pyrolysis with Magnetic Confinement

All methane pyrolysis techniques involving plasma, that were presented in Chap-
ter 4.3, have one common problem: The plasma’s carbon ions tend to perform
their recombination at the reactor walls and create high-density depositions,
which can lead to a malfunction of the system (either by clogging, as in the
DC-jet case, or by absorbing energy, in case of MW excitation).
Magnetic confinement could stop carbon ions from reaching the walls at high ener-
gies, so that the plasma cools down and recombines in ‘mid-air’. While magnetic
confinement is commonly used in low-density plasma research (e.g. Tysk et al.,
2004; Chen and Torreblanca, 2009), the existing methane pyrolysis prototypes by
EADS Astrium (see Chapters 4.3.5 and 4.3.6) do not feature this technology yet.
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In order to improve them, it would be sufficient to place permanent ring magnets
around the tubular reaction chamber, adding a stronger one at the position of
the gas inlet nozzle, thus creating a half-open magnetic bottle. This concept is
also used for the combined ion propulsion/methane pyrolysis device proposed in
Chapter 5. For details about the magnetic bottle setup and the required mag-
netic field strengths see Chapter 5.2.2.
Depending on the streaming velocity of the hot gas/plasma through the reactor
tube, it might happen that the products are still too hot when they reach the end
of the reactor. In that case, the end of the tube (and also the confining magnetic
field) could be shaped as an expansion nozzle, so that the gas expansion will cool
the products further.

In the case of a DC-jet plasma generation, problems could arise from the
use of magnetic confinement: Due to the fact that only the hydrogen enters the
reactor tube as a plasma while the methane is still in the gas phase, it can be
expected, that their mixing efficiency is decreased. The methane, which is not
influenced by the magnetic confinement, will stay close to the walls, while the
hydrogen plasma takes up the volume in the central magnetic trap. Thus, it
would be better to produce a plasma directly from methane, which is the case
for microwave excitation. Therefore, Astrium’s MW plasma prototype would be
the favoured testbed for the addition of magnetic confinement.
A problem, which does not occur with low-density plasma, is the fact that the
reactor tube gets hot. The magnetic confinement decreases that effect to a cer-
tain amount, because the plasma ions do not hit the walls anymore and therefore
do not contribute to its heating up. However, the non-ionised hot gas still does,
and the surrounding magnets have to stand the hot conditions. Therefore, they
have to be made of a material with a sufficiently high Curie temperature (the
temperature, at which the structure of a magnet is compromised, so that it loses
its magnetic properties).
As can be seen in Table 10, this requirement renders neodymium magnets useless
for this task, but favours alnico. As alnico has but a very low Hc value, indicat-
ing that it is easily demagnetised by environmental influences, SmCo seems to be
more suitable (Tian et al., 2007). Ceramic magnets, on the other hand, could be
too weak (see Chapter 5.2.2 for the magnetic flux requirements).
It should also be considered to have thermal insulation placed in between the re-
actor tube and the ring magnets, so that heat conduction is minimised. However,
this could lead to higher flux requirements for the magnets: While the density
of magnetic field lines inside of ring magnets is constant for infinitely long ring
magnets, the magnetic flux at the rings’ ends will be adversely affected. Fortu-
nately, this effects might prove to be unproblematic, as the magnetic bottle is
terminated by a stronger magnet on the nozzle side anyway, and a weakening
magnetic field towards the throat area of an expanding reactor tube might even
be desirable.
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Table 10: Materials for the production of high-performance permanent magnets
(Magnet Sales & Manufacturing Inc., 1995). TCurie denotes the Curie tempera-
ture, but the maximum practical operating temperature Tmax should be used for
real-life planning. Hc is the coercivity, i.e. the magnetic field strength needed to
demagnetise the magnet. The residual induction Br is its theoretical maximum
flux.

Material (Alloy) TCurie [K] Tmax [K] Hc

[
kA
m

]
Br [T]

Neodymium (NdFeB) 580 420 979 1.28
Alnico (AlNiCo) 1130 810 51 1.25
Samarium-Cobalt (SmCo) 1020 570 732 1.05
Ceramic 730 570 255 0.39

Electromagnets should be considered, too, as they are easier to handle in terms
of adjustability and robustness. Also, the shape could be adjusted to the exact
needs, using an irregular coil with more windings in the nozzle area and a widening
diameter in the expansion zone. Especially for prototype development, electro-
magnets might turn out to be useful, because one would be able to vary shape
and strength of the magnetic field. (In that case, separate electromagnets should
be used for nozzle, tube and throat area.)

4.4.3 Adoptable Industrial Processes

Industrial processes offer the advantage of being well-studied and optimised. The
production of hydrogen from hydrocarbons for commercial applications is up to
now mainly done by steam reforming or partial oxidation (cf. Equations 29 and
26 in Chapter 4.1.2), which do not qualify for use in a LSS due to their oxygen
consumption. However, with hydrogen infrastructure gaining ground in the wake
of increasing environmental awareness, devices for the production of hydrogen
from syngas will soon be available for commercial use.
One promising method is the Kværner process (Lynum et al., 1996), which is
already being applied in several large-scale plants by the Norwegian company
Aker Solutions ASA. It is a high-temperature (≈1800 K) pyrolysis method to
split hydrocarbons (from methane up to heavy oil) into carbon and hydrogen
using a plasma burner:

CnHm → nC +
m

2
H2 (45)

The carbon black, which is produced as a byproduct, can be used as an ingredient
for tyre production.
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GasPlas method GasPlas AS is a Norwegian start-up company specialising in
plasma reactors, which is not planning to mass manufacture their reactors them-
selves, but states to be a holding company of intellectual property rights. They
invented a variation of the Kværner process that uses some technologies from
plasma arc waste disposal. This invention could be used within an ECLSS and
promises to account for all the shortcomings of other pyrolysis reactors mentioned
in Chapter 4.3.4. Unfortunately, exact information about the applied plasma
generation process and carbon clogging countermeasures are not yet available,
because a patent application is pending (GasPlas AS, 2009). However, the com-
pany’s CEO agreed to get in touch with ESA for negotiations about a possible
collaboration, as soon as the patent is accepted.
Their claimed invention is a plasma reactor for the pyrolysis of methane, which
also works with natural gas and biogas. It is meant to be used as a hydrogen
generator (e.g. for hydrogen-driven cars) that can be easily plugged into a com-
mon natural gas installation and creates nothing but elemental carbon as a side
product.
The reactor is supposedly scalable from small to industrial scale production, and
although their website14 states that small reactors producing 10 kg H2 a day
would be the lower end of the product range, they confirmed in personal commu-
nication that an adaption to the significantly lower gas quantities of the ACLS
is possible.
The reactors are reportedly capable of continuous operation under atmospheric
pressure or above, and at the same time remove contaminant gases from the
feed. Even though they are operated at comparatively low temperatures of 670
to 1170 K, their cracking efficiency is said to be high.
Allegedly, no maintenance is needed, because no moving components are built in
and no electrode wear takes place. However, it is not clear from their description
whether this is due to the fact that no electrodes are present (MW excitation),
or that the electrodes are less exposed (e.g. barrier discharge).
They claim that the reactors offer good conditions for control over the structure
of the formed carbon, and that the collected carbon deposits are easy to remove.
In addition to just using it as life support equipment, this would also allow for
research into carbon structures forming under micro-g conditions.
Depending on the exact implementation of the plasma arc waste disposal tech-
niques, it might even be possible to extend the usage of this reactor to the treat-
ment of solid wastes.

Competitors Other companies, including the Norwegian Carbontech Holding
AS, are also planning to develop devices for hydrogen production from natural
gas, but none of them have a working prototype yet. Many of these projects are
funded by the Norwegian science foundation (Bakken et al., 1998).

14http://www.gasplas.com
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The genius of a construction lies in its
simplicity - everybody can build
complicated things.

Sergey Pavlovich Korolyov

5 Methane Pyrolysis meets Ion Propulsion

When comparing pyrolysis devices with ion engines, a striking resemblance of
their working principles can be observed: In both cases, a feed gas is led into
a reaction chamber, where it is energised to form a plasma. When the plasma
cools down again, the positive ions and negative electrons recombine. While
ion thrusters usually run on atomic (noble) gases, pyrolysis devices are fed with
molecular gases, which break up during the plasma formation. Therefore, de-
pending on the composition of the gas molecules, recombination leads to the
formation of various distinct species in case of pyrolysis, while atomic gases re-
main unchanged. However, the different repercussions on the gas composition do
not become manifest in the structural layout of the plasma generators.
The only apparent difference between pyrolysis devices and ion engines is the
final utilisation of the plasma: In the case of pyrolysis, the different species are
separated after recombination, while ion propulsion accelerates and expels all of
the plasma, which recombines only after leaving the spacecraft.

For an orbiting space station like the ISS, upmasses must be kept at a mini-
mum to facilitate economic operation. As pointed out previously, the use of ion
propulsion for drag compensation can help to save on fuel. Ideally, the fuel would
even be produced from waste products, so that no resupply with propellants was
needed at all. On another note, the addition of methane pyrolysis to Sabatier
systems like the ACLS would help to close the hydrogen loop and supersede the
station’s supply with additional water. A persisting problem in the development
of methane pyrolysis devices remains the formation of carbon deposits, though.
By combining both technologies, all these problems could possibly be solved at
once. A Methane-In/Carbon-Out (MICO) thruster pyrolyses methane, retains
the formed hydrogen within the LSS, and expels the carbon for propulsion. This
way, the hydrogen cycle is closed, while the pyrolysis device does not suffer from
carbon clogging. As two devices are combined into one, the mass of an additional
machine is saved. Moreover, the waste carbon, which would need to be collected
and disposed of otherwise, is put to a good use as no external fuel supply for the
ion propulsion is needed anymore.
Therefore, the proposed MICO thruster would be ideal for station keeping of
orbiting space stations. As ion engines offer low thrust only, the MICO thruster
would be operated continuously to counter the atmospheric drag, thereby helping
to further decrease the level of microgravity on board the space station. Tasks
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requiring a higher thrust, like orbital manoeuvring and attitude control, cannot
be performed by this thruster, but might be accomplished by chemical thrusters
operating on waste gases (Chapter 4.2.1).

5.1 Requirements

For a MICO thruster to be a realistic option for deployment on board a manned
space station, several basic conditions have to be fulfilled:

• Its physical dimension must be compatible with existing launchers, i.e. it
must not be too heavy and has to fit within the fairing of the chosen launch
vehicle. Also, if its weight was excessive, it would take the MICO thruster
a longer time to amortise its own upmass. However, given the weight and
size of existing ion thrusters, these requirements should be easy to fulfil and
are by far no limiting factors.

• It must be able to operate in the zero-g and vacuum conditions of low earth
orbit. Appropriate testing procedures have to be in place to take these
requirements into account during ground-based development.

• The MICO thruster has to be able to handle the gas flow from the LSS.
For the ISS, this would be the amount of methane produced by a Sabatier
reactor for a crew of six, equivalent to two times the ACLS output (as it
is designed to support three crew members). The thruster’s functionality
must not be compromised by contamination of the methane with CO, CO2,
and traces of other gases. As these contaminants contain oxygen, it is
desirable to retain them for further use within the ECLSS.

• The space station has to provide the needed electricity via its solar panels.
Therefore, the thruster’s power consumption must be compatible with the
station’s power budget of an average 73 kW. (The total power supplied
by the solar arrays is 120 kW. As the ISS is sunlit for an average of 55
minutes per 90-minute orbit, it is equipped with batteries, which are used
for buffering.)

• The thruster must withstand the thermal loads while orbiting the Earth:
Depending on its location on the outside of the ISS, it might be exposed to
full sunlight for 55 minutes, followed by 35 minutes of cooling down in the
vacuum of space. Also, during operation, it must not produce too much
heat itself, to not affect the surrounding components of the space station.

• Electromagnetic interference with other devices should be avoided (see
Chapter 5.3 for further discussion).

• As the ISS is a manned spacecraft, strict safety regulations have to be
followed. As opposed to chemical propulsion, this is however not an issue
with ion thrusters, because no explosive gas mixtures are involved.
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5.2 Thruster Design

The MICO thruster pyrolyses methane, retains the hydrogen, and accelerates the
carbon ions off the spacecraft. This is done in three overall steps, as can be seen
in Figure 22: First, the gas is led into the ionisation chamber, where the pyrolysis
takes place. The methane molecules are excited by radio frequencies, break up
and get ionised. The transmission of the RF waves is done with a helical antenna
wrapped around the reaction vessel. Ring-magnets are arranged around the ion-
isation chamber, so that only the methane gas gets in contact with the walls,
but not the generated hot plasma (Chapter 5.2.2). A low electrostatic potential
is applied over the reaction chamber, so that electrons are drawn to a collector
plate at its dead end, while the positive ions propagate through a drift tube and
towards the mass spectrometer.
In this so-called ‘double-focussing mass spectrometer’, which constitutes the sec-
ond stage, the ions experience accelerations perpendicular to their direction of
travel and the previously collimated beam of ions is fanned out. The deflection
varies depending on mass and charge of the ions. The electric and magnetic
fields are arranged in a way, that particles with a low mass-to-charge ratio (i.e.
hydrogen) are on one end of the spectrum, while heavy ions (i.e. O− from traces
of CO2) are on the other side. Carbon ions are in the middle. The ions at both
ends of the spectrum (i.e. all but the carbon ions) drift into magnetically con-
fined channels, where they recombine in the electron cloud surrounding a hot
filament. The recombined particles run into a high-performance pump and get
drawn back into the LSS’s Sabatier reactor. Meanwhile, the carbon ions pass
backwards through an exact copy of the mass spectrometer and become one col-
limated ion beam again (Chapter 5.2.3).
The third step in the MICO thruster is the acceleration of these carbon ions.
After leaving the spacecraft, the accelerated ions are recombined with electrons
produced by an electron emitter. This prevents spacecraft charging, which would
eventually lead to a deceleration of the expelled carbon ions due to electrostatic
attraction to the spacecraft (Chapter 5.2.4).

The proposed design of the MICO thruster is based on proven technology only:
The ionisation stage is equivalent to those used in ion thrusters like Astrium’s
RITA-10, while magnetic confinement and the acceleration via drift tubes are
techniques used in particle accelerators. The mass spectrometer used for the
separation of hydrogen and carbon is similar to those used for ion implantation
in semiconductors, while the electron emitters for final recombination resemble
those used in Cathode Ray Tubes (CRT, e.g. old-fashioned TV sets). Finally,
the used pumps are standard equipment, when it comes to vacuum technology.
Therefore, the MICO thruster can be developed on a comparably low budget, as
no fundamental research has to be performed anymore. The main task in the
development would be to ensure the interoperability of the used components.
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Figure 22: Overall functional layout of the MICO thruster. From left to right
there are the ionisation chamber, the double-focussing mass spectrometer, and
the acceleration stage. A listing of the labelled components can be found in
Table 11 below.

Table 11: Description of the labelled components in Figure 22, sorted by func-
tional groups. While the acceleration is performed by electrostatic means, the
confinement is done with magnetic fields only. The mass spectrometer combines
electric and magnetic fields to achieve the best possible focussing of the ions.

Ionisation & Recombination Acceleration

R1 RF helicon antenna E1 (+) electron collector plate
R2, R3 hot filaments E2 (-) low-potential drift tube
R4 electron guns E7 (-) high-potential drift tube

Flow Control Magnetic Confinement

P1 inlet valve M2 > M1 confined ionisation chamber
P2 turbo-molecular pump M8 > M7 confined acceleration section
P3 pre-vacuum pump M5, M6 confined recombination canals

Mass spectrometer

M3 = M4 magnetic separation/focussing
E3 (+), E4 (-) electrostatic separation
E5 (+), E6 (-) electrostatic focussing
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5.2.1 Vacuum Technology

The average rate of methane flowing into the MICO thruster is 790 kg per year,
which corresponds to 9.4 · 1020 methane molecules per second. Assuming ideal
pyrolysis, every molecule is split up into 5 ions in the pyrolysis process. Therefore,
the thruster has to deal with a throughput of 4.7 · 1021 ions per second, which
corresponds to 7.8 · 10−3 mol

s
.

The ambient atmospheric pressure at a height of 350 km is very low. According
to the MSISE-90 atmospheric model (Picone et al., 2002), the particle density is
about n

V
= 1 · 108 cm−3, with atomic oxygen being the most abundant species.

The temperature at that height is stated as T = 705 K. Therefore, it is possible
to calculate the pressure as

Pout =
nRT

V
= 1µPa (46)

where R = 8.3 J
K mol

is the universal gas constant.
Knowing the inflow rate and the outside pressure, it should be possible to cal-
culate the pressure inside the thruster’s enclosure, which contains the pyrolysis
section and the mass spectrometer. Unfortunately, the acceleration of ions out of
this box leads to non-equilibrium conditions and renders analytical treatment at
least complicated, if not impossible. The following calculation therefore assumes
equilibrium conditions, i.e. no directed acceleration of ions, and gives a rough
estimate of the pressure conditions inside the box.
The enclosure has one opening with the area A, through which the particles can
leave. If the volumetric flow rate of the feed gas is Qgas, the velocity of the
leaving particles is v = Qion

A
, with Qion = 5Qgas. At the same time, under equilib-

rium conditions, the exit velocity should be determined by the pressure difference
between inside and outside of the housing:

v =
Pin − Pout

2
· A

Qion

=

√
∆P

2 ρ
(47)

with ρ being the gas density on the inside. Using Qion = qion · RT
Pin

, where qion is

the molar flow rate in mol
s

, and assuming that Pin � Pout ≈ 0, this yields

Pin =
√

2RT M · qion

A
(48)

with M being the molar mass of the particles. (In this case, the average molar
ion weight of M = 16

5
g

mol
has to be used.) Putting in all the numbers, and as-

suming a circular opening with a radius of 1 cm, i.e. A = π · 1 cm2, one finally
gets Pin = 150 Pa.
This is well within the operating range of high-performance pumps, so that par-
ticles for recycling into the Sabatier reactor can be sucked in. To do so, a tur-
bomolecular pump could be used (P2), with a common rotary vane pump to
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establish the pre-vacuum (P3). The fact that the particles destined for recycling
are moving right into the pumps will further increase their likelihood of being
sucked in.
The RF excitation should work fine as well, because the pressure inside the box
corresponds to a particle density of 1.5 · 1016 ions per cm3, which is at the upper
limit of plasma densities encountered in RF plasma experiments (e.g. Tysk et al.,
2004).
In order to calculate more precise predictions of the pressure conditions within
the enclosure, numerical computer simulations could be used. However, as the
number of ions, which are accelerated outwards, will naturally match the flow
rate, the amount of non-ionised gas leaking from the box should be minimal.

5.2.2 Magnetic Confinement

When passing through a magnetic field, the Lorentz force causes charged particles
to follow circular trajectories. Their radius of curvature, the Larmor radius (or
gyro radius), can be calculated as

rg =
mv⊥
|q|B

(49)

where m and q are the ion mass and charge, and v⊥ is the velocity component
perpendicular to the magnetic field B.
In a heated gas, the thermal velocities of the particles follow the Maxwell-
Boltzmann distribution, with the average velocity being

vth =

√
2kBT

m
(50)

Here, kB = 8.62 · 10−5 eV
K

= 1.38 · 10−23 J
K

denotes the Boltzmann constant, while
T represents the gas temperature.
Combining these two equations allows for an approximation of the field strength
required to magnetically confine a hot plasma:

B =

√
2mkBT

|q|rg
(51)

Choosing a Larmor radius an order of magnitude smaller than the reaction cham-
ber’s dimensions (rg ≤ 1 mm), adopting a rather high pyrolysis temperature of
T = 1900 K, and assuming worst-case conditions for the ion’s mass-to-charge
ratio (16 u

e
= 1.66 · 10−7 kg

C
, cf. Table 13), the required magnetic field strength

around the tube area turns out to be 230 mT. This is a value that can easily be
achieved with commercially available permanent ring-magnets (Magnet Sales &
Manufacturing Inc., 1995).
Chen (2008) showed that permanent magnets are fit for use in helicon sources
for ion propulsion. For considerations about the most suitable material for the
magnets see Chapter 4.4.2.
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5.2.3 Mass Spectrometer

Mass spectrometers are based on the principle, that charged particles experience
a Lorentz force perpendicular to their direction of motion when passing through
a magnetic field. This force leads to the particles following curved trajectories,
with the curvature radius depending on their mass-to-charge ratio. The double-
focussing (Mattauch-Herzog) mass spectrometer (Mattauch and Herzog, 1934)
adds an electric field and defines the field geometries in a way that compensates
for differences in ion speeds and directions of movement. Therefore, all ions of
the same mass-to-charge ratio are focused onto the same spot when leaving the
magnetic pole shoe M315. The compensation of velocity differences is an im-
portant feature, because the ionisation of different ions takes place at different
places within the pyrolysis chamber, and therefore at different positions in the
electrostatic potential that pushes them towards the mass spectrometer. The di-
rectional compensation further helps to minimise the impact of thermal random
motions on the mass spectrum.
The Mattauch-Herzog geometry is widely used in mass spectrometers for chemical
analysis, and can be downscaled to dimensions of a few centimetres (Carrico et al.,
1974). According to Takeshita (1965), the addition of a second electrostatic field
might further increase its accuracy. As the quantities of matter running through
the mass spectrometer in the MICO thruster are higher than for analytical mass
spectrometer applications, one might worry that space charge effects (i.e. ions
pushing each other apart) could lead to a severe defocussing of the mass spec-
trum. Fortunately, its impact can be expected to be of minor importance: This
was already shown when mass spectrometers (so-called ‘Calutrons’) were used to
perform electromagnetic isotope separation for uranium enrichment during the
Manhattan project (Lawrence, 1958).
The ions that can be expected to pass through the MICO thruster are the break-
up products of methane and to some degree those of CO and CO2. As can be seen
in Table 12, the breaking up of the molecules takes place at lower energies than
the atoms’ ionisation. Thus, as a first order approximation, it can be assumed
that only atomic ions occur in larger quantities. Depending on the amount of
energy transferred in the pyrolysis chamber, the atoms can get ionised multiple
times. Table 13 shows the mass-to-charge ratios for the ions that are most likely
to occur. In order to retain as much oxygen as possible within the LSS, the oc-
currence of O2+ and O3+ ions has to be avoided, because their spot in the mass
spectrum falls amongst the carbon ions. However, all particles are drawn out
of the reaction chamber by the applied electric field as soon as they get ionised
for the first time. Thus, a moderate choice of RF power should allow for a suf-
ficiently high overall ionisation rate, while keeping the chance low that particles
get ionised for a second time ‘on their way out’.

15A pole shoe is a ferro-metallic component, which propagates the field of a permanent
magnet, so that the field lines are distributed according to its shape.
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Table 12: Binding and ionisation energies of the most important molecules and
atoms to be found in the MICO thruster. The values are given in units of kJ

mol
.

Average binding energy of a C-H bond in methane 411
Average binding energy of a C=O bond in CO or CO2 745
Ionisation energy of hydrogen 1312
Ionisation energy for carbon, first electron 1087
Ionisation energy for oxygen, first electron 1314
Ionisation energy for carbon, second electron 2353
Ionisation energy for oxygen, second electron 3388
Ionisation energy for carbon, third electron 4621
Ionisation energy for oxygen, third electron 5301
Ionisation energy for carbon, fourth electron 6223

Table 13: Mass-to-charge ratios of the most important ions to be found in the
MICO thruster.

Ion Mass m [u] Charge q [e] m
q

u
e

H+ 1 1 1
C4+ 12 4 3
C3+ 12 3 4
O3+ 16 3 5.3
C2+ 12 2 6
O2+ 16 2 8
C+ 12 1 12
O+ 16 1 16

5.2.4 Particle Acceleration

Borrowing from linear particle accelerator technology, the design proposal for
the MICO thruster plans for drift tubes to accelerate the ions. In order for this
concept to work, the ions must not deviate from their trajectory and run into
the tube walls. This can be achieved by using a collimated beam in the centre
of the tube, so that the electrostatic attraction perpendicular to the direction of
travel cancels out (this is the case for the drift tube E7). If the ions are not a
well-behaved beam in the tube’s centre, they would be deflected towards the wall
closest to them. As this is the case for the drift tube E2, magnetic confinement
has to be in place to prevent it. Therefore, the ring magnet M2 is stronger than
M1, forming a bottleneck that compensates for the widening of the plasma, which
would occur in its absence.
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Instead of a drift tube, other ion thrusters often use grids for particle acceleration.
Examples of gridded ion thrusters are HiPEP or NSTAR (Foster et al., 2004;
Brophy et al., 2000). However, as the MICO thruster has to deal with carbon
ions, which quickly lead to depositions and eventual clogging, an electrode-less
design is favoured: Due to the magnetic confinement, no contact between plasma
and drift tube takes place.
The needed potential difference (of E7 over E2) for the final ion acceleration
depends on the required specific impulse. In Chapter 4.2.4, a minimum Isp of
17 000 m

s
was determined (Table 9). The ions’ velocity after acceleration is given

by

v =

√
2Ekin

m
(52)

Here, m is the ion mass, while the kinetic energy

Ekin = V · q (53)

is determined by the electric potential difference V , which is used to accelerate
the particles, and the charge q of the accelerated ion. As C+ ions are expected to
be the predominant ion species, the mass is m = 12 u and the charge q = e. The
voltage needed to achieve an exhaust velocity of 17 000 m

s
is therefore given by

V =
mI2

sp

2 q
= 18 V (54)

This might seem to be a rather low value, but is sufficient to deliver a constant
thrust of 0.32 N at a flow rate of 590 kg

year
= 18.7 mg

s
for ISS station keeping. To

comply with the 0.5 N thrust requirement, it must be possible to throttle up the
voltage to 45 V. The low voltages result from the thruster being operated in a
domain, which is rather uncommon for ion propulsion. Due to the fact that the
propellant is abundantly present, the required specific impulse is comparably low.
Therefore, there is no need for a high acceleration voltage, but there are simply
more ions being accelerated.
Other electrode-less means of ion acceleration, for example the magnetoplasmady-
namic method used in VASIMR or HDLT (Chapter 4.2.3), might offer alternative
solutions to this electrostatic acceleration. If a MICO thruster was to be built,
a trade-off study should be performed to determine the most suitable (and most
energy-efficient) acceleration technique.
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Charge neutralisation of the expelled ions is carried out with a CRT-style elec-
tron gun, so that ion-electron recombination takes place in the exhaust (Schmidt,
1994). The electron gun accelerates the electrons to at least the same velocity as
the exhaust ions, so that they are not decelerated by the recombination process.
Field electron emission, the cold emission of electrons from a metallic surface
induced by a strong electric field, might be another approach to this task. If
this technique was chosen, the active surface could be distributed all around the
exhaust nozzle.
The ions, which are captured for reinsertion into the Sabatier reactor, undergo
recombination when they pass through the electron cloud surrounding a heated
filament. In principle, this is the same effect as in the exhaust, only that the
electrons do not have to be accelerated.

5.2.5 Energy Consumption

Electromagnetic propulsion is usually not limited by fuel but by available power
(Parkinson, 2009). It is therefore important to estimate the energy consumption
of the various loads in the MICO thruster. As a lower boundary, the theoretical
energy needs can be calculated as follows:

• With permanent magnets being used, no energy is lost in heating up elec-
tromagnets due to Ohmic losses.

• In the plasma generator, the pyrolysis of methane requires the breakup of
four C-H bonds. Moreover, the complete ionisation of the four H atoms
and the displacement of (at least) one electron from the C atom have to
be performed. According to Table 12, the required energies sum up to
(4 · 411 + 4 · 1312 + 1087) kJ

mol
= 8000 kJ

mol
. As the flow rate of 18.7 mg

s

corresponds to 1.6 · 10−3 mol
s

for carbon ions, this leads to a required power
of 12.5 kW.

• As already pointed out in Chapter 4.2.4, Table 9, the theoretically required
power of 2.7 kW for ion acceleration is comparably low.

• The power consumption of the CRT electron guns and hot filaments, which
are used for recombination, is in the order magnitude of 100 W each. The
acceleration of electrons in the electron guns, which is performed to match
the velocity of the expelled carbon ions, is way more energy efficient than
the ion acceleration. This is due to the fact that the weight of an electron
is five orders of magnitude less than that of a carbon ion. The power
consumption can therefore be attributed to the heating of the filaments
only.
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• Finally, the pumps could be chosen to be very lightweight and energy ef-
ficient. For example, miniature turbo-molecular pumps with a power con-
sumption as low as 7 W were developed by Creare, Inc.16, a US-based engi-
neering company. However, depending on the exact pressure conditions in
the mass spectrometer section, it might be necessary to use stronger and
more demanding pumps.

Adding up these numbers, the theoretical overall power consumption amounts to
16 kW. As the efficiencies of the different components are hard to predict with-
out further investigations, the real power consumption cannot be forecast either.
However, 20 kW may be used as a ballpark figure.
Given the space station’s power supply of about 73 kW (Chapter 5.1), the use of
a MICO thruster for ISS drag compensation would be feasible. The addition of
a fifth solar array to the ISS might be considered, if the energy needs of all the
other equipment on board the station cannot be covered anymore.

5.3 Electromagnetic Compatibility

As stated in the Requirements (Chapter 5.1), electromagnetic interference with
other systems on board the ISS has to be avoided.
Having a look at all electromagnetic components of the MICO thruster, it be-
comes apparent that the magnetic confinement is based on permanent magnets,
the particle acceleration is carried on by an electrostatic field, and the mass
spectrometer only uses static electric and magnetic fields, too. The only AC
component that is used in the thruster is the RF generator with its associated
helicon antenna.
As the thruster can be placed on the outside of the station, it can be located suf-
ficiently far away from other components, so that only its far field characteristic
has to be taken into account. Therefore, DC components can be neglected and
the only component of interest for EMC considerations is the RF system. The
generator has to be shielded appropriately, i.e. it has to be enclosed by sheet
metal acting as a Faraday cage. The directional characteristic of the helicon an-
tenna should be strongly focussed towards the inside of the ionisation chamber,
with maximum possible suppression of backward-facing lobes. This is not only
of interest for electromagnetic compatibility, but also increases the efficiency of
the ionisation stage, because it minimises the energy loss by radiating RF waves.

16http://www.creare.com
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5.4 Modes of Operation

In nominal operation, the MICO thruster should constantly deliver the amount
of thrust that is needed to offset the atmospheric drag encountered by the ISS.
Although this will be about 0.32 N on average, there are several factors, which
cause short-term deviations from this value: Changes in solar activity lead to
an expansion or contraction of the Earth’s atmosphere, and therefore cause the
atmospheric density at a certain height to vary. Also, as the solar arrays of
the ISS are aligned with its direction of travel while the station is eclipsed, the
drag will be less during these times. In order to account for these changes in
the deceleration of the space station, sensitive acceleration sensors should be
used to determine the needed amount of thrust. A closed-loop control system
could be established, with the sensor’s readings steering the accelerating voltage.
Compared to an operation at constant thrust, the level of microgravity could be
significantly reduced this way.
In case of variations in crew size, two modes of operation are conceivable: One
could change the accelerating voltage accordingly, or one could try and use a
buffer to keep the flow rate constant. The need for such a buffer is questionable
though, because the accelerating voltage can be easily varied and is already part
of a feedback loop, anyway. Thus, the methane flow rate should be measured by
a sensor that delivers a second input to the thrust control system.
Should the thruster’s control system encounter erroneous values from either one
of the sensors, the safe mode should assume the average flow rate and set the
thrust to 0.32 N. Once the sensors deliver sensible values again, the thruster
should resume nominal operation.
If severe malfunctions of the thruster occur, if there are problems with the power
supply, or if the thruster is switched off manually, it should activate the emergency
mode. In this mode, the thruster should just leave its inlet valve open, but power
down the rest of the system. This way, any methane delivered to the thruster
can pass through the enclosure and into the vacuum of space. Thus, in this case
the situation is the same as if the MICO thruster was not there.
A maintenance mode is not needed, because there are no serviceable parts. With
its electrode-less design and magnetic confinement, the thruster is intended for
maintenance-free long-term operation. Should repair works become necessary,
an EVA might actually be required. The thruster could either be repaired in its
position on the outside of the station or it could be detached and taken into the
station for further analysis and repair.
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5.5 Development Roadmap

As mentioned previously, all individual components of the MICO thruster have
been used in other applications before. Therefore, no proof-of-concept tests of
the separate parts have to be performed. In fact, it is more important to make
sure that all parts work together as expected.
The first step on the way to a production-quality MICO thruster is the determina-
tion of exact requirements for all involved components. Therefore, the geometry
of the double-focussing mass spectrometer has to be quantified, and should also
be verified by performing a Monte-Carlo simulation. Another computer simu-
lation should model the complicated (non-equilibrium) pressure situation inside
the enclosure, in order to determine the required pump performance.
The commercial availability of all subsystems has to be checked, and their spec-
ifications have to be matched in order to find a set of compatible components.
For lab testing, the permanent ringmagnets for confinement should be replaced
with electromagnets. After the acquisition of all needed parts, they have to be
tested, to prove that they fulfil their claimed specifications. With all components
at hand and working, the actual series of development tests can begin:

• With methane supplied from the laboratory infrastructure, the ionisation
stage is to be run in a vacuum chamber. The RF power, different helicon
antenna shapes (R1), and varying extraction potentials (E1-E2) are to be
tested. The optimal combination of these parameters, i.e. the case with
the highest ionisation rate, has to be found.

• In the same test setup, with the optimal parameters from before, the (elec-
tromagnetic) ringmagnet M2 should be varied, to achieve the best possible
collimation of the ion beam leaving the ionisation chamber.

• The previously obtained results from computer simulations concerning the
particle trajectories within the mass spectrometer are to be reproduced
in practice. The three parameters that can be varied in a test run are
the curvature of the electric field, its strength (E3-E4), and the magnetic
field strength (M3). Their optimal values maximise the spatial separation
between hydrogen, carbon, and oxygen ions at the end of the magnetic pole
shoe M3. This test has to take place under vacuum conditions, too.

• After experimentally determining all optimal parameters, a first test of the
complete system in a vacuum chamber can be performed. The individual
parts do not have to be permanently assembled yet, and external devices
may be used for the RF generator and the pump connection (P2/P3). In-
teroperability issues are hard to predict and have to be solved as they arise.
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• The next step would obviously be to integrate all subsystems in a common
structure and to provide the thruster with its own RF generator and pumps.
This prototype should be able to work autonomously (connected to an
external power supply, of course).

• Testing the prototype under flight conditions in a thermal vacuum chamber
should round off the development. Real-time thermal cycling resembling
the irradiation on orbit should be performed, and the mechanical loads of
a launch should be simulated on a shaker table.

Once a working prototype is built and tested, the development focus changes
towards the production of a sturdy, reliable, and lightweight flight model. All
components that offered variability in the prototype (e.g. the electromagnets)
are to be replaced with fixed-value components (e.g. permanent magnets) ac-
cording to the findings from prototype testing. All changes that were made to
the prototype thruster to allow for the use of measurement devices (e.g. connec-
tors for voltage measurements, drill-holes for the insertion of measuring probes,
etc.) should not be reproduced in the flight model. Its weight should also be
targeted by choosing lightweight materials for the structural parts, which should
however be resistant to radiation. Overall, the flight model will be simpler and
lighter than the prototype. Before the flight model can be declared ready to run,
functional test should be performed.

The only missing step after that would be flight-testing the MICO thruster on
board the ISS. For this to happen, the ACLS has to be already established, and
should be in trouble-free cooperation with the rest of the LSS. As the final MICO
thruster is not expected to be excessively large or heavy, its physical dimensions
are irrelevant for the choice of the launch vehicle. Thus, the cheapest option is
to be taken: At the moment, a Russian Progress supply vehicle would be the
carrier of choice. The Dragon capsule launched by a Falcon 9 rocket (both built
by SpaceX) might become a fierce competitor, though.
As the thruster has to be mounted on the outside of the space station, an EVA
cannot be avoided for its installation. However, if it is brought up in the pres-
surised part of the supply vehicle, it could be stored on board the space station
to be installed during a multi-purpose EVA later on.
It should be mounted in a position, which is in line with the station’s centre
of gravity, while the exhaust plume should not be obstructed. Thus, the line
of sight from the thruster ‘backwards’ should be clear. The integration of the
MICO thruster with the ACLS should not prove to be complicated: The input
of the thruster is to be connected with the methane vent line of the ACLS, while
the thruster’s output should be joined with the CO2 line entering the Sabatier
reactor. Moreover, the thruster needs to be connected to a power supply and
optionally to an external acceleration sensor.
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Science itself does not address the question
whether we should use the power at our
disposal for good or for evil.

Wernher Magnus Maximilian von Braun

6 Discussion

6.1 Operational Considerations

The previous chapter presented the concept of a methane pyrolysis thruster.
However, its overall working principle is not restricted to methane: It would be
worth a try to run a pyrolysis thruster directly on carbon dioxide as a feed gas.
This way, no Sabatier reactor would be required within the LSS, and the water
electrolyser could be scaled down, as most oxygen would be produced by the
thruster itself. In that scenario though, the pyrolysis thruster would need to be
extremely reliable, because it would represent a crucial component of the LSS.
For methane pyrolysis, on the other hand, a thruster failure only results in the
loss of some waste gases.
In the case of flights to Mars, another drawback of the direct conversion of car-
bon dioxide to oxygen would be the fact, that a Sabatier reactor is more versatile
when it comes to in-situ resource utilisation. With a Sabatier reactor and an
electrolyser, it is possible to produce fuel and oxidiser for a chemical rocket (i.e.
methane and oxygen) from water ice and CO2, which are abundantly present on
Mars. A CO2 pyrolysis thruster, however, would only be able to produce oxygen,
but no fuel.

While a MICO thruster integrates multiple functions in one device, there
might be an easier solution to just perform methane pyrolysis. Also, a plain ion
thruster is way easier to build than a MICO thruster, and due to the fact that
ion engines offer high specific impulse, the needed upmass for propellant supply
would be comparably low. One might therefore reconsider, whether it is actually
sensible to develop a joint pyrolysis/propulsion device. Moreover, a mixed-gas
ion thruster (Chapter 4.2.4) would also allow for closed-loop air revitalisation
and simultaneous drag compensation, provided that advanced water reclamation
devices exist.
However, these techniques are not yet developed, so that no hydrogen and oxygen
must be wasted. Also, as no working pyrolysis device exists yet, one might as
well try and develop a MICO thruster right away. As it is based on proven
technologies only, it should be possible to cut short the development process.
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As soon as food recycling is introduced to the space station’s life support
system, turning it into a fully closed and 100% regenerative ELCSS, the MICO
thruster loses its advantage over other technologies. In that case, the LSS has no
waste substances to spare, and it would be better to use a dedicated ion engine
and supply it with fuel. As it is still a long way to go in order to achieve a
completely regenerative LSS, the development of a MICO thruster still seems to
be a sensible endeavour.

6.2 Remaining Problems

Future work that could be done to bring forward the development of a MICO
thruster, are the previously mentioned computer simulations of ion behaviour and
pressure conditions. By following the development steps given in Chapter 5.5,
further steps towards the production of a flight model could be taken.
Should the double-focussing mass spectrometer turn out to be too inaccurate, it
could possibly be optimised by using methods from inductively coupled plasma
mass spectrometry (ICP-MS), which is the underlying technology of nowadays’
high-end mass spectrometers.

For future manned mission, there are basically three different kinds of propul-
sion requirements. Take-off from a planetary surface to get to orbit, drag com-
pensation while in orbit, and interplanetary travel. This thesis proposes solutions
for the first two scenarios: Chemical propulsion based on in-situ resources should
always be used for getting to orbit, while ion propulsion (ideally running on waste
products) is suitable for drag compensation.
The remaining challenge is to find an efficient solution for long-distance inter-
planetary travel - this solution will shape the future of manned spaceflight.
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If I have seen further, it is only by standing
on the shoulders of giants.

Isaac Newton

7 Summary

7.1 The MICO Thruster

This thesis presents a solution to operate a space station without any upmass
required for both air revitalisation and drag compensation. By combining ion
propulsion and methane pyrolysis, it is possible to build a life support system
that recycles all exhaled carbon dioxide and does not waste other substances
to achieve this goal. This leads to the life support system being completely
regenerative with respect to its air and water loops. At the same time, the
excess carbon from the exhaled carbon dioxide is put to use for ion propulsion,
facilitating drag compensation for the ISS.
Using a MICO thruster, the ISS would not require air, water, or fuel supplies
anymore. Only food would need to be transported to the space station - and
astronauts, of course.

7.2 Other Promising Projects

As this work was meant to keep a broad focus, many different directions of re-
search were determined to be of further interest. The most promising ideas, which
were presented in this thesis and should be followed up, include improvements
for methane pyrolysis devices, such as the use of magnetic confinement (Chap-
ter 4.4.2) or barrier discharge (Chapter 4.3.6). Two other interesting solutions
for methane pyrolysis, which are already under development by different par-
ties, are the GasPlas process (Chapter 4.4.3) and microwave plasma oligomeri-
sation (Chapter 4.3.6). Carbon dioxide treatment, without the (intermediate)
production of methane, was considered as well, and a combination of the Bosch
and Boudouard reactions was deemed the most promising approach in this field
(Chapter 3.7).
The use of methane and other gases for propulsion was considered, and chemical
methane thrusters running on in-situ resources were found to be indispensable for
future Mars missions (Chapter 4.2.1). A LSS layout with a multi-gas ion thruster
was proposed, which could achieve closed air/water loops and drag compensation
for the ISS, if water reclamation techniques were to be improved (Chapter 4.2.4).
As a more advanced way of decreasing supply masses, the possibility to synthe-
sise nutrients within a LSS was explored (Chapter 3.8). The formose reaction
was identified to be the key to sugar and fat synthesis, and is deemed to be very
important for future long-duration missions.
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A Calculations

A.1 Chemical Composition of Food

Based on the mass ratios of the four food components and the molar ratios
of their constituting elements that are given in Table 14, the average chemical
composition of food in general can be approximated.
The (molar) fractions of carbon, hydrogen, nitrogen, and oxygen are computed
as follows:
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= 0.3070 + 0.1105 + 0.0723 + 0.0292 = 0.5190

nN =
85

570
· 3

33
= 0.0136 (57)

nO =
350

570
· 1

4
+

100

570
· 1

27
+

85

570
· 3

33
+

35

570
· 5

21
=

(58)

= 0.1535 + 0.0065 + 0.0136 + 0.0146 = 0.1882

Thus, one ends up with a ratio of C:H:N:O = 2792:5190:136:1882 ≈ 21:38:1:14.

Table 14: Average composition of food (solids).

Food component Mass ( g
day

) Molar C:H:N:O

Carbohydrates 350 1:2:0:1
Fats 100 9:17:0:1
Proteins 85 11:16:3:3
Fibre 35 6:10:0:5
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A.2 Chemical Composition of Faeces

Based on the mass ratios of the components and the molar ratios of their consti-
tuting elements that are given in Table 15, the average chemical composition of
faeces in general can be approximated.
The (molar) fractions of carbon, hydrogen, nitrogen, and oxygen are computed
as follows:

nC =
13

33
· 6

21
+

13

33
· 11

33
+

7

33
· 1

4
=

(59)

= 0.1126 + 0.1313 + 0.0530 = 0.2969

nH =
13

33
· 10

21
+

13

33
· 16

33
+

7

33
· 2

4
=

(60)

= 0.1876 + 0.1910 + 0.1061 = 0.4847

nN =
13

33
· 3

33
= 0.0358 (61)

nO =
13

33
· 5

21
+

13

33
· 3

33
+

7

33
· 1

4
=

(62)

= 0.0938 + 0.0358 + 0.0530 = 0.1826

Thus, one ends up with a ratio of C:H:N:O = 2969:4847:358:1826. As the nitro-
gen contribution is rather low and urine already provides a pronounced nitrogen
output from the human metabolism, the crude approximation C:H:O ≈ 2:3:1 is
deemed sufficiently accurate for modelling contemporary and near-future ECLS
cycles.

Table 15: Average composition of faeces (solids).

Faeces component Mass ( g
day

) Molar C:H:N:O

Cellulose, etc. 13 6:10:0:5
Proteins 2

3
· 20 11:16:3:3

Carbohydrates 1
3
· 20 1:2:0:1
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A.3 Weight Budgets of Historic CO2 Removal Techniques

The US technique consumed 2 LiOH for the removal of 1 CO2 and had to provide
all the oxygen. The Russian approach, on the other hand, consumed 1 KO2 per
removed CO2 but made up for 3

4
O2 per carbon dioxide. Based on the fact that

an astronaut exhales 1 kg (22.7 mol) of CO2 per day (Table 1) and using the
molar ratios from Equation 2.1.3, the consumed masses per man-day are:

mUS = 45.4 ·M(LiOH) + 22.7 · 41

37
M(O2) =

= 45.4 · 23.9 g + 22.7 · 1.1 · 32 g = (63)

= 1085 g + 799 g = 1884 g

mRussia = 22.7 ·M(KO2) + 22.7 · (41

37
− 3

4
)M(O2) =

= 22.7 · 71.1 g + 22.7 · 0.36 · 32 g = (64)

= 1614 g + 262 g = 1876 g

Here, M(x) is the molar mass of the substance x. Waste water (including re-
moved air humidity as well as water generated by the CO2 binding reaction) was
not reused in the discussed spacecraft and is therefore not considered in these
calculations.
Obviously, the weights of consumable supplies are almost the same in both cases.
Therefore, the masses of the involved devices as well as ease of resupply have to
be considered in order to decide which system is more economic.
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A.4 Required Thrust for ISS Drag Compensation

The International Space Station weighs about mISS=400 t and orbits at a height
of approximately h=370 km. Its average rate of descent due to atmospheric drag
is ∆h

∆t
= 100 m

day
. These values are rough approximations, but are sufficiently accu-

rate for this back-of-the-envelope calculation. The exact rate of descent depends
strongly on solar activity which is the main factor determining the atmospheric
density at LEO heights.
Orbital velocity at h can be obtained from the equation

mISS · g =
mISS v

2

r
⇒ v =

√
g · r (65)

where g = 9.81 m
s2

denotes Earth’s gravity and r = rEarth +h = 6740 km. The loss
in orbital velocity that has to be overcome in order to facilitate drag compensation
is

∆v

∆t
=
√
g · r −

√
g · (r −∆h) = 0.06

m s−1

day
(66)

which translates to an acceleration of:

a = 0.06
m s−1

day
= 7 · 10−7 m

s2
(67)

Therefore, a continuous thrust of

T = a ·mISS = 0.28
kg m

s2
= 0.28 N (68)

is needed to achieve ISS drag compensation. Additional thrust is needed for
attitude control and orbital drift compensation, so that an average thrust re-
quirement of 0.32 N is assumed for further calculations. The maximum possible
thrust of an engine for drag compensation should be even higher than that (say
0.5 N), so that it is still able to make up for drag on days with an above-average
atmospheric density.
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B Additional Diagrams

B.1 System Diagrams

Electrolyser

2 H2O → 2 H2 + O2

Bosch reactor

2 H2 + CO2 →

2 H2O + C

Crew of 3

(*)

2 CH4N2O

4 faeces

82 O2

148 H2O

16 H2O

4 food
Dry food

External supplies

148 H2

74 CO2

(*)  2 food + 41 O2 → 37 CO2 + 33 H2O + CH4N2O + 2 faeces

       food: [C21H38O14N1]
       faeces: [C2H3O1]

Solid and liquid waste

Collected and dumped, burning 
up in the atmosphere

Activated carbon

For filters and clothing

74 C

50 H2O

Gaseous waste

Vented overboard

16 H2

Figure 23: ECLS model of a system that relies on a Bosch reactor. If regenerative
catalysts are found for the Bosch process, the degree of regenerativity of this
solution is the same as for the combination of ACLS and methane pyrolysis.

Electrolyser

2 H2O → 2 H2 + O2

Sabatier reactor

4 H2 + CO2 →

2 H2O + CH4

Rocket fuel

2 H2 + O2→ 2 H2O

2 CH4N2O

4 faeces

82 O2

148 H2O

x O2

66 H2O

4 food
Dry food

External supplies

148 H2

74 CO2

(*)  2 food + 41 O2 → 37 CO2 + 33 H2O + CH4N2O + 2 faeces

       food: [C21H38O14N1]
       faeces: [C2H3O1]

Solid waste

To be dumped, urea can be 
used for the reduction of 

nitrogen oxide traces

Water ice

In-situ resource

2x-50
H2O

Methane pyrolysis

CH4 → 2 H2 + C

Activated carbon

For filters and clothing

74 CH4

148 H2

74 C

2x H2

16 H2

(Make-up for H2

storage losses)

Crew of 3

(*)

Figure 24: System diagram of an ECLSS featuring in-situ resource utilisation of
water. Should resources of water ice on the moon be accessible to mining, surface
habitats would not depend on hydrogen supplies for the generation of propellants.

113



CO2 Electrolysis

2 CO2 → 2 CO + O2

Waste gasification

2 faeces + 6 H2O →

4 CO2 + 9 H2

8 CO2

4 faeces

55 O2

54 CO

50 H2O

4 food

12 H2O

74 CO2

18 H2

(*)  2 food + 41 O2 → 37 CO2 + 33 H2O + CH4N2O + 2 faeces

food: [C21H38O14N1]
faeces: [C2H3O1]

pas: [C15H18O1N2]
       2 pas + 7 C6H12O6 + 4 C3H8O3 → 4 food

4 H2

Urea electrolysis

2 CH4N2O + O2 →

2 CO2 + 2 N2 + 4 H2

2 CH4N2O

2 CO2

2 N2

1 O2

CO Hydrogenation

CO + H2 → CH2O

Proteins and 
supplements

External supplies

Glycerol synthesis

6 CH2O + 2 H2O →

2 C3H8O3 + O2

12 CH2O

4 H2O

42 CH2O

Formose reaction

6 CH2O → C6H12O6

2 pas

7 C6H12O6

4 C3H8O3

H2O Electrolysis

2 H2O → 2 H2 + O2

25 O2
2 O2

1 O2

Cabin atmosphere

Make-up for  leakage

Crew of 3

(*)

50 H2

60 CO

Disproportionation

2 CO → C + CO2

30 CO2

30 C

Plasma thruster

For attitude control and 

station keeping

Carbon nanotubes

For filtes and clothing

Figure 25: Model of a regenerative physico-chemical ECLSS with partial food
synthesis. Formaldehyde is synthesised from methane and oxygen and serves as
a building block for sugars and glycerol, which are then fed back into the food
cycle. As opposed to Figure 10, this system employs CO2 electrolysis as its major
technique for carbon dioxide decomposition.

B.2 Carbon Dioxide Processing Flowchart

Figure 26: The next page depicts an overview over all carbon dioxide processing
techniques relevant to life support systems that were evaluated in this work.
Crosses indicate dead ends for ECLS applicability, while dark grey items mark
technologies, which should be further investigated. This diagram unites Figures
13, 18 and 21, which are presented in their respective contexts throughout the
thesis.
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