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In this study, three different concepts of synergistic propulsion  systems for the orbit control 
system of the International Space Station (ISS) are proposed. Their application was 
examined by means of numerical simulation. 
As propellants, selected waste fluids from the Environmental Control and Life Support 
System (ECLSS) are used. Possible future evolutions towards a highly regenerative life 
support system are taken into account. Resistojets and/or arcjets were chosen as thrusters. 
A detailed concept of an arcjet fueled by waste fluids was developed. It is based on the 
development of direct-current-arc-plasma generators suitable for the utilization of oxygen-
containing gases like water steam, oxygen and carbon dioxide. The operation of the 
propulsion concepts onboard ISS was examined numerically with the software tool IRIS++, 
which allows the attitude and orbit dynamics of spacecrafts to be simulated. 
Results demonstrate that the drift phase during a reboost cycle can be increased 
significantly. A comparison of the system mass between the synergistic propulsion systems 
and the conventional system shows a high potential of reducing mass supplies to ISS. 
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Introduction 

In space flight, thermal plasma generators are used 
as arcjet thrusters on satellites. Usually, only 
oxygen-free gases such as noble gases or nitrogen 
are used as plasma precursors. If oxygen-containing 
gases are used as is the case for plasma cutting, high 
erosion rates of the electrodes are a common 
problem.  

Since 1995, thermal plasma generators suitable for 
gases with a high oxygen content, especially water 
steam, have been developed and investigated both at 
the Space Systems Institute (IRS) and at the 
Steinbeis-Transferzentrum Raumfahrt in Stuttgart 
[1],[2]. 

Since waste fluids from ISS contain oxygen, the idea 
for this study was to develop a concept of a thruster 
for space applications based on the experience in 
thermal plasma generators, so that this thruster can 
make use of the ISS waste fluids as propellants and 
also have a high specific impulse. With the help of 
numerical simulations, the operation of such a 
thruster on-board ISS was examined. As a 
comparison, other electric propulsion concepts based 
on existing resistojet and arcjet technology were also 
envisaged. 

The order of the following paragraphs reflects the 
methodology applied for this study. 
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Propellants 

Waste Fluids of ISS 
In a first step, the ECLSS of ISS was analyzed to 
determine the waste fluids which can be used for 
electric  propulsion systems. As reference 
configuration for this paper, the fully assembled ISS 
according to configuration C88, as described in [3], 
was chosen. This configuration is denoted with A in 
Table 1, which shows the identified mass flows 
available as propellants. B and C refer to possible 
future configurations of the ECLSS as described 
later. 

Table 1: Average mass flows of waste fluids of ISS 
available as propellants for electric propulsion 
systems. 

Waste Fluids 
Gases Liquids 

Confi-
guration 
of ISS H2 

[kg/day] 
CO2 

[kg/day] 
CH4 

[kg/day] 
H2O 

[kg/day]
A 0.64 5.30 0.75 3.34 
B - 1.79 2.03 6.21 
C 0.34 - - 6.91 

 
Gaseous waste fluids 
Among the gaseous waste fluids, hydrogen is a by-
product of the oxygen production for the crew using 
electrolysis of water. The crew itself converts part of 
the oxygen to carbon dioxide through metabolic 
activity. Both gases are currently expelled into 
space. 
 
In order to reduce mass supplies to ISS, several 
future regenerative concepts for closing fluid loops 
are envisaged. In the Russian Orbit Segment (ROS), 
already for configuration A, a Sabatier reactor will 
be implemented. Within it, the reaction of eq. (1) 

takes place. According to this equation, oxygen and 
hydrogen are regained in the form of water and as a 
new substance, methane is created. For configuration 
B in Table 1 it is assumed that also the United States 
On-Orbit Segment (USOS) will also be equipped 
with a Sabatier reactor. As a consequence, no more 
hydrogen will be available. 
 
In order to completely regain the oxygen, a Sabatier 
reactor can be combined with a methane pyrolysis or 

both systems can be replaced by a Bosch reactor. In 
this case, according to eq. (2), only solid carbon 
remains as waste. However, due to the metabolic 

activities of the crew, there is a surplus of hydrogen. 
Hence, if one of these systems would be employed 
for ISS as assumed for configuration C, hydrogen 
would still be available. 
 
Liquid waste fluids 
Water is the only liquid waste substance. In the 
USOS, the water cycle is completely closed. In the 
ROS however, water is accumulated as waste. But 
due to its high pollution, a treatment to make it 
usable for electric propulsion systems does not seem 
practical. 
 
The fuel cells of the Space Shuttle are one water 
source. During its docking to ISS, this water will be 
transferred. Based on data given in [4] and taking 
into account the water supplies for both the USOS 
and the ROS, it was assumed that a yearly amount of 
about 1200 kg can be used as propellant. Recent 
investigations on this subject show that on the one 
hand this assumption seems to correspond to a rather 
optimistic scenario, but on the other hand they 
demonstrate the difficulty of its correct prediction 
[5]. 
 
The implementation of the above mentioned 
regenerative systems for configurations B and C 
would allow an increase of the available water. 

Selection of Propellants 
Experiments with atmospheric plasma generators 
were conducted to determine the feasibility of the 
waste fluids as propellants. Water steam, carbon 
dioxide and methane were investigated since a 
concept of an arcjet based on such a plasma 
generator with a shield gas protection of the 
electrodes is proposed in this study as described 
later. The experiments showed a high soot 
production when using methane, by contrast no 
visible soot production with carbon dioxide. Since 
soot would contaminate ISS, methane is excluded as 
propellant. Hence, CO2, H2 and H2O remain as 
propellants. 

 4 H2 + CO2 → 2 H2O + CH4 (1)

 2 H2 + CO2 → 2 H2O + C (2)
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Electric Thrusters 

Table 2 gives an overview of the envisaged 
propulsion concepts. Concept I consists of resistojets 
as proposed for the Space Station Freedom [6],[7]. 
They can use a mixture of all three propellants. 
Since the mass flow of the propellants is limited, 
arcjet technology was introduced to the other 
concepts in order to increase the thrust. In concept 
II, the arcjet thruster MARC 6B [8], which was 
developed at IRS, is fed by hydrogen, whereas the 
resistojets use the remaining propellants CO2 and 
H2O since these substances cannot be used by a 
conventional arcjet. For concept III, the arcjet-type 
thruster PROMISE is proposed, which can also 
make use of all three propellants. Details on this 
thruster are described later. The specific impulse 
(Isp), as well as the thrust, increase from concept I to 
III. 
 
Table 2: Data on the propulsion concepts based on 
continuous operation with average propellant mass 
flows 

 

Propulsion 
concept 

I 
Resistojets 

II 
MARC + 

Resistojets 

III 
PROMISE

Configuration A of ISS 
Isp 181 s 215 s 316 s 
Thrust 0.191 N 0.227 N 0.334 N 
El. Power 0.57 kW 1.19 kW 3.58 kW 

Configuration C of ISS 
Isp 214 s 237 s 388 s 
Thrust 0.176 N 0.196 N 0.320 N 
El. Power 0.61 kW 0.94 kW 2.77 kW 

 
Concerning the electric power for the thrusters, it 
was assumed that the power surplus on ISS, which 
would normally be eliminated by ohmic resistances, 
is utilized. Fluctuations of its availability can be 
partly compensated by the thrusters by varying the 
mass flow. As a rough estimate, it was assumed that 
a maximum of 5 kW is available for several hours 
per day. Table 2 shows that compared to the thrust 
the electric power increases even more significantly 
from concept I to III. Since the latter would require 
an average power supply of 3.58 kW, this aspect is 
an important constraint for the realization of such a 
concept. 
 
With regard to future ECLSS concepts, the technical 

data for configuration C of ISS in Table 2 
demonstrates that the thrust level decreases only 
slightly.  
 

Water Steam Plasma Generators 

The following section illustrates recent results on 
water steam plasma generators, on which the 
concept of PROMISE is based. 
 
Principle 
The usage of oxygen-containing gases in a 
conventional plasma torch leads to a severe erosion 
of the electrodes, especially the cathode. The water 
steam plasma generators described here avoid this 
using a shield gas protection of the cathode [1]. The 
basics of this concept are depicted in Fig. 1. 
 

Argon Steam

Cathode

Neutral
Element

Anode

Cooling
Circuit

 
Fig. 1: Concept of thermal plasma generator with a 
shield gas protection of the cathode 
 
A direct current electric arc burns between a rod 
type cathode of thoriated tungsten and a nozzle type 
anode of copper. The electrodes are divided by an 
insulating element which also has a nozzle type 
geometry with a very small opening diameter. All 
elements are water-cooled. 
 
The subsystems needed for operation are a steam 
generator producing a constant flow rate of 
superheated steam, a specially developed direct 
current rectifier, a temperature controlled cooling 
circuit and the shield gas supply. The shield gas, 
usually argon or hydrogen, is fed to the cathode. In 
the room between cathode and anode, steam is fed. It 
is mixed with the shield gas, heated by the electric 
arc and accelerated to the exit of the nozzle type 
anode. Due to the small opening diameter of the 
neutral element the backflow of steam to the cathode 
is negligibly small which prevents rapid erosion. 
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Fig. 2: Operation of PBR 9 with water steam 
(400 mg/s) and argon (70 mg/s) at 140V, 200A 
 
Operation at Atmospheric Pressure 
Fig. 2 shows the operation of a PBR-9 10-30 kW 
plasma generator with steam. Fig. 3 shows typical 
current-voltage characteristics for an operation of the 
PBR-8 with steam, oxygen and carbon dioxide. The 
voltage level is much higher for the triatomic gases 
carbon dioxide and steam than for the diatomic gas 
oxygen. 
 
The steam plasma plume has been characterized 
using emission spectroscopy, Schlieren 
photography, Pitot, enthalpy and electrostatic probe 
measurements [2]. The temperature profiles are 
rather flat and the maximum temperature (8400 K) is 

lower than with noble gases of the same specific 
enthalpy flow in the jet. This is due to the much 
higher heat capacity and heat conductivity of the 
used gas. The Pitot probe measurements and the 
Schlieren photos show a typical profile of a 
turbulent atmospheric plasma jet. The entrainment of 
ambient air is high and the velocity decreases 
sharply from more than 1500 m/s at the nozzle exit 
to below 50 m/s at 100 mm downstream from the 
nozzle. 
 
Feasibility for Industrial Processes 
The use of steam plasma generators is attractive in 
industrial processes where high temperatures and a 
constant massflow of its radicals are necessary. As 
an industrial application of the steam plasma 
technology, a mobile plant for the destruction of 
hazardous waste in the form of halogen organic 
substances has been developed and tested in 
cooperation with a big producer of CFCs [9]. The 
radicals of the water steam allow harmless 
substances as CO2, HCl and HF to be created. 
 
The plant consists of a steam plasma torch of 10-30 
kW and its subsystems, which are a mixing chamber 
where the gaseous or liquid CFC and air are injected 
and mixed with the plasma jet, a high temperature 
reaction zone to secure the proper reaction time for a 

Fig. 3: Current-Voltage Characteristic of a PBR 9 plasma generator in operation with water steam (left), oxygen
(center) and carbon dioxide (right) at atmospheric pressure. The shield gas mass flow in operation with steam is 
70 mg/s, in operation with oxygen 60 mg/s and in operation with carbondioxide as stated in the graph. 
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complete destruction and a caustic quench-scrubber 
combination. The plant has been qualified to comply 
with the environmental laws on dioxin emissions 
and has been successfully tested in industry for the 
destruction of a mixture of different CFCs 
containing mainly dichlorotetrafluorethane and air. 
 

Propulsion Concept with PROMISE 

Description of PROMISE 
The functional concept of PROMISE corresponds to 
the scheme of Fig. 1 extended by a nozzle. Fig. 4 
shows a technical drawing of an engineering model 
of PROMISE. The layout is based on the arcjet 
MARC 6B. In order to introduce the above 
mentioned water steam plasma technology, major 
changes concerned the separate supply of the shield 
gas and the propellants as well as the design of the 
neutral element placed between cathode and anode. 
 

 
 
Fig. 4: Technical drawing of an engineering model 
of PROMISE 
 
For PROMISE, hydrogen has the function of a 
shield gas and is injected into the inner core of the 
thruster. It regeneratively cools the neutral element 
by streaming through cooling channels before it is 
ejected to the region around the cathode tip as 
depicted in Fig. 5. 
 
Carbon dioxide is inserted into the spacing between 
the insulation and the casing. Water is lead in 
cooling tubes around the casing and transformed into 
a gaseous state before it joins the carbon dioxide 
close to the nozzle of the thruster. The mixture of 
carbon dioxide and water gas is used to 
regeneratively cool the anode by streaming through 
porous tungsten. This is the anode concept of 
ARTUR 2, another arcjet developed at IRS [8].  

In order to use gases containing oxygen as 
propellants, the wall temperature of the anode should 
not exceed 1000° C. A thermal analysis of the 
thruster resulted in adding a cone of carbon at the 
anode for energy radiation in order to fulfill this 
constraint.  
 
Fig. 5 also demonstrates that the neutral element 
with its small opening is placed very close to the 
cathode tip. Boron nitride is proposed as material for 
reasons of machinability and thermal conductibility. 
 

H2O

CO2

H2

H2O + CO2

 
 
Fig. 5: Detail of PROMISE 

Subsystems 
The thrusters are built on a thruster assembly, which 
is mounted on Progress. Thus, the thrusters would be 
changed according to their life time cycle and they 
would be situated in an ideal position to support the 
orbit control of ISS. In the case of PROMISE, four 
thrusters would be mounted on a thruster assembly. 
Depending on the available power, even two 
thrusters could be operated at the same time. The 
thruster assembly would weigh 17.4 kg. 
 
The propellants should be buffered in a Waste Fluids 
Storage and Control System. This could be mounted 
on the Science Power Platform (SPP) of ROS. The 
gases (H2,CO2) would be stored under high pressure 
with the help of compressors. Mass flow rate 
controllers would also be implemented in this 
system. Its weight is estimated to be equal to 113 kg. 
 

Numerical Simulations 

The Software Tool IRIS++ 
For the numerical simulation of the orbit control of 
ISS by adding the proposed electric propulsion 
concepts to the conventional propulsion system, the 
platform-independent attitude and orbit simulation 
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software IRIS++ was used, which was developed at 
the IRS from 1998 until 2000 in the programming 
language C++ [10]. 
 
Spacecrafts are modeled with IRIS++ using a 
hierarchical object structure: A “spacecraft” is built 
up with several modules, each consisting of a 
number of geometrical primitives like for example 
spheres, cylinders and boxes. The hierarchical 
structure allows for a simple and fast spacecraft 
modeling using predefined standard modules stored 
in a library. IRIS++ can also create a VRML model 
of the spacecraft for visualization purposes as shown 
in Fig. 6. 
 

 
Fig. 6: VRML model of ISS for simulation 
 
The spacecraft’s orbit is described using equinoctial 
orbit elements and the attitude of the spacecraft is 
described using Euler symmetric parameters 
(quaternions). Both representations are commonly 
used and have proven to be numerically stable and to 
have a good numerical performance. 
 
The spacecraft’s attitude and orbit dynamics can be 
simulated in IRIS++ considering the perturbations 
due to the residual atmosphere and due to the 
inhomogeneous gravitational field of the Earth. 
 
The software tool also allows for the tracking of 
spacecraft components towards the sun (e.g. solar 
arrays) and perpendicular to the sun (e.g. radiators), 
as well as for the operation of orbit control thrusters. 
The microgravity quality on-board the spacecraft, 
which is important for space station utilization, can 
also be calculated. 

Simulation Parameters  
Numerical simulation of orbit control of ISS was 
performed as a function of solar activity. Detailed 
results are presented for a medium solar activity with 
a solar flux of F10.7 = 1.65⋅10-20 W/m2Hz and a 
geomagnetic index of ap = 50.  
 
The simulation covered at least one reboost cycle. 
Orbit data was taken from a forecast in [11]. The 
maximum orbit altitude was 415 km. The 
conventional reboost started 28 km below the 
nominal altitude. The starting time was 01.01.2009. 
The position of the thrusters was at the edge in 
negative z-direction (s. Fig. 6) of the rear end of the 
Progress vehicle. Continuous operation of the 
electric thrusters with an average mass flow of the 
propellants was simulated. The operation of the 
thrusters causes a slight change of the Torque 
Equilibrium Attitude (TEA) by a maximum value of 
0.15°. 
 
Results 
ISS Orbit Control 
Fig. 7 shows the results of the simulation and Table 
3 the extension of the coast phase with the help of 
the electric propulsion systems in comparison to the 
conventional concept. Hence, with concept III it 
could be extended by up to 28%. Simulations for 
different solar activities yielded in only 15% for 
high, but up to 300% for low solar activity. 
 
ISS Microgravity conditions 
Numerical simulations were also performed to 
evaluate the effects on the microgravity conditions 
onboard ISS. A permanent operation of the electric 
thrusters reduces the perturbation caused by the 
aerodynamic force. The microgravity conditions also 
depend on tidal forces which cause small 
perturbations for modules close to the line of flight 
direction of ISS, e.g. the US Laboratory, and large 
ones for objects such as the EXPRESS pallets, 
located at the truss structure close to the solar panels, 
where they dominate microgravity conditions. 
Electric thrusters also help reduce this perturbation 
by the change of the TEA, but for both effects the 
improvement of the microgravity conditions is very 
small.  
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Fig. 7: Reboost cycle of ISS at medium sun activity 
 
Table 3: Duration of coast phase of ISS at medium 
sun activity 

Comparison with the 
conventional concept

 
Propulsion  

concept 

Duration 
of coast 
phase 
 [d] 

absolute 
[d] 

relative 
[%] 

conventional 55.6 - - 
I (Resistojets) 63.4 7.9 14.2 
II (MARC + R.) 65.1 9.5 17.1 
III (PROMISE) 70.8 15.3 27.5 

 
For the Columbus Orbital Facility, a microgravity 
level of 1.37 µg was obtained by simulation. The 
operation of concept III causes the level to decrease 
slightly by 0.05 µg, where 76% of this is due to the 
compensation of the aerodynamic force and 24% 
due to the change of the TEA. 
 

Comparison of System Mass 

Methodology and Assumptions 
Within the scope of the preliminary design, the 
calculation of the equivalent system mass is a 
common methodology for a quantitative comparison 
various design alternatives. According to eq. (3), the 
equivalent system mass (msys) consists of the fixed 
system mass (mfix), mass flows and the synergistic 
mass (msyn). The latter one does not have to be 
considered for the synergistic propulsion concepts, 
since the assumption was made that both the 
consumed waste fluids and the electric power are not 
used otherwise. Table 4 shows the remaining two 
terms, which make up msys, both for the conventional 
and the synergistic propulsion concepts. 

Table 4: Fixed system mass (mfix) and mass flows of 
the examined propulsion concepts 

Synergistic 
concepts 

 

Masses Conv. 
concep
t I II III 

fixm  [kg] - 121 139 120 

Conventional 
propellant 

45.6 40.0 38.9 35.7 

Structure re-
boost 
vehicle 

4.56 4.00 3.89 3.57 

El. thrusters - 0.029 0.027 0.048
Spare parts - 0.166 0.190 0.164

 
 
m  
[kg/d]

total 50.11 44.18 43.02 39.51
 
For the synergistic propulsion concepts, the 
subsystem masses make up the fixed system mass, 
which has its largest value for concept II, since in 
this case two different thruster types are employed. 
The conventional concept requires reboost vehicles. 
Their propellant needs were calculated based on data 
from numerical simulations of IRIS++ for reboost 
cycles at medium sun activity, assuming Isp = 300s. 
The yearly amount of propellants for the 
conventional system is 16.6 t. 10% of the propellant 
mass was taken into account as structural mass of the 
reboost vehicle as rough estimate. Less conventional 
propellants are needed when applying the synergistic 
concepts.  
 
The electric thrusters have to be replaced according 
to their life time, which was assumed to be 3000 h 
for the resistojets, 5000 h for MARC and 1000 h for 
PROMISE. The listed spare parts are needed for the 
subsystems. Table 4 shows clearly that the mass 
flow is dominated by the supply of conventional 
propellant. 
 
Results 
In Fig. 8 the equivalent system mass is depicted 
within a period of 30 days. The synergistic concepts 
start with an equivalent system mass equal to their 

fixed system mass according to eq. (3). In the 
following, the increase of msys of the synergistic 
concepts is smaller than the one of the conventional 
concept, since they require a lower mass flow. 
Hence, at a certain point of time a break even point 

 synfixsys mtmmm +⋅+=   (3)
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is reached, after which on the synergistic propulsion 
concepts have the lowest msys. This break even point 
is already reached within three weeks for all three 
synergistic concepts. 
 
Table 5 shows the total mass savings for the 
envisaged 10 year mission duration of ISS, which is 
up to 38.6 t for concept III with PROMISE. 
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Fig. 8: Comparison of the equivalent system mass 
 
Table 5: Comparison of the system mass at the end 
of the mission duration of ISS 

Comparison with 
the conventional 

concept 

 
Propulsion  

concept 

Equivalent 
system 

mass after 
10 years absolute relative 

conventional 183.0 t - - 
I (Resistojets) 161.5 t -21.6 t -11.8% 
II (MARC + R.) 157.3 t -25.8 t -14.1% 
III (PROMISE) 144.4 t -38.6 t -21.1% 

 
Conclusion 

Numerical results of ISS orbit control show a high 
potential of synergistic propulsion systems for 
saving mass supplies to ISS. Depending on the solar 
activity, they can significantly extend the coast 
phase of ISS during a reboost cycle. Microgravity 
conditions onboard ISS can be improved only 
slightly. 

A comparison of the system mass of the 
conventional concept with the synergistic ones 
results in a low break even point in the order of three 
weeks. During the 10 year mission duration of ISS, 
mass savings ranging from 22 t when using the 

synergistic concept with resistojets and up to 39 t 
when applying the proposed arcjet type thruster 
PROMISE can be reached.  
 
Experiments with water steam plasma generators at 
atmospheric pressure and their application in 
industrial processes demonstrate the feasibility of 
developing an arcjet type thruster like PROMISE 
which can use oxygen-containing gases.  
 
The examination of the Environmental Control and 
Life Support System (ECLSS) of the fully 
assembled ISS shows that sufficient waste fluids are 
available as propellants. This would not be affected 
significantly if additional regenerative life support 
systems were installed. 
 
The available electric power as well as the capability 
of the Space Shuttle of transferring water are two 
boundary conditions, for which no data was 
available, but which can significantly influence the 
presented results. 
 

Abbreviations 

ARTUR Arcjet Triebwerk der Universität 
Stuttgart Regenerativ (Regenerative 
arcjet thruster of the University of 
Stuttgart) 

ECLSS Environmental Control and Life 
Support System 

IRS Institut für Raumfahrtsysteme (Space 
Systems Institute of the University of 
Stuttgart) 

Isp Specific impulse 
ISS International Space Station 
MARC Medium Power Arcjet 
mfix Fixed system mass 
msys Equivalent system mass 
PROMISE Proposal of a Multipropellant ISS 

Electric Thruster 
ROS Russian Orbit Segment 
TEA Torque Equilibrium Attitude 
SPP Science Power Platform 
USOS United States On-Orbit Segment 
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