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Mars Sample Return Mission with In-Situ Resource Utilization
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A Mars sample return mission has been proposed where oxygen for the return propellant would be produced
using the Martian atmosphere. A mass analysis of an in-situ resource utilization (ISRU) oxygen plant shows
that significant reductions in landed mass and mission costs can be attained by using methane carried from
Earth and oxygen produced on Mars as propellents for the return trip. The metrics for the mass analysis are
based on laboratory data collected from proof-of-concept, scale-up, and long-duration experiments. Using
existing technology and current performance levels, it is shown that an ISRU plant capable of producing 7 kg/
day of oxygen requires an estimated mass of 108 kg and consumes 2.9 kW of electrical power. A 2.5 kg/day
oxygen production facility has a mass of 64 kg and requires 1.1 kW of electrical power.

Introduction

O UR knowledge of Mars was significantly enhanced by
the data gathered from the Mariner and Viking mis-

sions.1 Tremendous scientific gains, similar to those gar-
nered from the samples returned from the Moon, could also
be made by returning samples of Mars materials to Earth.
These samples could then be analyzed in the laboratory with
the aid of sophisticated instruments and powerful analytical
methods to obtain the fundamental information that would
help determine the biology, biochemistry, geochemistry,
and petrology of Mars. Several concepts for Mars sample
return (MSR) missions have been presented since the early
1970s. A few of the concepts will be discussed in the fol-
lowing section.

The concept of producing the propellant for the return leg
of the mission using Martian resources was recommended as
a cost-saving measure for MSR missions as early as 1978.2
This study was followed by many other in-situ propellant
production concept studies and they are all in agreement re-
garding the benefits. In spite of these conclusions, proof-of-
concept and breadboard hardware demonstration experi-
ments were not conducted until recently. One reason ISRU
is not widely accepted, despite its benefits, is the general
perception that the technology is still in its speculative and
"view-graph engineering" stage. There is a lack of confidence
in the numbers since most were not obtained from actual
hardware and are not backed by long-term operating expe-
rience.

This study will present a strong case for oxygen production
on Mars (for the return propellant) for a MSR mission and
will provide the analysis and metrics based on proof-of-con-
cept, scale-up, and long-term test results obtained in the lab-
oratory. It will be shown that such a concept will reduce the
mass to be landed on Mars and, hence, the total mission costs.
It must be emphasized that all of the data used in this analysis
are based on performance levels that have been achieved to
date. In instances where future reductions in masses and im-
provements in performances are projected, they will be stated
in this article for completeness, but such projected values will
not be used in the analysis.
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MSR Missions
There have been several studies and mission concepts pro-

posed for MSR. To illustrate the benefits of ISRU we shall
look at two sets of studies. One set is from the 1970s and the
other from the 1990s.

In the early 1970s two teams of scientists looked into the
possibility of Mars sample return missions. One concept in-
volved a spacecraft with direct entry and landing on the Mars
surface, sample acquisition, ascent to a Mars parking orbit,
and direct re-entry to Earth.3 The penalty for this simple
concept is the large landed mass of the ascent vehicle. The
other concept4 involved an automated rendezvous between a
Mars-orbiting Earth return vehicle and a Mars ascent vehicle.
The lightweight Mars ascent vehicle transfers the Mars sample
capsule to the orbiting craft, which returns to Earth. This
concept has a lighter landed mass, but involves a complex
autonomous rendezvous in Mars orbit. After considering the
conjunction, opposition, and Venus swing-by trajectories, both
teams selected the long-duration conjunction-class missions.
The conjunction-class missions require a stay on Mars, or in
Mars parking orbit, for over 400 days before returning to
Earth. The direct-entry-mode mission was analyzed for 1979
and 1981 launch windows, whereas the Mars orbital rendez-
vous mode mission was for a 1981 launch window. Since exact
launch opportunities repeat themselves every 15 years, these
analyses would be valid for the 1994 and 1996 launch windows.
The complexity of the autonomous Mars orbit rendezvous in
the second mission would tip the scale in favor of the simpler
direct-entry-mode mission if the mass to be landed on Mars
could be reduced.

In an effort to reduce the landed mass of the direct-entry-
mode mission, Ash et al.2 pioneered the concept of ISRU.
Their concept involved carrying a small chemical plant to
produce the necessary propellant for the return trip from
Martian resources. Due to the long duration of the stay on
Mars, the mass of the production plant was much less than
the total propellant produced, thereby reducing the landed
mass. They proposed extracting water from the soil and car-
bon dioxide from the atmosphere of Mars to produce methane
and oxygen using water electrolysis and a Sabatier reactor.
A return sample size of 1 kg was chosen, as opposed to the
0.2-kg sample of Weaver et al.3 Also, their ISRU-assisted
mission did not use a Mars parking orbit on the return. In
addition, a single-stage methane-oxygen rocket to accomplish
ascent from the Mars surface to a trans-Earth trajectory was
proposed. In this scheme, the estimated mass of an ISRU
plant (including RTG power) that would produce the required
3330 kg of propellant at 10 kg/day was about 750 kg. The key
to mass savings arises from the long stay of 400-500 days on
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the surface of Mars. The total landed mass of the Mars ascent
vehicle (including ISRU plant) was 1600 kg. In comparison,
a fully fueled, single-stage ascent vehicle would have a landed
mass of over 5000 kg.2 It should be noted that this concept is
based on extracting water from the Martian soil for propellant
production. While this may be feasible at certain locations
and during certain seasons, the dependence on soil for water
restricted the location of the lander and also added a consid-
erable level of risk to the mission. A process to produce
oxygen from Martian carbon dioxide using solid oxide elec-
trolysis cells was suggested by Stancati et al.5 The experiments
reported here are based on this process.

After a hiatus in the early and mid-1980s, there has been
renewed interest in the MSR missions. In early 1990, Gamber
and Adams6 looked at system concepts for MSR missions for
the 2001-2007 launch opportunities for the conjunction-class
missions. Nine concepts were explored and three were pre-
sented at an AAS/AIAA astrodynamics conference.6 They
all involved a rover for soil sample acquisition. One concept,
called the "low complexity" concept, was developed that in-
volved a single Titan IV launch. It involved direct entry to
Mars and ascent to a parking orbit around Mars before return
to Earth. The ascent vehicle was a 2-1/2 stage vehicle. For a
5-kg sample return, the mass of the Mars ascent vehicle in
this concept was 1996 kg and the propellant wet mass was
1812 kg. It was designed for the 2001 launch opportunity. The
engine was an advanced pump-fed XLR-132 with high ex-
pansion ratios.

The MSR mission proposed in this article will be analyzed
using the mission requirements proposed by Ash et al.2 and
Gamber and Adams.6 The former mission had a total pro-
pellant need of 3330 kg for a single-stage methane-oxygen
rocket with an oxygen-to-fuel ratio of 3.4 and an assumed
specific impulse of 342 s. The oxygen requirement for this
case is 2573 kg. If 7 kg of oxygen are produced per day, this
amount can be produced in 368 days. For the latter mission,
based on the specific impulse requirements and 2-1/2 stages
for the Mars ascent vehicle, a methane-oxygen vehicle op-
erating at an oxygen-to-fuel ratio of 3.5 and specific impulse
of 350 s would require 307 kg of methane and 1075 kg of
oxygen. It is important to note that, since the propellants and
specific impulses for the original mission are different from
the methane-oxygen system being considered here, the dry
and wet masses recommended originally have been recalcu-
lated. An ISRU plant producing 2.5 kg of oxygen a day would
generate the required amount in 430 days (total stay on Mars
= 490 days). Therefore, two ISRU oxygen plants will be
designed: one for the production of 7 kg/day of oxygen and
the other for 2.5 kg/day.

ISRU Technologies for Mars
Numerous studies have outlined various technologies avail-

able for propellant production and life support on Mars. A
few of them are referenced here for the interested reader.7"18

The most common and widely studied of the many technol-
ogies that have been proposed for propellant production in-
volve oxygen and methane. One approach involves the pro-
duction of oxygen and methane from Martian water and
atmosphere using the Sabatier process and water electrolysis,
as mentioned previously.2 Another involves their production
using hydrogen carried from Earth and carbon dioxide from
the Martian atmosphere.19 Some approaches involve the pro-
duction of oxygen from the Martian atmosphere using solid
oxide electrochemical cells18 or glow-discharge and permea-
tion.17

Mars Sample Return with ISRU (MSRI)
ISRU Process Selection and Philosophy

In the proposed mission, oxygen will be produced from
carbon dioxide in the Martian atmosphere using solid oxide

electrochemical cells (SOEC). The locally produced oxygen
and Earth-carried methane will be used as the propellants for
the return leg of the mission.

The production of methane using Earth-carried liquid hy-
drogen involves the storage of liquid hydrogen at 20 K during
the long transit to Mars and its storage for a significant portion
of the long wait on the surface of Mars. It requires the op-
eration of two separate chemical plants, viz., the Sabatier and
water electrolysis. In addition, methane and oxygen are pro-
duced in a 1:2 mass ratio, as opposed to the 1:3.5 ratio re-
quired for optimum rocket specific impulse. Production of the
required amount of oxygen results in excess methane being
produced. This, in turn, translates to a heavier ISRU plant
being built for greater capacity. The other fuel option that
merits serious consideration is carbon monoxide. The SOEC
produces carbon monoxide and oxygen in the mass ratio of
1:0.57, which is very close to the optimum specific impulse
mass ratio of 1:0.55. The specific impulse of the carbon mon-
oxide-oxygen rocket is low, 260-300 s, but since both fuel
and oxidant are produced by the same device (SOEC) and
no resources are carried from Earth, it is definitely worth
considering. However, due to the low technology readiness
level of the carbon monoxide-oxygen engine and the need
for its development, this technology is not considered in the
present concept. The carbon monoxide-oxygen engine tech-
nology is currently under development20 and this concept should
be revisited when it attains maturity.

ISRU Process Plant Architecture
A schematic of the simplified oxygen production plant is

illustrated in Fig. 1. The Martian atmospheric gas is filtered
to remove dust and particulates and is compressed from its
ambient pressure to about 0.1 MPa. The gases are then heated
from the ambient temperature to about 1223 K by means of
a waste-heat-recovery heat exchanger and make-up heater.
Following this, the hot gases enter the SOEC. In practice,
the make-up heater and the SOEC are integrated into a single
unit. In the SOEC, carbon dioxide dissociates into carbon
monoxide and oxygen due to electrocatalysis and thermal
dissociation. A dc potential is applied across the SOEC to
separate the oxygen from the gas mixture. The oxygen pro-
duced is compressed, liquefied, and stored. The high-quality
heat of the gas mixture exhausting from the SOEC is extracted
in the recovery heat exchanger before it is rejected out of the
system. Only a fraction of the carbon dioxide entering the
SOEC dissociates to produce oxygen. At the present time,
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Fig. 1 Schematic of a simple Mars oxygen plant.
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Fig. 2 Schematic of a Mars oxygen plant with CO2 recycling.
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SOEC operating in our Space Technologies Laboratory con-
vert up to 32% of the carbon dioxide. At such conversion
rates (as will be seen in a following section), the compressor
mass and required power are high. However, by incorporating
a separator that recycles the unspent carbon dioxide back into
the system, the mass and power requirements of the com-
pressor unit can be greatly reduced. A schematic of this plant,
with carbon dioxide recycling, is shown in Fig. 2.

It must be noted that research will be underway shortly to
study the performance of the SOEC at pressures well below
0.1 MPa. Should the SOEC perform satisfactorily at pressures
close to the Martian ambient, the recycling of carbon dioxide
may not be necessary. The performance data presently avail-
able are for 0.1 MPa only; hence, the design of the system at
0.1 MPa pressure. The Martian atmosphere and each of the
components of the system are described in the following sec-
tions.

Martian Atmosphere
The Martian atmosphere is composed of 95.3% carbon

dioxide, 2.7% nitrogen, 1.6% argon, 0.13% oxygen, and trace
amounts of water vapor, neon, krypton, xenon, ozone, and
other gases.21 The average total atmospheric pressure is about
800 Pa, and it varies from 600 to 1000 Pa as a function of the
season. This variation is due to condensation and evaporation
of carbon dioxide at the polar caps. The atmospheric pressure
also varies with surface altitude, as is to be expected. The
atmospheric pressure data from the two Viking landers showed
the variations of pressure with season and altitude.22 The total
pressure at the Viking I site varied from 680 to 900 Pa and
at the lower elevation Viking II site it varied from 750 to 1020
Pa.22 From the viewpoint of the oxygen production plant, it
would be advantageous to land at lower elevation sites in
order to exploit the higher atmospheric pressures and thereby
reduce the workload of the compressor. The bottom of Hellas
Basin in the southern hemisphere is more than 4 km below
the planetary reference level, the atmospheric pressure can
reach 1500 Pa,23 and it has the most water,24 making it bio-
logically and biochemically very interesting.

Martian Dust and Filters
One of the concerns about use of the Martian atmosphere

is Martian dust. The Martian atmosphere has to be filtered
of dust and particulates before it is compressed. The Viking
missions have provided useful information about the dust and
dust storms that prevail on Mars. The value of the dust loading
under clear sky conditions is 10 ppm.16 During a dust storm,
the dust loading is typically 10 ~2 kg/m2, and the total esti-
mated mass of the Mars atmosphere is 200 kg/m2.16 During
the present epoch, great dust storms have not occurred during
the northern spring and summer due to the reduced insolation.
In the period between 1909-1982, 16 global dust storms were
observed and recorded from Earth and/or by spacecraft. Typ-
ically, a local dust storm expands slowly for about 4 days and
then expands rapidly for the next 4. Within the next 5-10
days, the dust has encircled the planet. The time constant for
settling of the dust (decay by a factor of e) is about 60 days.25

The composition of the dust is thought to be magnetite and
basalt.

Based on the Viking lander data and a model for optical
parameters, Pollack et al.26 deduced the cross-sectional, area-
weighted, mean particle diameter to be 0.4-2.5 ^m. They
also calculated that the wind speed at the top of the planetary
boundary layer would have to exceed 50-100 m/s in order for
the dust particles to get suspended. The typical wind speed
on Mars is only about 10 m/s. Hence, unusual local or global
conditions are needed to put dust particles into suspension.
Ash et al.K considered the dust analyses performed by various
investigators using the Viking Lander data, including that of
Pollack et al.26 They assumed a continuous dust load of one
5-ju,m particle/cm3 of Martian atmosphere. It is also important

to note that the high winds associated with the dust storms
occur only in the region of the dust storms and, although the
dust is carried globally, intense surface winds do not accom-
pany it.16

In summary, it is possible to select the location and timing
of the mission such that the need to protect the ISRU plant
from high winds and large amounts of dust can be virtually
eliminated. For clear sky conditions, the 10-ppm dust can be
easily filtered with present-day technology. A filter mass of
0.05 kg/kg of Martian atmosphere is chosen for a 400-day
operation. The dust filter mass would scale linearly with flow
rate for the range that is of interest.

Solid Oxide Electrochemical Cell
The key component of the Mars oxygen production plant

is the SOEC, which separates the oxygen from the gas mixture
of carbon dioxide, carbon monoxide, and oxygen. The prin-
ciple of operation of the SOEC is shown schematically in Fig.
3. At the temperatures of operation of the SOEC (1073-1273
K) carbon dioxide partially decomposes into oxygen and car-
bon monoxide by thermal dissociation and electrocatalysis.
The cell consists of an electrolyte sandwiched between elec-
trically conductive porous electrodes. The separation of oxy-
gen in the cell occurs due to the oxygen ion conductivity of
the electrolyte material (zirconia that is partially stabilized
with yttria). Oxygen vacancies exist in the crystal lattice of
the electrolyte. These vacancies provide conduction sites for
the transport of oxygen ions through the electrolyte. A dc
potential applied across the electrolyte provides the driving
force for oxygen transport. At the cathode electrode/electro-
lyte interface, oxygen molecules decompose into oxygen ions
with a negative charge of two. The oxygen ions then move
from vacancy-to-vacancy, until they arrive at the anode elec-
trode/electrolyte interface, where they lose the excess elec-
trons and reform into molecular oxygen. The molecular oxy-
gen then diffuses out of the porous electrode.

At our laboratories, extensive testing of the SOEC has been
conducted for the past three years and the effort is ongoing.
Commercially available tubular cells were tested for proof-
of-concept, scalability, and endurance. A schematic of a clus-
ter of four tubes is shown in Fig. 4. Figure 5 is a photograph
of a fully packaged, compact unit of a four-tube cluster with
overall dimensions of 62 x 51 x 35 cm3. Four such clusters
were plumbed together to obtain an oxygen production of
120 I/day.

Marner et al.27 demonstrated the importance of selecting
the optimal electrolyte and electrode materials for the effi-
cient operation of the cell. Proper selection of the electrode
and electrolyte materials can significantly reduce the mass of
the SOEC and the plant, as well as the power requirements.
Extensive testing in our Space Technologies Laboratory has
confirmed this to be the case for the carbon dioxide reduction
reaction.28 These tests have been performed using disk cells
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Fig. 4 Schematic of a SOEC tube-cell cluster test bed.

Fig. 5 Packaged four-tube cluster with built-in controls and instru-
mentation.

that are fabricated in-house. It has been found that an 8-
mole% yttria-stabilized zirconia electrolyte sandwiched be-
tween porous platinum electrodes provides optimum and sta-
ble production levels of oxygen. A simple schematic of the
disk cell is shown in Fig. 6. Figure 7 is a photograph of the
laboratory test bed for characterization of disk cells. The nom-
inal electroded area of each disk is 100 mm2.

The performance of the disk cells at various operating tem-
peratures and dc potentials is shown in Fig. 8. It is seen that

Fig. 6 Schematic of a SOEC disk-cell test bed.

Fig. 7 Test bed for characterization of disk cells.

the oxygen production rate (which is related directly to the
cell current), increases with increasing temperature and in-
creasing dc potential. The data points in the figure are the
experimental data and the solid lines are best-fit curves. Fig-
ure 9 illustrates the variation of oxygen production with car-
bon dioxide feed rate. At a fixed cell operating temperature
and dc potential the mass of the feed gas is a limiting con-
dition. At carbon dioxide flow rates below the knee the rate
of oxygen transport across the cell is limited by a lack of
oxygen at the cathode surface. Increasing the carbon dioxide
flow rate above the limiting value will not result in increased
oxygen production, as evidenced by the flat portion of the
curve. It is seen that carbon dioxide conversions of up to 32%
(efficiency) have been achieved. This graph is for a cell op-
erating temperature of 1223 K. The SOEC efficiencies are
expected to be even higher at 1273 K, but the laboratory-
demonstrated value of 32% is used as the SOEC efficiency
for the present analysis. The disk cells have been subjected
to over 1800 h of continuous testing and no degradation in
performance has been observed. Figure 10 depicts the results
of an endurance test on one of the disk cells. In addition, the
cells have been tested with simulated Martian gas, with no
noticeable change in oxygen production.



1360 SRIDHAR

0.20

CO2 flow in = 10 cc/min
R vapor deposited electrode

0.00
1.0 1.2 1.4 1.6 1.8 2.0

Voltage [V]

Fig. 8 SOEC disk characterization tests.
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Fig. 10 Endurance test results for a SOEC disk.

The disk cells can be manifolded and stacked into compact
units, as described by Marner et al.27 The masses of the SOEC
for the production of 7.0 and 2.5 kg of oxygen/day are 10 kg
and 4 kg, respectively. The mass estimates are based on recent
experiments in our laboratory on disk cells of varying elec-
troded areas. These experiments have shown that, with proper
design of the manifolds and electrical interconnects, a 32%
efficiency can be attained for disks with electroded areas larger
than 1 cm2. The oxygen production rate of 1 cm3/min/cm2 of
electroded area can be sustained for much larger electroded
areas at a dc potential of 1.7 V and cell temperature of 1273
K. The masses of the SOEC required to produce 7.0 and 2.5
kg of oxygen are now calculated based on these observations.
Zirconia disks, 76.2 mm in diameter and 0.7 mm in thickness
with an electroded area of 34.42 cm2, are used for both sys-
tems. The 7.0-kg unit requires 98 disks, for a total mass of
1.78 kg, and the 2.5-kg unit needs 35 disks, for a mass of 0.64
kg. While the former are assembled in three stacks, the latter

are assembled in one. The interconnects, which deliver the
electrical potential to the electrodes and form the flow chan-
nels for the gases, are made of perovskites, such as lanthanum
manganite or lanthanum chromate. The masses of the inter-
connect plates for the two systems are 6.91 and 2.46 kg, re-
spectively. The seals, electrical wires, and plumbing constitute
the rest of the SOEC's mass. The masses of the insulation
and thermal control mechanisms for the SOEC are 1.5 and
0.7 kg. The dc powers required for the production of 7.0 and
2.5 kg of oxygen/day are 1.73 and 0.62 kW, respectively, at
1.7V.

Carbon Dioxide Compression
To date, all the laboratory data obtained for oxygen pro-

duction from carbon dioxide using SOEC are for operating
pressures of 0.1 MPa. Testing of the SOEC at lower pressures
is about to begin. For this reason, the Martian atmosphere is
assumed to be compressed to 0.1 MPa. Oil-sealed pumps were
not used at this time due to the low temperature of the intake
gases and the potential contamination of the SOEC down-
stream. Nonmechanical compressors, such as adsorption pumps,
have been recommended elsewhere for this application.10"12

Due to their level of technology readiness, mechanical pumps
are preferred over the nonmechanical ones in this article.

Several off-the-shelf pumps were evaluated for their ap-
plicability in terms of life, mass, and power. It was also seen
that the recycling of unspent carbon dioxide significantly re-
duced the compressor mass and power. The mass savings are
depicted in Table 1 for an oxygen production rate of 10 kg/
day.29 The results show that recycling is very beneficial at
lower SOEC efficiencies. For the production of 7 kg of oxy-
gen/day at an SOEC efficiency of 32% and separator effi-
ciency of 90%, 23.3 kg of carbon dioxide/day is needed as
input gas; this corresponds to roughly 24.3 kg/day of Martian
atmospheric gas. The mass of a compressor that can deliver
this amount of oxygen at 0.1 MPa by taking in Martian at-
mosphere is 30 kg. The power required by this unit is 0.75
kW. For the production of 2.5 kg of oxygen/day, the mass
and power requirements of the compression unit are 20 kg
and 0.375 kW, respectively. The mass and power estimates
for the compression units for both systems are based on dual-
stage rotary vane pumps. Such pumps are used in terrestrial
applications as a backing pump for Roots pumps, diffusion
pumps, and cryopumps. With some modifications, these pumps
can be used for the Mars application. Both the mass and power
needs can be reduced substantially for space applications with
minimal effort. Details of the various options considered for
mechanical compression, as well as the mass models for the
compressors, can be found in Sridhar and lyer.29

It should be noted that the waste heat from radioisotope
thermoelectric generator (RTG) power units could be used
to keep the compressor warm (300 K). This would enable the
use of pumps with oil seals and lubrication. The possibility of
downstream oil contamination could be avoided by using an
oil-trap filter.

Waste-Heat-Recovery Heat Exchanger
This piece of apparatus extracts heat from the gases being

exhausted from the SOEC at 1273 K and imparts that heat
to the cooler gases entering the SOEC. This counterflow tube-
in-tube heat exchanger is designed to produce exhaust gases
to temperatures of 873 K. The mass of the heat exchanger
for the production of 7.5 kg of oxygen/day is 1.0 kg and that
for the 2.5-kg plant is 0.4 kg.

Make-Up Heater
The make-up heater heats the gases to the temperature of

the SOEC (1273 K). In this design, it is integrated with the
SOEC. Ground testing is being conducted with resistive heat-
ers. It is proposed that plutonium-238 bricks, which have been
used in past missions as part of the RTG units, be used as a
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Table 1 Total mass savings due to CO2 recycling for 10 kg/day O2 production

No carbon dioxide recycling Carbon dioxide recycling Savings

!?«..
0.2
0.3
0.4
0.5
0.6
0.7
0.8

CO2 intake,
kg/day
137.50
91.67
68.75
55.00
45.83
39.29
34.35

Pump mass,
kg
239
157
141
120
91
82
59

Pump power,
kW
9.1
6.3
5.5
4.4
3.6
3.2
1.6

CO2 intake,
kg/day
38.50
33.92
31.63
30.25
29.33
26.68
28.17

Pump mass,
kg
73
59
55
51
50
50
50

Pump power,
kW
1.8
1.6
1.5
1.5
1.4
1.4
1.3

Mass,
kg
166
98
86
69
41
32
9

Power,
kW
7.3
4.7
4.0
2.9
2.2
1.8
0.3

Table 2 ISRU oxygen plant masses

Oxygen production
7.0 kg/day 2.5 kg/day

Component
SOEC
SOEC insulation and thermal control
Intake compressor
Heat exchanger
Heater
Liquefaction and storage

Oxygen
Methane

Dust filter
Recycling subunit
Other"
Total system

Mass, kg
10.0
2.5

30.0
1.0
5.8

20.0
10.0
1.6
4.0

23.0
107.9

Electric
power, W

1730

750

350
40

15

2885

Mass, kg
4.0
1.7

20.0
0.4
2.9

10.0
6.0
0.6
2.2

16.0
63.8

Electric
power, W

620

375

70
30

8

1103

"Plumbing, structure, controls, and microprocessor.

heat source. The half-life of the plutonium is 189 years. These
bricks have a mass of 2.89 kg and a thermal output of 250 W.
Temperatures of up to 1573 K can be attained with these
bricks, which are 93.2 x 97 x 53.3 mm in size.30 The larger
plant (7.5 kg) would require two bricks and the smaller plant
would require one brick.

Liquefaction and Storage
The methane carried from Earth is liquefied, but it needs

refrigeration to remain liquid at 110 K. The oxygen produced
by the SOEC is cooled to Martian ambient temperature easily,
but requires liquefaction and refrigeration to remain liquid at
90 K. The 200 K Martian temperature provides a good sink,
which improves the efficiency of the refrigeration cycles com-
pared to those on Earth. A reverse Brayton cycle turbo cooler,
or a Stirling cooler, can be used to perform the liquefaction
and cooling. They are both available commercially and are
capable of long-duration performance with no maintenance.31

For the plant producing 7.0 kg of oxygen, a 20-kg cooler
requiring 350 W of electric power is required for oxygen, and
a 10-kg cooler requiring 40 W of power is required for meth-
ane. The corresponding numbers for the 2.5-kg plant are 10
kg and 70 W for oxygen and 6 kg and 30 W for methane.

Oxygen compression and liquefaction can also be accom-
plished by using the solid oxide tubular cells followed by a
Joule-Thomson process. The oxygen produced at 0.1 MPa
in the SOEC is compressed to about 15 MPa in the tubular
cells in a single stage. The high-temperature oxygen is then
cooled to the Martian ambient temperature and is expanded
in an orifice to produce liquid oxygen. This process is in the
developmental stages in our laboratories and it holds promise
as an advanced concept. Details of this scheme can be found
elsewhere.32

Recycling Subunit
The carbon monoxide separator, the radiator that cools the

exhaust gases from the SOEC to 300 K, and the make-up

compressor are part of the recycling subunit. Polymeric mem-
branes are commercially available to separate the carbon diox-
ide from the exhaust gases of the SOEC. In addition, re-
searchers at the University of Arizona have been successful
in developing carbon monoxide separators using supported
nickel and cobalt catalysts.33 The mass and power require-
ments of the make-up compressor are very small (0.1 kg and
10 W). The total masses of the recycling units for the 7.0- and
2.5-kg systems are 4.0 and 2.2 kg, respectively.

Total System Mass and Power
The total system masses and electrical power needs for the

7.0- and 2.5-kg oxygen production units are tabulated in Table
2, along with the component power and mass data. The elec-
trical power is not converted into a mass penalty in the table
due to the wide variation of mass penalties used in the lit-
erature. Until recently, it was common to assume a mass
penalty of 30-40 kg/kW electric, the projected value for the
SP-100 class reactors. With the cancellation of this program,
the only existing technology that seems viable for the current
application is RTG. The RTGs that have been flown and are
flight qualified have a mass of 55 kg and produce 300 W of
electric power.30 The 523-573 K waste heat from the RTG
can be used for process heat. It is estimated that a 1-kW
electric RTG can be made for a mass of 140 kg. The power
penalty used in this analysis will be 140 kg/kW electric.

Results and Conclusions
The total system mass of an ISRU oxygen plant that can

produce 7 kg of oxygen/day is 107.9 kg and its electrical power
consumption is 2.9 kW. The 2.5-kg oxygen plant has a mass
of 63.8 kg, and it requires 1.1 kW of electric power. At a
power penalty of 140 kg/kW, the total masses of the 7.0- and
2.5-kg oxygen plants are 512 and 218 kg, respectively. These
masses are based on existing technology and performance
levels.
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Should such an ISRU plant be incorporated into the mod-
ified direct-entry-mode mission of Ash et al. ,2 the mass of the
ISRU plant and fuel would be 1269 kg (757 kg of methane
and 512 kg for the ISRU plant), instead of the 3330 kg of
propellant needed for a non-ISRU mission. This would be a
significant reduction of the total landed mass of the Mars
lander. It is higher than the 750-kg ISRU plant proposed by
Ash et al., but it does not depend on a Martian water supply.

The mass of the ISRU plant and Earth-carried methane
that can replace the 1382 kg of propellant on the Gamber et
al.6 mission is 525 kg (218 kg for the ISRU unit and 307 kg
of methane). This will significantly reduce the landed mass
on Mars and, therefore, the cost of the mission.

The use of oxygen produced from the Martian atmosphere
with ISRU technology and Earth-carried methane as the pro-
pellants for the return leg of a MSR mission has been pro-
posed. This concept has been developed using existing tech-
nology and currently attainable performance metrics. This
analysis shows that significant reductions in the landed mass
and cost can be achieved with this relatively low-risk, low-
complexity concept. Thus, the use of ISRU technologies can
make unmanned sample return and manned missions to Mars
economically viable.
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