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Abstract

This paper reviews requirements for water supply rate for life support of human crews on deep space missions such as Mars, and approaches to
provide a reliable water supply.

The literature on the required water supply flow rate to support human crews in deep-space missions is sparse. Estimates were generated in an era
where saving mass was critical, and the allocations were skimpy. Here, we provide updated estimates of the suggested water supply flow rate to support
human crews on deep-space missions in an era when mass in deep space is far more affordable. Water a higher flow rate of water to the crew than had
previously been suggested.

It was widely believed that water recycling systems are necessary to reduce mission mass in the era of high launch costs. However, the reliability of
recycling technology is inadequate, as evidenced by experience on the International Space Station. Use of spares to replace subsystems that fail was proposed
to greatly improve reliability, and that works well theoretically as shown by probabilistic analysis, but the logistics of validation and implementation are
problematic.

Mars mission water system designs should focus on maximizing reliability to provide crew safety. The earlier design goal of reducing launch mass by
increasing water recycling closure is now less relevant because of the recent great reduction in launch cost. Reliable water supply for life support can be
provided by some combination of stored water from Earth, recycling of wastewater, or use of indigenous Mars water. There is an implicit three-way trade
between performance, cost, and risk depending on the mission design.

A simplified human Mars mission that uses the Starship can bring water from Earth, thus avoiding the two difficult challenges of recycling and
processing indigenous Mars water, achieving high safety and reliability, and landing at an equatorial site. More ambitious human Mars missions might need
recycling and/or indigenous Mars water, but they should always bring survival-level water from Earth. If indigenous water is required, that limits landing
sites to around 40°N or higher altitudes.

Bringing water from Earth is the best way to supply crew requirements for limited missions likely to be the first human landings on Mars. For futuristic
missions of great extent, either recycling or use of indigenous water from Mars would be needed. Both methods involve significant technical, timeline, and
fiscal challenges. In any mission, as a minimum, bringing a survival level of water from Earth is strongly recommended.

Human Mission to Mars hypothetical Mars mission. The DRA-5 study remains today
as a valuable reference for many aspects of a Mars mission.
However, in the early 2000s, minimizing mass was a central
aspect of planning space missions, and with the emergence
of huge, much lower-cost launch vehicles, the need to design

missions with minimum mass has evolved to a seemingly

Rapp (2023) reviewed the 60+ year history of planning for
a human mission to Mars [1]. In the 1990s, NASA produced
Design Reference Missions DRM-1 and DRM-3 that became
early standard bearers for Mars planning. These DRMs

introduced important use of ISRU and continued to rely on
nuclear thermal propulsion. In the same time frame, Zubrin
developed the Mars Direct concept, and Caltech developed the
Mars Society Mission concept [1]. In 2009, NASA published an
extensive Mars mission study known as “DRA-5". The DRA-
5 study was quite detailed and covered many aspects of a
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opposite paradigm based on using more mass to accomplish
more, as well as to reduce risk [2-4].

The SpaceX Team imagines eventually developing large
settlements of many people on Mars. A first step toward
that goal would be a landing of a crew of twelve for about
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500 days based on the Starship [3,5]. [Because the SpaceX
approach requires liftoff from Mars in a ~100-ton Starship,
the ascent propellant mass requirement is likely to be > 700
tons, and that requires a large-scale autonomous ISRU system
to produce propellants from indigenous Mars resources,
which in turn requires a landing site at a latitude around (or
higher than) 40°N [6,7]. Whether such an ambitious mission is
feasible and affordable is uncertain, and one analysis suggests
that it is not [5].

To avoid the complexity and cost of the mission proposed
by SpaceX, Rapp (2025) proposed a smaller, less ambitious
Mars mission (“DRA-6") using the Starship with a crew of
six that avoids relying on Mars indigenous water, greatly
simplifies production of ascent propellants, might avoid the
need for recycling wastewater, and allows equatorial landing
sites [3].

One of the important requirements for all human missions
to Mars is providing water for life support of the crew in
transit to Mars, on the Mars surface, and returning from Mars.
For our purposes in this paper, we will adopt Rapp’s minimum
mission, with a crew of six; transit to and from Mars each
requires 180 days, and the surface stay is 500 days [3].

Providing water supply for life support on a human
mission to Mars has been a topic of interest for more than
two decades. If the daily water allotment is multiplied by
the number of crewmembers and the number of days in the
mission, the required mass of water builds up quickly. In the
era of high launch costs, it was widely believed that recycling
ofliquid wastes was a necessary technology to conserve mass.
NASA developed a recycling system for the International
Space Station (ISS) consisting of about twenty interconnected
subsystems. This system has been working for two decades
at a high recycling efficiency (> 90%) but a low duty cycle
(< 30%). Some subsystems require repair or replacement
at quasiperiodic intervals, and these are delivered from LEO
as “orbital replacement units” and installed by the ISS crew.
This system lacks the lifetime and reliability for deep space
missions such as a human mission to Mars. For many years,
the NASA water research and development activities were
mainly focused on increasing the percentage recovery, and
only recently has attention begun to turn toward increasing
reliability. To the extent that propellants for ascent in the
return trip from Mars are produced from indigenous water
on Mars, the water supply for life support would likely be
combined with producing propellants. For a mission concept
such as DRA-6 where indigenous Mars water is not utilized,
bringing water from Earth has many advantages.

Water supply systems for long-duration missions were
described by French etal. (2019) [8] and Olawade et al. (2025)
[9]. These papers provided a wealth of information about
water supply with recycling. While both papers discussed
reliability as an issue, they lacked data to evaluate subsystem
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failure rates. Yet, reliability looms as the central issue for
water supply systems.

Harry W. Jones stands out as an independent investigator
who, over twenty years, carried out many impressive
analyses of the reliability of water supply systems and how
to improve reliability. (See Appendix 1 for a review of many
of his published papers). Of particular interest is his work on
how spares could improve reliability of a system composed of
subsystems, each with limited lifetime. His work provides the
foundation for the present paper.

Introduction

Two issues are discussed in this study. One issue is
estimating the water requirements to support a crew for a
human mission to Mars involving transit times to and from
Mars of unknown duration but likely to be at least 180 days
each way, and on the surface for about 500 days. The second
issue is how to provide a reliable water supply.

Crew water supply systems for a human expedition to
Mars are typically divided between internal water, hygiene
water (personal and cleaning), and toilet water. The crew
water requirement is typically stated as kg of water per
crewmember per day. The water requirement is important
because the daily requirement is multiplied by the number
of crewmembers and the number of days. If the requirement
were (for the sake of argument) 10 kg/CM-day, then the total
water requirement for a crew of six on the Mars surface for
500 days would be 10 x 6 x 500 = 30,000 kg. For a crew of
twelve as proposed by SpaceX, that would double. Providing
water for life support is an important, mass-demanding aspect
of a human mission to Mars.

The first question to ask is: What is the water rate
requirement to support the crew? There are several
references dating back over a couple of decades that provide
estimates of water requirements for a lengthy space mission.
Most of these references merely provide terse tables of
estimated requirements without discussion of how they
were estimated, or what scenarios were envisaged for the
daily life of crewmembers - and how the crew comfort,
health, psychological support, and efficiency of daily activities
might be affected at different levels of the water supply rate.
To estimate the water requirements for life support of the
crew on a lengthy Mars mission, one must list the various
ways that water is consumed for various functions such as
drinking, bathing, cleaning or cooking, and toilet, assuming an
appropriate scenario for crew life, activity and support.

An engineer might assume on paper that a crewmember
can go 500 days without a genuine shower, but what does that
really mean in terms of his quality of life, psychological state,
and ability to function under stressful conditions?
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Most of the estimates of crew water requirements in the
literature originated in an era when reducing mass was critical
to space missions. The allocations of water supply (kg/CM-
day) were typically sparse, and though astronauts are known
to endure privation, higher levels of supply might support a
more efficient and satisfying experience on a very arduous
(and risky) mission. With the recent advent of very large
launch vehicles at much lower cost per unit mass delivered,
the importance of reducing mass can be relaxed to increase
crew comfort and performance. The low levels of water supply
rate for the crew indicated a decade or two ago might now be
regarded as counterproductive and unnecessary.

The water supply for life support in transit from Earth to
Mars can be provided by either (1) providing the required
mass of water from Earth, or by (2) providing a much smaller
amount of water from Earth and using recycling of wastewater
to make up the difference.

The water supply for the stay on the Mars surface can be
provided by transporting the required mass of water from
Earth, or by (2) transporting a much smaller amount of water
from Earth and using recycling of wastewater to make up the
difference, or by (3) utilizing indigenous water from Mars, if it
is available at the landing site.

If recycling is employed, assuring adequate reliability
of the recycling system is of paramount importance. Use of
spares for recycling subsystems with limited lifetime might
be employed to improve the reliability of the overall recycling
system, but that entails significant logistic challenges to
implement repair or replacement. Furthermore, validating
reliability under realistic conditions on Mars before crew
arrival will be difficult.

It has typically been assumed that a recycling system for
wastewater would be functional on a human mission to Mars,
which would reduce the requirement for fresh new water
to perhaps 10% (or less) of the total required water supply
rate if the recycling efficiency were 90% (or better). Since the
mass of the recycling plant would be considerably less than
the mass of water saved, this was viewed as a necessary mass-
saving step. There are two problems with this. One is that
despite more than two decades of development and testing
on the International Space Station (ISS), it has proven very
difficult to develop a recycling system with sufficiently high
reliability to be acceptable for a long human mission to deep
space. Prospects for such a long-term reliable system remain
dubious. The second problem is that with the great reduction
in launch costs now underway, the possibility of delivering
some, or even all, the required water from Earth is no longer
beyond consideration. That would argue against the use of
recycling if it could be avoided.

If indigenous water can be found and processed on Mars
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in sufficient quantity, the need for recycling on Mars might be
reduced or even discarded [6]. However, recycling might still
be needed in transit to and from Mars. Rapp (2025) described
a potential first human mission to Mars using water from
Earth that does not require indigenous water from Mars and
might not require recycling [3]. Looking much further into the
future, it might not be necessary to send humans to Mars at all
if Al-powered robots can do the necessary work on the Mars
surface. In that case, the whole water problem is avoided.

All the above considerations depend on the scale of the
landing party, how far in the future the mission is carried
out, how long the landing party stays on Mars, technology
development between now and then, and any further
discoveries of accessible water on Mars. In this paper, we are
concerned with the first human landing on Mars, as described
by the DRA-6 mission concept.

The remainder of this paper is organized as follows. Section
3 provides the background of estimates of crew requirements
for water. Section 4 provides our current estimates of water
requirements, divided into three levels starting at the survival
level, and adding more water supply for a more satisfying and
productive astronaut experience. Section 5 discusses recycling
of wastewater, both the potential benefits and the challenges.
Emphasis is on the use of spares to improve reliability. Section
6 discusses the use of indigenous water from Mars. Section 7
discusses the potential to bring water from Earth. Section 8
ends with a summary and conclusions. Appendix 1 provides a
summary of many of Harry Jones’ published papers. His work
over two decades provides a wealth of information, providing
a foundation from which the present paper was derived.

Background for crew water requirements

Space mission designers deal with designing systems
to meet requirements. However, crew water requirements
for long-duration missions have not been clearly defined,
explained, and interpreted by NASA. We can hypothesize
that there is some rock-bottom level of daily water supply
rate required for survival. Several investigators provided
estimates for the survival-level water supply rate. Above that
level, any amount of additional crew water supply adds to
the comfort, convenience, and productivity of crew members.
How much additional daily water supply should be provided
in the mission is a matter of subjective opinion, but the impact
on mission success could be significant.

Any discussion of water for life support on Mars should
first discuss how much water is needed, based on what
privations would be endured at various restricted levels of
water supply in long missions. Several papers specify some
daily allocation of water (kg/CM/day), but they typically do
not explain how these estimates were derived or what level of
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comfort and/or deprivation for the crew would be associated
with any level of water supply. Before the last decade or two,
minimizing mission mass was important, and allocations for
providing the crew with water were meager.

Hanford (2004) provided tabular data, but like essentially
all such publications, it does not provide backup or support
for its estimates [10]. The data is given to 3 significant figures,
yet the figures are unlikely to be credible to at the very most
1.5 figures - if at all. It is not clear why he allocated zero to
dishwashing, and the laundry requirement seems excessive.
A later publication by Hanford suggested an exceedingly
generous 5.4 kg/CM/day for dishwashing [11]. Hanford
assumed that neither dishwashing nor laundry would be used
for an “early planetary base” but would be used for a “mature
planetary base”. Since even an early Mars base might entail
lengthy travel and ~500 days on Mars, it would seem to require
dishwashing and laundry. The tradeoff between throw-away
clothes and laundry was not discussed. If an allocation of
2.0 kg/CM/day is inserted for dishwashing, his daily total
becomes 11.7 kg/CM/day without laundry and dishwashing,
and 24.2 kg/CM/day with laundry and dishwashing (Table 1).

Allen et al. (2004) distinguished between potable water
used for drinking, food preparation (typically food rehydration
in prior missions), and oral hygiene [12]. Hygiene water was
primarily “for external use, such as body cleansing, and as with

missions [13]. For short missions, they merely provided
a single number of 2.7 kg/CM-day “assuming minimal
hygiene water”. This estimate appears low to this writer,
but astronauts are used to deprivation on the ISS. For longer
missions, they provided quantitative estimates of water usage
rates for potential five missions, but the only missions that
seem relevant here are the estimates for the Devon Island
Research Station Study and the “Mature planetary base”. This
data is provided in Table 3.

JoNes et al. (2015) provided a very optimistic estimate
of water usage for Moon or Mars bases based on references
before the year 2000 [14]. See Table 4. This estimate was used
again by Jones et al. in 2016 [15] and by Jones (2019) [16].

Perry etal. (2016) came up with the very optimistic 2.4 kg/
CM-day for drinking and hygiene [17].

Hoffman etal. (2017) provided data for a crew of four over
500 days, which can be converted to kg/CM-day [18]. See
Table 5.

Ewert and Stromgren (2019) provided estimates of water
usage based on Reference [19] as shown in Table 6 [20]. Their
estimates seem to neglect hygiene and washing.

Table 3: Estimates of water usage for Devon Island Research Station and a “Mature
planetary base”. (All figures in kg/CM-day)

the potable water, cannot be contaminated with high levels of Parameter Devon Island Mature planetary base
contaminants.” Table 2 summarizes their allocation of water Drinking water 2.6 2.0
allotted per crew member per day for different operational Food rehydration 10 05
states. It is difficult to interpret this table. The terms “off Total internal usage 36 25
. » “ « . . Urinal flush 0.5 0.5
nominal” and “degraded” are not clear. The “hygiene nominal” oral hei (0 5) 0
. . X K ral hygiene . .
figure seems high. This report provides hardly any context or Hand wash 06
backup for the cryptic table entries. Shaving, etc. 01
. . Shower 1.1 1.1
The 2015 NASA Life Support Baseline Values and Laundry 20 18
Assumptions Document provided “anticipated usage rates” for Dish wash 35 35
water for short missions (up to 30 days) and longer duration Total hygiene 83 7.3
Total Consumption 119 9.8
Table 1: Estimated water requirements for Mars [10].
Nominal water requirement kg/CM/day
oral hvei 04 Table 4: Estimate of water requirements for a Mars Base [14].
ral lene K
ve Requirement kg/CM-day
Hand/face wash 4.1
Urinal flush 05 Drinking and food preparation water 2.4
rinal rlus -
Urine flush water 0.5
Shower (1 per 2 days) 2.7
Wash water 1.3
Dish wash (2.0)
Drinkd 20 Total water 4.2
rinking .
Laundry 12.5
Table 5: Estimated water requirements by Hoffman et al. (2017) [18].
Table 2: Summary of Water Consumption per Crewmember for Operational States [12]. GEnCion Lzl & ey 00 Gy Mg/tiEcty
Laundry 14,660 7.3
. Water Consumed per 4
Type of Water Operation States Crewmember per Day (kg) Food hydration 1,070 0.5
Potable Nominal 5.2 Medical 107 0.1
Potable Off-nominal or otherwise degraded 2.8 Drink 4,280 2.1
Hygiene Nominal 23.4 Flush 134 0.1
Hygiene Off-nominal 8.2 Hygiene 856 0.4
Hygiene Degraded 5.4 Total 21,107 10.6
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Jones (2020) discussed life support requirements based
on experience with Space Station Freedom (SSF) and the
International Space Station (ISS) [21]. Jones began with the
results of Reference [10] with two modifications: (1) Since
Joneswas interested in delivering mass from LEO, he multiplied
the amount of water used by a packaging factor of about 1.2 to
obtain the mass that would have to be delivered from Earth. (2)
Jones attributed the data in Table 1 to design requirements for
SSF. He pointed out that the habitable conditions for ISS were
more stringent and the water allocations for showers, clothes
washing, and dishwashing were eliminated on ISS, claiming
that this reduced the water requirement to ~7 kg/CM/day.
He then distinguished between an ISS water requirement of 7
kg/CM/day and “a more comfortable Earthlike environment”
with a water requirement of 27.6 kg/CM/day. Obviously,
one can imagine a range of possible options for water
consumption on a Mars mission intermediate between the 7
kg/CM/day and the more luxurious Earth-like 27.6 kg/CM/
day, but it seems likely that a 900-day mission would require
“a more comfortable Earthlike environment”. Nevertheless,
Jones’ figure of 27.6 kg/ CM/day seems excessive by the high
laundry and dishwashing allocations recommended by some
predecessors.

Rapp (2024) compromised between the extremes defined
by Jones by adopting the figures shown in Table 6, with a
figure of 16.7 kg/CM/day [2].

Heldmann et al. (2022) provided this paragraph: [22].

“Based on space station experience, the amount of water
required (without recycling) is estimated at 0.6 kg/h/person,
which includes water for consumption, hygiene, and everyday
living. This estimate will be higher for a longer-term base
on Mars with fewer restrictions on water use such as using
more water for personal hygiene compared with current

Table 6: Estimate of water requirements for an 82 kg astronaut [20].

Requirement kg/CM-day
Drinking 2.8
Food preparation water 0.5
Food solids 0.8
Water in launched food 0.8
Total water 4.9

Table 7: Estimated water requirements for "a more comfortable Earth-like environment” [2].

Nominal water requirement kg/CM/day
Oral hygiene 0.4
Hand/face wash 4.1
Urinal flush 0.5
Shower (1 per 2 days) 2.7
Dishwash 3.0
Drinking 2.0
Laundry 4.0
TOTAL 16.7
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International Space Station (ISS) protocols, and/or allowing
more water for activities such as laundry and cleaning
dishes...” [22].

It is not clear whether this hourly requirement should be
multiplied by a 12-hour awake day or an 8-hour work period.
Therefore, the figure remains ambiguous. Since water on the
ISS was severely rationed, a rough guess is that they would
multiply 0.6 by about 8 hours to get 4.8 kg/CM-day.

Lutz and Fairhart (2022) based their estimate on a 2000
paper and came up with the same data used by Jones seven
years earlier, as expressed in Table 4. [23].

Estimated crew water requirements

Introduction

There doesn’t seem to be enough information to assess a
requirement for water supply to the crew of a long mission
of duration ~ 900 days. Therefore, we fall back on subjective
guesses corresponding to imagined quality of life at three
levels of water supply. Known water requirements for various
activities and operations on Earth provide rough measures
that are extrapolated to a space mission.

Experience on water usage on earth

The experience in water usage on Earth is summarized
below as derived from research on the Internet:

A highly efficient front-load washer uses 7 to 14 gallons of
water per cycle. If we assume 10 gallons, the mass of water
required per laundry cycle is 38 kg. If one might imagine doing
a laundry load every ten days, the average daily usage might
be around 3.8 kg.

An efficient dishwasher uses 12 kg per run. If a dishwasher
is run, say, every seven days, the daily water requirement is
1.7 kg.

The average American drinks about 1.3 kg of water per
day.

The average shower in the US uses about 65 kg of water
over an average duration of 8.2 minutes, or about 8 kg per
minute. My personal experience is that I can take a shower
in 2.5 minutes using about 20 kg of water. If a crewmember
on Mars was restricted to say, one 2.0-minute shower every 3
days, the water requirement would be about 5 kg/day.

The average US person uses 10-15 kg of water per day in
food preparation, but we might imagine that a crewmember
on Mars would get by with far less. A very rough guess is 3

kg/day.

For personal hygiene such as brushing teeth and shaving,
allow about 1 kg/day.
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Recommended water supply rates on Mars
The water supply can be divided into three groups:

Internal use (drinking water, food rehydration and
cooking)

Relatively clean use (oral hygiene, hand wash, shaving,
etc., shower)

Laundry or dish washing

It seems likely that crew activity during transit to and
from Mars will be highly restricted compared to activity on
Mars. The need for water will probably be less, particularly
for laundry.

a reduced water supply rate to provide for the crew, but with
more constricted conditions, is shown in Table 9. At this rate,
the total water requirement for a crew of six over 500 days
would be 6 x 500 x 8.0 = 24,000 kg. The requirement for one-
way transit would be 180 x 6 x 7.0 = 7,550 kg.

In the case of a significant mission problem on Mars, a
rough guess for a survival level is given in Table 10. At this
rate, the total water requirement for a crew of six over 500
days would be 6 x 500 x 4.3 = 12,900 kg.

A summary of water requirements for a crew of six is given
in Table 11.

Table 9: Estimated crew water requirements for reduced consumption

On Mars In Transit
Mars possesses about 38% of Earth's gravity. A standard Parameter kg/CM-day kg/CM-day
toilet relies on Earth's gravity and significant water volume to Internal Use
pull waste down and create a rapid siphoning effect. On Mars, Drinking water 13 13
the water would not generate enough gravitational force to Food rehydration and cooking 2.0 20
clear the bowl effectively, leading to sanitation backups and Total internal use 3.3 33
severe splashing. Therefore, toilets on Mars would much more Relative Clean Use
closely resemble zero-g space toilets rather than Earth toilets. Oral hygiene 0.1 0.1
Martian habitats will still rely on the same mechanical airflow, Hand wash 0.1 0.1
suction, and vacuum sealing used on the International Space Shaving, etc. 0 0
Station. However, one major improvement over zero-g toilets Shower 15 10
is that users would not need complex harnesses or foot straps Total Relative Clean Use 17 12
to stay anchored; Mars's gravity is just enough to keep you Use for Laundry or Dishes
sitting in the seat. Daily use of water for a toilet is zero. Laundry 20 L5
Dish wash 1.0 1.0
The estimated water supply for a well-provided crew Total Use for Laundry or Dishes 3.0 2.5
on Mars is provided in Table 8. At this rate, the total water Total Daily Consumption 8.0 7.0
requirement for a crew of six over 500 days would be 6 x 500 x
16.0 = 48,000 kg. The requirement for one-way transit would Table 10: Estimated crew water requirements for survival.
be 180 x 6 x 12.7 = 13,700 kg. Parameter kg/CM-day
Internal Use
If this mass requirement is problematic, a rough guess for Drinking water 13
Food rehydration and cooking 1.7
Total internal use 3.0
Table 8: Estimated Crew Water Requirements for a Well Provided Crew Relative Clean Use
On Mars In Transit Oral hygiene 0.1
Parameter kg/CM-day kg/CM-day Hand wash 0.2
Internal Use Shaving, etc. 0.0
Drinking water 1.3 1.3 Shower 0.0
Food rehydration and cooking 3.0 2.5 Total Relative Clean Use 0.3
Total internal use 4.3 3.8 Use for Laundry or Dishes
Relative Clean Use Laundry 0.0
Oral hygiene 0.5 0.5 Dish wash 1.0
Hand wash 0.6 0.6 Total Use for Laundry or Dishes 1.0
Shaving, etc. 0.1 0.1 Total Daily Consumption 4.3
Shower 5.0 3.5
Total Relative Clean Use 6.2 4.6 Table 11: Total water requirements for three levels of crew accommodation.
Use for Laundry or Dishes Kg of water for crew of 6 Kg of water for 180-
Laundry 3.8 2.8 Water supply for 500 days day transit
Dish wash 1.7 1.5 Well provided water supply 48,000 13,700
Total Use for Laundry or Dishes 5.5 4.3 Reduced water supply 24,000 7,550
Total Daily Consumption 16.0 12.7 Survival water supply 12,900 4,640
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Recycling wastewater — and use of spares
to augment reliability

Introduction

There are two basic Considerations in recycling water-
based wastes on a human mission to Mars. One is recovery
percentage, while the other is reliability. There is extensive
literature on recycling liquid wastes. Most of the work seems
to emphasize increased recovery percentage. An exception is
a series of papers by H. W. Jones and colleagues over twenty
years [24]. (See Appendix 1). In addition, Owens et al. (2020,
2021) developed complex mathematical analyses of reliability
to reduce the mass requirement, but it was not clear to this
writer how to derive pragmatic results from the mathematics
[25,26]. The major problem is not in the mathematics, but
rather a severe lack of measured failure rate data, and a major
NASA management problem: lack of interest.

With the recent advent of large-scale launch vehicles
bringing down the cost of launching material into space, the
economics of recycling water waste on human missions to
Mars is changing. Instead of seeking to get higher closure
on recovery of wastewater, the present compelling need
is for ultra-high reliability, while recovery percentage has
diminished in relative value. A system with 80% recovery
and 99+% reliability is valuable, while a system that has 99%
recovery and 90% reliability is not useful.

After thirty or more years of NASA work on recycling
systems for long-duration missions, it is still not exactly clear
how NASA plans to improve or even measure reliability.
Reliability is measured by the probability that the system will
function as required for the duration of a mission, and that is
all well and good, but how do you validate that in advance of
a mission?

Each of the subsystems might be tested separately and the
overall probability of survival after any period might be taken
as a product of probabilities. It is not clear how to generate
the wastewater inputs to these testing systems and whether
those inputs accurately resemble those that would occur on
Mars. Would test crews be living in imitation of Mars on Earth,
generating wastes over several years? And is testing in 1 g or
0 g adequate to infer reliability at 0.38 g? This is a usual first
step in estimating system failure rate, and it is well known
to be wrong, to give only a lower bound on failure rate, since
many failures are due to integration problems and show only
at the system level. To accurately determine their reliability
and their requirement for maintenance and spares, Mars
systems would have to be tested for several times the mission
length in both 1 and 0 g.

The wastewater recycling systems on the international
space station

The ISS Water Management System (WMS) on the

Section of Mechanical & Industrial Engineering

International Space Station (ISS) has been in operation for
a few decades. There are merits and faults to WMS on the
ISS, but the experience that frequent repair or replacement
of components and subsystems was necessary indicates a
significant level of unreliability [27]. Highly reliable recycling
systems do not yet exist.

A recent update on the ISS WMS was provided by
Williamson et al. (2024) [29]. This article provided important
information regarding operations of the ISS WMS. The water
usage rate on the ISS was minimal for short-term occupancy: a
mere 1.5 kg/CM-day - that would fall far short of adequacy for
long-term missions. Nevertheless, the design of the system is
representative of a hypothetical system that might serve Mars
missions.

The ISS WMS is a system that comprises more than twenty
subsystems, each of which is replaceable or repairable in case
of faulty or terminated operation. The scale of the ISS WMS
is production at 9 kg /day, which is about 10% to 30% of the
scale needed for a crew of six on Mars, depending on the level
of comfort provided in the Mars mission.

Over three decades of operation, occasional breakdowns
occurred, necessitating repair or replacement operations,
implemented by crew activity. Over the years, improvements
were made in several subsystems and components that were
used as replacements. Nevertheless, the ISS WMS is not a
system that is turned on and runs continuously. It requires
frequent servicing, some routine, with occasionally a major
repair or replacement. The duty cycle was increased from
20% to 33% from 2020 to 2023 [28]. About 800 kg of backup
water is stored in reserve on the ISS (about 90 days equivalent
backup). In some ways, one could argue that the water backup
is enough to provide the meager allotments of water allowed
to the ISS crew, and the ISS WMS is a testbed for improving
subsystems and components.

The technologies involved in the ISS WMS can be taken as
a starting point to develop a more reliable and robust system
design. To that end, Jones and co-workers published a series
of papers analyzing the use of redundancy and spares to shore
up the reliability of a fragile system. (For example, references
[29-31]).

Broyan et al. (2021) provided a summary of NASA plans
for developing advanced closed life support systems [32].
And while “reliability” was mentioned in about 20 places in
the document, these statements only emphasized NASA’s
awareness of the need. No data was presented, nor was a plan
to achieve and measure reliability even defined. It is not clear
what level of reliability will be needed for a human mission to
Mars, or how reliability would be measured.

Broyan et al. (2021) said:

“Advanced ECLSS technology must do more than simply
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perform well - it must perform reliably and maintain a safe
environment for the crew throughout the entire mission. In
addition, the reliability, maintainability, and supportability
of the system must be well understood to enable informed
mission planning, including risk assessment, maintenance
planning, and logistics and spares allocations.”

“After more than a decade of on-orbit operational
experience, ECLSS “Orbital Replacement Units” (ORU) failure
rate estimates still exhibit high uncertainty.”

“Accurate failure rate estimates are important for crew
safety, and precise failure rates are important for reducing
spares mass requirements... “

It was claimed the data from failures on the ISS help define
the need for spares on Mars:

“Operational experience from the ISS or other on-orbit
platforms provides a valuable data source for estimating the
failure rates of items with flight heritage. For example, ECLSS
operational experience on the ISS has already enabled a multi-
ton reduction in the spares mass required for a Mars mission
by reducing uncertainty and correcting overestimated failure
rates, while simultaneously reducing risk by identifying and
correcting underestimated failure rates.”

“ECLSS operational experience on the ISS has already
enabled a multi-ton reduction in the spares mass required
for a Mars mission by reducing uncertainty and correcting
overestimated failure rates.”

The ISS provides a testbed for testing water processing
schemes against human life emanations in zero gravity.

Presumably, proving reliability would involve some
combination of lab testing and validation on Mars. But how
many parallel systems would be tested in the lab with what
human inputs for how long, and how can you test on Mars with
humans without a proven system prior to landing a human
crew? There seems to be a built-in incompatibility:

Reducing recycling risk by using spares

Before entering upon a discussion of how best to employ
spares to improve reliability of WMS, it is useful to first
mention the pragmatic difficulties. Presumably, replacing a
subsystem on a WMS involves disconnecting and reconnecting
some plumbing and electrical connections. This is presently
carried out on the ISS by crewmembers. If one attempted to
validate the lifetime of a WMS utilizing spares, that would not
only require human wastewater inputs to the WMS, but also
either humans or very capable robots to install replacements
or make repairs. The WMS could not be tested on Mars prior
to human landing. Presumably, while on Mars, crewmembers
would make repairs or replacements. That would entail one
more burden of duties for them. In addition, it is not clear how
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a WMS shuts down when one subsystem fails, and whether
damage might occur in other subsystems because of the
shutdown. Ideally, the system would simply stop running,
allowing repair or replacement, followed by a new startup.
There again, it is not clear what preparation is needed prior
to startup when the various subsystems might be in various
non-equilibrium states at the outset.

We now proceed to estimate the theoretical benefits from
spares.

Basically, the problem is defined as follows:

N = number of connected subsystems in the recycling
system, failure of any of which causes the entire system to fail.

p = probability of failure per subsystem for duration of the
mission (assumed same for all subsystems and components -
but could easily be generalized)

C = number of copies of the subsystem = original + number
of spares

P = probability of failure of the overall system for the
duration of the mission

Q =1 - P = probability of success of the overall system

Presumably, the values of p for any subsystem would
be obtained empirically by testing it on the ISS as part of
the recycling system on the ISS in zero gravity. However,
considering application to a 500-day Mars mission, that
would entail testing a statistical number of identical serial
subsystems, each for > 500 days on the ISS. That would require
an extended research project over more than a decade with
frequent visits to the ISS and many repair and replacement
activities by the ISS crew. It might be possible, but the logistics
and the cost would cast a shadow over the whole enterprise.
Even then, one would have to assume that operation in zero g
is comparable to operation in 0.38 g.

But, regardless of how much time and resources are
invested in testing subsystems and components on the
ISS for a long period, would we ever have sufficient data to
allow a human crew to depend on an integrated system from
these subsystems, in a different environment and a different
gravity? That seems doubtful.

Nevertheless, if we had “p” data for each subsystem and all
subsystems operated independently of one another, we can
proceed with a calculation of probabilities of system success/
failure (P and Q) from p and C.

Assuming the overall system fails if any single subsystem
fails, and each subsystem has C redundant units available for
replacement, each individual subsystem has a probability
of failure p. Therefore, the probability that an individual
subsystem succeeds (does not fail) is (1-p).

July 27, 2026 - Volume 4 Issue 7



ISSN 2995-8067

DOI: 10.61927/igmin353

It is assumed that a subsystem with C equivalent units
functions if at least one of its units works. The activity of a
subsystem only fails if all C equivalent units fail. Because
we assume that failure occurrences are independent, the
probability that all C units fail is p¢. Therefore, the probability
that at least one unit succeeds is (1 - p©). Here, it is assumed
that if a subsystem fails, the entire system shuts down for a
short period. If a spare is available, it is used to replace the
failed subsystem and the overall system resumes, losing a
negligible amount of operating time. (This is theoretical. No
description is given of how replacements are made). If no
spare is available, the overall system shuts down and stays
shut down.

The assumption that the probability that all C units fail
is p® is an approximation that underestimates the benefit of
spares for sequentially installed spares. A cold spare installed
late in the mission does not experience the same operating
time as the original unit. These results assume that all the C
redundant units have the same probability of failure, which
is true if all are continually operating. If only one is operating
and the others are not used until the operating one fails, the
redundant units have a lower probability of failure, and the
system reliability improvement is greater than given by the
calculation. This calculation provides a minimum for the
improvement in reliability induced by spares.

Since the system requires all N subsystems to operate
successfully, the overall system's probability of success is the
product of each subsystem’s success probability.

e Probability of system success = Q = (1 - p©)™.
¢ Probability of system failure =P =1 - (1 - p©™.

For an example where N = 10, p = 0.01, C = 1, the proper
formula provides:

P=1-(1-p9¥=1-(1-0.01)°=0.096

The probability of system failure is much higher than the
probability of failure of any single unit. If you add one spare to
each unit, C = 2, and the result is:

P=1-(1-p9¥=1-(1-0.0001)=0.001

Addition of a single spare to each unit reduces the overall
system probability of failure from 0.096 to 0.001. Note that the
overall system probability of failure without spares is a little
less than 10 times p. When one spare is added to every one of
the 10 subsystems, the overall system probability of failure is
10 times p? That is because the probability of two equivalent
subsystem failures is p”2, and there are ten possibilities for
this to occur.

Figure 1 shows the dependence of the probability of
system failure vs. number of spares for various values of pat N
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Probability of a System of Ten Units (Each Composed of Redundant Parts)
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Figure 1: Dependence of the probability of system failure vs. number of spares for
various values of p at N = 10. The results are similar for N = 20.

=10. The results are similar for N =20. For example, a set of 10
subsystems with 95% probability of survival per subsystem
has an overall system probability of survival of 99.9% with
three spares per subsystem.

The main problem with this model is that some subsystems
might not be independent (as assumed).

Suppose one subsystem doesn’t randomly fail with a
probability p but fails with certainty in a narrow range of
lifetimes around t, and the mission duration is t, > t,. In this
case, using (t, /t,) spares for this subsystem, the probability of
success of this subsystem approaches unity, and one can use
the previous formalism for the remaining N-1 subsystems.

Suppose a subsystem doesn’t randomly fail with a
probability p but fails with certainty in a lifetime of t, and the
mission duration is t, < t,. In this case, no spares are needed
for this subsystem, and one can use the previous formalism
for the remaining N-1 subsystems.

Suppose that two subsystems are coupled so that if one of
them fails, the other will also. In this case, it is assumed that
the overall system shuts down before the coupled subsystem
is affected. If a spare is available for the failed subsystem, it
replaces the failed subsystem and the overall system resumes.
If no spare is available, the system stays shut down.

In addition, Jones (2012) discussed “common cause”
(CC) failures, and how these can impact attempts to improve
reliability [33]. As Jones pointed out, one form of CC failure is
when there is a built-in design flaw so that the original and
the spares all fail at the same time, making the spares useless.
Another is when the original fails by explosion, damaging or

July 27, 2026 - Volume 4 Issue 7



ISSN 2995-8067

DOI: 10.61927/igmin353

destroying the adjacent spares. While these factors apply to
space systems in general, it is not clear how this relates to
water processing. However, none of Jones examples were
related to wastewater processing.

One might also wonder whether, in the case of a subsystem
failure, a reconfiguration might be possible, allowing some
limited processing?

Summary for recycling

The mass of water required for life support on a human
mission to Mars is considerable. In the era of much higher
launch costs, recycling was adopted for Mars mission design
as a means of reducing launch mass. The need for recycling
is diminishing in the era of lower launch costs, as will be
discussed in Sections 6 and 7.

The ISS served as a testbed for recycling systems (in zero
g) for a couple of decades. The overall system works, but the
subsystems require quasiperiodic repair and replacement,
implemented by crew. The reliability of these systems is not
adequate for a human mission to Mars. Jones (2012) contends
that the cost to develop them further to a state of much higher
reliability would be far greater than using spares to back up
subsystems with limited lifetime [34].

The statistical arithmetic of the probability of success/
failure from using spares to back up subsystems with limited
lifetime is worked out, and the improvements from use of
spares are impressive. However, the logistics of utilizing
spares present significant challenges. The system ought to
be proven on Mars prior to launch of the human crew, but
you need feed from a human crew to validate the system.
Furthermore, repair and replacement by robots would have
to be developed - another challenge.

The need for recycling on the surface of Mars might be
obviated if water supply can be brought from Earth, or if
indigenous Mars water is available at the landing site.

The need for recycling in transit will depend on whether
the mass of the water supply can be included in the payload of
a large launch vehicle.

Utilization of indigenous mars water supply

The advent of new, huge, lower-cost launch vehicles
such as the SpaceX Starship changed the traditional central
theme of Mars missions from minimizing mass to utilizing
mass to expand mission scope and reduce risk [2-4]. SpaceX
proposed human missions to Mars of far greater scope than
had heretofore been considered feasible [3,5,17,18,22]. The
SpaceX mission concept takes a Starship from LEO to the Mars
surface and returns that same Starship from Mars to LEO when
the mission is completed. The ~ 100-ton Starship requires
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about 700 tons of propellants to depart Mars for LEO, and
the propellants are made from atmospheric CO, and putative
water ice accessible in the Mars near-surface. About 315 tons
of Martian water ice is required. Most of the discussion of the
mission focuses on propellant production from Martian water;
water for life support might as well be included.

Heldmann et al. (2022) outlined a human mission to
Mars based on the SpaceX Starship in which they proposed
an optimistic campaign to locate and characterize putative
accessible ice resources near a potential landing site [22].
Such a campaign would involve a series of observations
from orbit and on the surface, leading to in situ validation
of the accessibility. They did not specify the latitude of the
putative landing site, but it would likely be at or higher than
40°N. While some parts of a water acquisition, storage, and
distribution system might be validated prior to arrival of the
crew, this approach is still hampered by a “chicken and egg”
problem: You don’t want to send the crew to Mars without a
validated water supply in place; You can’t validate the water
supply without using humans carrying out the installation
and operations. In some SpaceX press releases, they implied
the water supply would be built by the crew on Mars, but this
appears to be far too risky to consider seriously.

The choice of landing site for a human mission to Mars is a
very important decision, primarily based on the architecture
for return from Mars [7,35]. If propellants for ascent and
return to LEO must be produced from indigenous H,0 deposits
on Mars, that limits potential landing sites to regions where
accessible H,O is likely to be found, typically latitudes at
40°N or higher [6]. The mission proposed by SpaceX requires
several hundred tons of indigenous Mars H,0 for propellant
production, and if that mission architecture is chosen, all
the water needed for life support might as well be included
in the ISRU production system [3]. In that case, the whole
problem of recycling wastewater is avoided. While there are
good reasons to prefer a more equatorial site, if the mission
requires indigenous H,0, landing at a higher latitude would be
necessary. The NASA community seems to have adopted the
use of putative indigenous water ice on Mars as a necessary
compromise [7,22,35]. The NASA community has shown a
very optimistic view of the potential availability of accessible
water ice on Mars, as evidenced by published papers claiming
available water ice [6], landing site proposals [7], and mission
designs [22]. In contrast, Rapp and Englevakis (2025) were
less optimistic for available water on Mars in the near-term

[6].

Establishment of an ISRU system on Mars to produce
hundreds of tons of water for propulsion and life support
provides major challenges. These include:

e While indications from orbit are suggestive, no
reasonably accessible H,0 at scale on Mars has been
proven to exist on Mars at an acceptable latitude.
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e A campaign to discover and verify accessible H,0
on Mars will be long and expensive. The 26-month
interval between launches is problematic.

e The physical plant to process accessible H,0 on Mars
and produce and store hundreds of tons of ascent
propellants and crew water supply must be completely
robotic because the crew should not depart Earth until
ascent propellants and crew water supply are in hand
on Mars.

With the emergence of huge launch vehicles at much
lower cost per unit mass to orbit, enthusiastic postings on
the Internet advocated greatly expanded human missions to
Mars, including settlements, outposts, and cities. Widespread
optimism for easily accessible water ice on Mars helped fuel
this optimism [6,7,35]. If these futuristic visions ever come
to pass, the need for recycling might disappear. However, the
practicality and affordability of such imaginative missions is
highly questionable [3,5,6]. Availability of accessible water on
Mars remains uncertain despite the widespread optimism [6].
It is not clear whether NASA has the budget or determination
to provide ground truth to inferences based on observations
from orbit.

Case for bringing water from earth

Jones (2023) pointed out that in the era of high launch
costs (prior to about 2010-2015), deep space missions
were designed to minimize launch mass. Jones (2023) was a
landmark paper that goes beyond life support regarding the
impact of new launch vehicles on mass considerations for
designing space missions [4]. While a major change in the
economics of deep space missions was taking place as launch
costs plummeted, mission designers lagged. By the 2020s,
launch costs had dropped by up to a factor of 20 or so, and the
trade between bringing resources from Earth vs. recycling or
ISRU had changed remarkably. Jones (2023) now argued that
“taking it rather than making it”, as he put it, was no longer
obviously in favor of “making it”.

Jones (2025) [24] concluded that greatly reduced launch
costs make direct supply

“... less expensive than recycling for all projected future
human missions. Direct supply uses flight proven tanks and
cannisters that are much simpler, cheaper, and more reliable
than recycling systems... Space life support should be designed
to have very high reliability and minimum risk. Achieving
high reliability requires using direct supply life support and
precludes using complex undependable recycling systems.”

Rapp(2025)outlinedareduced missionarchitecture (“DRA-
6”) for the first human landing on Mars that does not require
indigenous H,0 on Mars [3,35]. With this mission design, the
landing site could be chosen at an equatorial latitude if other
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requirements are met. Such a simplified mission architecture
is likely to be more affordable and practical in the short run
than one requiring bringing a massive Starship home from the
Mars surface. Other requirements for choice of landing site
such as elevation, slope, winds, rock abundance, and radar
reflectivity still apply [7]. Providing water for crew life support
in this architecture is likely to be possible without recycling,
or possibly with limited recycling of one of the cleanest water
streams. A survival-level water supply for 500 days (12.9
tons) on Mars could easily be included in the 100-ton manifest
of the Starship delivering material to Mars. Furthermore, it is
possible that even the 24-ton water supply for the “reduced”
water usage plan could be included in the 100-ton payload.
Then, recycling of hygienic and cleaning water could be used
to augment the water supply to further enhance the quality
of life of the landed crew. There would be no requirement for
indigenous Mars H,0 with all the difficulties, challenges, and
restrictions of landing site inherent in that system. Recycling
would either be avoided or limited to hygienic and cleaning
water.

Summary and conclusions

Previous estimates of the required water supply for crew
life support in a deep space mission such as a human mission
to Mars were generated in an era where saving mass was
critical, and the allocations of water supply to the crew were
skimpy. Here, we provide new, updated estimates of suggested
water supply flow rate to support human crews on deep space
missions in an era where available mass is more plentiful. The
total mass of water required for a mission is significant, but
feasible in the era of huge launch vehicles like the Starship.

Our estimates were divided into three levels: well-
provided, reduced, and survival levels. The well-provided level
is recommended for best productivity and equanimity of the
crew. It is recommended that, as a minimum, survival level
water should be brought from Earth to provide near-100%
assurance the crew will survive in the event of failure of other
systems. Bringing reduced levels of water supply from Earth
ought to be feasible for initial human missions to Mars [3].

The recommended crew water supply rate is as follows:

Water supply Kg/CM-day on Mars Kg/CM-day in transit
Well provided water supply 16.0 12.7
Reduced water supply 8.0 7.0
Survival water supply 4.3 4.3

For a 500-day stay on Mars and a 180-day transit, the total
water supply is as follows:

Water supply Kg of water for crew of 6 | Kg of water for 180-
for 500 days day transit
Well provided water supply 48,000 13,700
Reduced water supply 24,000 7,550
Survival water supply 12,900 4,640
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Bringing water from Earth is the best way to supply
crew requirements for limited missions [3]. For futuristic
missions of great extent, either recycling or, more likely, use
of indigenous water from Mars would undoubtedly be needed.

Recycling of wastewater is widely believed to be needed for
crew water supply for a deep space mission such as a human
mission to Mars. The ISS served as a testbed for recycling
systems (in zero g) for a couple of decades. However, the
subsystems require quasiperiodic repair and replacement,
implemented by the crew. The amount of time required by
the crew is significant. The reliability of these systems is not
adequate for a human mission to Mars. Jones (2012) contends
that the cost to develop them further to a state of much higher
reliability would be far greater than using spares to back up
subsystems with limited lifetime [34].

Additional information on recycling is available from the
following references. Jones estimated that the additional
mass of spares for ultra-reliability is approximately equal to
the original system mass, provided that the original system
reliability is not too low [36]. Jones (2010) further added to
the discussion of using spares to improve survival probability
for a lunar habitat with resupply [37]. Jones (2012) described
a deep space life support system design approach that uses
either storage or recycling or both together [38]. Jones (2014)
pointed out that as experience with recycling on the ISS
accumulated, improvements were made in the subsystems
that gradually improved reliability, but not enough to assure
adequate lifetime for a lengthy mission to Mars [39]. Jones
(2015) compared costs for recycling to costs for resupply.
This is only applicable to missions in Earth orbit or the Moon,
but not Mars because resupply is not an option for Mars [40].
Jones (2015) claimed that it will be “far too expensive” to
develop a life support system with adequate reliability for a
deep space human mission [41]. Jones (2017) emphasized
that a human mission to Mars will require highly reliable
life support systems [42]. The number of spares required to
achieve a given reliability goal depends on the component
failurerate. The limitations of budget, schedule, and technology
make achievable reliability uncertain. Jones (2021) pointed
out that in addition to reliability, which usually pertains
to lifetime under steady-state conditions, robustness and
resilience should also be considered for life support systems
[43]. As Jones said, robustness is the capability of performing
without failure under a wide range of conditions, which
can go beyond the expected range to include possible off-
nominal conditions. Resilience is the ability to recover from
or adapt to unanticipated damaging events, such as failures,
accidents, external disruptions, and repurposing. Reliability,
robustness, and resilience describe dependable performance
under increasingly difficult conditions, first the specified
environment, then a wider possible environment, and finally
unanticipated damaging conditions. These three qualities are
increasingly desirable and increasingly difficult to achieve.
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The statistics of probability of success/failure from using
spares to back up subsystems with limited lifetime are worked
out, and the improvements using spares are impressive.
However, the logistics of utilizing spares present significant
challenges. The system ought to be proven on Mars before
launch of the human crew, but you need feed from a human
crew to validate the system. Humans shouldn’t land on Mars
without a proven recycle system in place, and a recycle system
can’t be validated on Mars without a human crew to provide
inputs.

The need for recycling on the surface of Mars might be
obviated if water supply can be brought from Earth, or if
indigenous Mars water is available at the landing site. Current
NASA plans for a human mission to Mars require a large source
of indigenous H,0, and NASA planning is optimistic that such
can be found around 40°N latitude [7,22]. However, Rapp and
Inglevakis (2025) provided a less optimistic view of water
accessibility [6]. Rapp (2025) described a simplified, limited
first human mission to Mars that does not require indigenous
water and might not require recycling [3]. This certainly ought
to precede any attempt to utilize indigenous water on Mars.

The need for recycling in transit will depend on whether
the water supply can be included in the payload of a large
launch vehicle.

Providing the crew water supply for a deep space mission
such as a human mission to Mars is not an exact science. The
requirements are somewhat subjective, and the potential
means to provide the required water depend on the scope of
the mission. If possible, bringing water from Earth is the best
by far. For missions of great scope where that is not possible,
neither recycling nor use of indigenous H,0 on Mars has been
developed adequately. Such missions of great scope might not
be feasible or affordable for a considerable time.

In this report, we have uncovered two instances where
technical approaches might appear attractive in principle but
implementing them in practice does not appear to be feasible
because there is a “catch-22” or “experience paradox”.

In one case, the concept is to recycle wastewater to reduce
the water demand for life support of the crew. The problem
in implementing this is that it would be risky to send a crew
to Mars relying on this system for life support if there was
no prior proven end-to-end system validated on Mars using
representative human water intake and effluents. But it would
require humans on Mars to validate such a system, so you
require humans on Mars to validate a system that supports
humans on Mars.

The second case involves proposed use of indigenous
water on Mars. If the mission provides life support water
from indigenous Mars water sources, it would be required
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that life support water be acquired and stored on Mars before
crew departure from Earth. But installation and operation
of the water acquisition system on Mars would require crew
participation, so there is a “catch-22" or “experience paradox”.

A summary of findings for different options is given in

Table 12.
Table 12: Summary of pros and cons for providing water to crew on missions to Mars.
. Survival supply . Pure in situ
Direct supply et Pure recycling water ice
Mass High Medium Low Medium
Complexity Minimal High High Very high
Crew safety High High Lov‘v without Lov-v without
survival supply | survival supply
Maintenance Low High High Very high
System cost Low High High Very high
Techr}ology High Low Low Very low
readiness
Potential for . . .
expansion Low High High Very high
Landing
site latitude None None None > 40°N
constraint?
Overall Best (pos'sd')le for Good Limited Future
small missions)
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