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Abstract Sustainable water management is a critical challenge in space exploration, where the limited
availability of resources requires innovative approaches to ensure astronauts' survival on long‐duration
missions. This narrative review explores the key technologies and methods involved in water recycling, in situ
resource utilization (ISRU), and bioregenerative life support systems (BLSS) essential for supporting human
life in space. The Environmental Control and Life Support System (ECLSS) aboard the International Space
Station has demonstrated significant progress in recycling water from urine, sweat, and humidity, achieving up
to 93% recovery. However, challenges remain in reducing energy consumption, improving system durability,
and ensuring water quality. ISRU technologies, particularly those aimed at extracting water ice from lunar and
Martian environments, offer promising solutions for future missions, but they must overcome scalability and
logistical hurdles. This review also highlights the potential of nanotechnology and AI‐driven autonomous
systems in enhancing water purification and management. Nanomaterials like graphene oxide membranes could
revolutionize filtration efficiency, while AI could optimize real‐time water quality monitoring and recycling
processes. As space agencies push toward establishing colonies on the Moon and Mars, the development of
sustainable, closed‐loop water systems will be pivotal to the success of these missions. Continued research and
innovation are essential to ensuring water resources are efficiently managed for long‐term human presence in
space.

1. Introduction
Water is a critical resource for sustaining life, both on Earth and in the context of long‐term space explo-
ration. Beyond hydration and hygiene, water is essential for oxygen generation, food production, and other
life‐supporting processes necessary for human survival. As space agencies set their sights on colonizing
celestial bodies like the Moon and Mars, managing water resources becomes paramount. The logistical
challenges of transporting water from Earth are considerable, with estimates suggesting that sending just one
kg of water to low Earth orbit (LEO) can cost tens of thousands of dollars, and costs increase exponentially
for more distant missions (CSIS Aerospace Security Project, 2022; Ma et al., 2024). For instance, transporting
cargo to Mars can cost up to $50,000 per kilogram, and rockets' limited payload capacity further restricts the
cargo that can be carried on each mission (Puumala et al., 2023). As a result, developing sustainable water
management systems is critical to ensuring the success of extended space missions and future off‐Earth
colonies.

The environments of the Moon and Mars present significant challenges for water management due to extreme
conditions, low gravity, and the lack of readily accessible liquid water (Puumala et al., 2023). For instance, the
Moon experiences extreme temperature fluctuations, with temperatures reaching 127°C (260°F) during full sun
and temperatures plummeting to − 173°C (− 280°F) during darkness. At the same time, the gravity is just one‐
sixth that of Earth (NASA, 2024b). Similarly, surface temperatures on Mars go as low as − 153°C (− 225°F)
and as high as 20°C (70°F) with an average of − 63°C and gravity around 60% lower than the Earth
(NASA, 2024a). Despite these harsh conditions, the discovery of water ice in the regolith of both celestial
bodies offers a potential water source for future missions (Pickett et al., 2020). However, one of the challenges
in utilizing these local water sources is the uncertainty surrounding the quality of subsurface water, which may
contain high levels of perchlorates, toxic salts and metals, or harmful organic compounds (Puumala et al., 2023).
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Therefore, advanced extraction and purification systems will be necessary to make these water sources usable for
human consumption and life support systems (Pickett et al., 2020; Puumala et al., 2023).

Space missions like those aboard the International Space Station (ISS) rely on closed‐loop life support systems for
water recycling. The ISS uses independent and simultaneous water treatment systems to recycle wastewater,
including urine, condensate, and hygiene water (European Space Agency, 2019). However, these systems face
several technical challenges. For example, the altered chemical composition of wastewater in space, particularly
urine, with its higher calcium concentration, poses a risk of calcium carbonate deposits forming on surfaces,
leading to corrosion (Ma et al., 2024). Additionally, current systems achieve about 90% water recovery from
urine, highlighting the need for more efficient technologies to maximize water reuse (Ma et al., 2024). Therefore,
future water management systems must address these challenges by improving water recovery rates, reducing
energy demands, and utilizing in situ resources. In‐situ resource utilization (ISRU), which involves harvesting
water from extraterrestrial sources such as lunar or Martian ice, offers a promising solution to reduce reliance on
Earth‐bound resources (Michel et al., 2023; Starr & Muscatello, 2020). However, the extraction and purification
of extraterrestrial water come with technical and logistical challenges, including the need for specialized
equipment to access and process water reserves buried in regolith (Rapp & Inglezakis, 2024).

To address the significant energy demands of these extraction and purification processes, solar energy utilization
in Sustainable Water Systems (SWS) can be realized by photovoltaic (PV) and photothermal conversion, each
presenting distinct benefits for tackling water‐related issues. Photovoltaic systems generate clean electricity for
water pumping, desalination via reverse osmosis or electrodialysis, and powering sophisticated treatment
methods such as photocatalysis and filtration, rendering them appropriate for decentralized applications in rural
and off‐grid areas (Ahmad & Schmid, 2002). Conversely, photothermal systems directly transform solar radiation
into heat for applications including solar distillation, multi‐effect desalination, membrane distillation, and water
pasteurization, with innovative photothermal materials such as carbon‐based absorbers and plasmonic nano-
structures markedly enhancing evaporation efficiency. Hybrid PV‐thermal solutions augment sustainability by
concurrently producing electricity for pumping and operating treatment units, while providing thermal energy for
desalination or disinfection, thereby enhancing total efficiency and resource usage (Ahmad & Schmid, 2002).
These methodologies enhance the circular water‐energy nexus, diminish reliance on fossil fuels, and conform to
global sustainability objectives, while advancements in sustainable materials and decentralized designs guarantee
accessibility, resilience, and minimized environmental impact. Recognizing the critical role of this water‐energy
nexus in enabling long‐term habitation, this review evaluates these integrated technologies. Thus, this review
aims to provide a comprehensive analysis of sustainable water management technologies for space exploration,
focusing on current water recycling systems, advancements in filtration and purification, and the potential of
ISRU for water extraction in off‐Earth environments. As space missions extend in duration and distance, ensuring
a reliable and sustainable water supply will be key to the success of human space exploration and the estab-
lishment of permanent habitats beyond Earth.

2. Water Recycling Technologies
In the context of space exploration, water recycling is essential because of the prohibitive costs associated with
transporting water from Earth. With estimates suggesting that it costs thousands of dollars to send just one L of
water into LEO (Colvin et al., 2020), the need for highly efficient water recovery systems becomes clear. As
missions aim to extend the human presence beyond Earth to the Moon, Mars, and other celestial bodies,
developing closed‐loop systems that can recycle and purify water from waste is critical for sustainability. NASA's
Environmental Control and Life Support System (ECLSS), used aboard the ISS, represents the forefront of water
recycling technologies (Verbeelen et al., 2021). This system is designed to recover up to 93% of water from
various waste streams, including urine, sweat, and atmospheric humidity, making it a vital technology for long‐
duration space missions (Maciolek & Best, 2019; Stromgren et al., 2022).

2.1. ECLSS Overview

The ECLSS is a sophisticated life support system designed to ensure the continuous availability of clean, potable
water aboard the ISS (K. Yang et al., 2021). It integrates several sub‐systems to recycle water and maintain a safe
living environment for astronauts. Two key components of the ECLSS are the Oxygen Generation Assembly
(OGA) and the Water Recovery System (WRS), which allow humans to live safely in space (Lee et al., 2021).
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These systems play critical roles in waste and water management and oxygen production. The WRS recycles
water from various sources, including urine, sweat, and cabin humidity (Zea et al., 2020). The WRS processes
wastewater using a multi‐step approach, beginning with filtration through multi‐filtration beds and ion‐exchange
systems. These components remove organic contaminants, particulates, and unwanted ions from the wastewater.
Catalytic oxidation is then employed to neutralize trace contaminants, ensuring the recycled water meets the
stringent safety standards required for human consumption. This system, which enables water recovery,
dramatically reduces the need for new water supplies from Earth, making it a key component of long‐duration
missions (Stromgren et al., 2022).

In addition to water recycling, the OGA uses water to generate oxygen for astronauts. The OGA relies on
electrolysis, which splits water molecules into hydrogen and oxygen (Takada et al., 2019). Oxygen is then
delivered to the cabin atmosphere for crew consumption, while hydrogen is vented into space or repurposed for
other chemical processes. For example, the hydrogenation of carbon dioxide using ruthenium nanoparticles in
ionic liquid media achieves a 69% methane yield, a potential fuel source for future missions (Melo et al., 2016).
Although the OGA ensures a stable oxygen supply, the energy required to sustain these processes remains
challenging, prompting ongoing research into more energy‐efficient methods. Furthermore, research by Narita
et al. (2015) shows that the photochemical mechanism by titanium (IV) oxide (titania) is capable of producing
abiotic oxygen from liquid water under near ultraviolet (NUV) lights on the surface of exoplanets.

Despite the successes of the ECLSS, its systems are still energy‐intensive, with an energy demand of around
9.6 kW, with the OGA consuming approximately 3.2 kW (33%; Akay et al., 2022) and facing technical challenges
(K. Yang et al., 2021). Filters used in water recovery systems, for example, can become clogged over time due to
the accumulation of waste particles. Additionally, the life spans of filtration membranes are limited, requiring
regular maintenance and replacement, an impractical scenario for long‐duration missions where resupply is
infrequent. As a result, advancements in filtration technologies, such as developing durable, self‐cleaning
membranes, are critical areas of ongoing research. Improving energy efficiency across all subsystems is also a
priority to ensure sustainable water recovery without overburdening the limited power resources available during
space missions.

2.2. Urine Recycling Technologies

Among the various waste streams in space, urine recycling is one of the most important for recovering water
(Maciolek & Best, 2019). Since urine accounts for a significant portion of the water astronauts lose daily,
effectively recycling this resource is crucial. On the ISS, urine is processed through theWRS, but future missions,
especially those that extend beyond Earth orbit, require more advanced urine recovery systems. The Universal
Waste Management System (UWMS) is a next‐generation technology being developed for use aboard NASA's
upcoming lunar Gateway and potentially for future Mars missions (Crusan et al., 2019). It incorporates improved
urine‐processing techniques designed to enhance recovery rates and reduce energy consumption compared to
current systems (Maciolek & Best, 2019). Two promising technologies integrated into the UWMS include for-
ward osmosis and vacuum distillation, which have demonstrated superior efficiency in water extraction. Forward
osmosis is a low‐energy process that leverages the natural diffusion of water across a semi‐permeable membrane
(Jain & Garg, 2021; Wang & Liu, 2021). Urine passes through this membrane, leaving behind contaminants,
while the water is drawn into a solution that can later be purified. This method is more energy‐efficient than
traditional filtration systems, making it ideal for use in space with limited energy resources.

Another promising approach is vacuum distillation, which involves boiling urine at reduced pressure to separate
water vapor from contaminants (Zhao et al., 2013). Since boiling points are lower in a vacuum, this process
consumes less energy than standard distillation methods. For instance, the vacuum membrane distillation
bioreactor VMDBR requires only 14 MJ/kg of energy for bioethanol production, which is less than standard
distillation methods (J. Li et al., 2018). The collected water vapor is condensed and purified, offering a reliable
source of clean water for astronauts. By incorporating these advanced technologies, future space missions can
achieve greater water recovery rates while minimizing energy use, a critical factor for long‐term sustainability in
space. Figure 1 highlights every stage of a closed‐loop urine recycling procedure for space missions, from
collection to trash disposal. To prevent odour and microbiological growth, urine is first collected in specialized
systems and then pre‐treated. Technologies for filtration and separation eliminate solid contaminants, and then
distillation or electrochemical processes purify the water and concentrate waste. Essential ingredients for
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hydroponic plant growth, such as nitrogen and phosphorus, are extracted by nutrient recovery systems, and the
purified water is then stored for further use in drinking, hygiene, and plant systems. Finally, any remaining waste
is compacted and stored, completing a cycle that conserves water, supplies nutrients, and minimizes waste for
sustainable space exploration.

2.3. Greywater and Blackwater Management

Beyond urine, greywater (wastewater from hygiene activities like handwashing and cleaning) and blackwater
(human waste) also need to be managed and recycled for space missions (Jurga et al., 2019). These waste streams
present additional challenges due to biological contaminants, including harmful bacteria, viruses, and other
pathogens. Ensuring the safe and efficient treatment of greywater and blackwater is essential for maintaining crew
health and maximizing water recovery. Researchers are exploring microbial fuel cells (MFCs) as a potential
solution to these challenges (Araneda et al., 2018). MFCs utilize microorganisms to break down organic waste,
simultaneously treating wastewater and generating electricity. In this system, bacteria feed on organic matter,
producing electrons as a by‐product, which can then be harnessed to generate power (Obileke et al., 2021). The
treated water is subsequently purified and recycled for reuse. This dual‐purpose technology could offer significant
advantages in future space missions, providing sustainable waste treatment and a supplemental energy source.
Moreover, MFCs have the potential to be scaled for various mission scenarios, from small spacecraft to large
planetary habitats (Flimban et al., 2019). Current research is focused on improving the efficiency of these sys-
tems, ensuring that they can handle the waste loads generated by larger crews and extended missions. For
instance, modification of electrodes with nanomaterials and pretreatment techniques like sonication and autoclave
disinfection show promising results in improving MFC execution for power generation and wastewater treatment
(Sivasankar et al., 2019). Developing these technologies could revolutionize water recycling in space by
addressing waste management and energy needs in a single integrated system.

Figure 1. Closed‐Loop Urine Recycling Process for Sustainable Space Missions ii.
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3. In Situ Resource Utilization (ISRU)
ISRU refers to the process of harvesting and using local resources from celestial bodies to support human ac-
tivities in space (Olthoff & Reiss, 2019). By utilizing materials such as water ice found on the Moon or Mars,
ISRU enables missions to become more self‐sufficient, reducing the need for costly and logistically complex
resupply missions from Earth (Kleinhenz & Paz, 2020). Water, in particular, is a crucial resource that can be
extracted from lunar regolith, Martian soil, and other extraterrestrial environments (He et al., 2021). These re-
sources are typically found in the form of ice (Schlüter & Cowley, 2020), and once harvested, can be processed to
meet the water needs for drinking, food production, oxygen generation, and other life‐sustaining functions in
space. ISRU technologies, therefore, play a vital role in advancing human exploration of the Moon, Mars, and
beyond, making long‐term habitation more feasible by minimizing reliance on Earth‐based supplies (Bennett
et al., 2020).

3.1. Water on the Moon

The discovery of water on theMoon has revolutionized the potential for establishing sustainable human habitats on
its surface. For instance, this discovery has prompted interest in designing and automating smart habitats using
microcontrollers and AI on LabVIEW (Meduri et al., 2021). Contrary to earlier beliefs that the Moon was
completely dry, missions such as NASA's Lunar Prospector and the Lunar ReconnaissanceOrbiter have confirmed
the presence of water ice in permanently shadowed craters near the lunar poles (Qiao et al., 2019; Rubanenko
et al., 2019). These craters in regions that never receive sunlight serve as cold traps where water molecules have
accumulated over billions of years, likely from comet impacts or solar wind interactions. Harvesting this lunar
water is essential for enabling long‐term human presence on the Moon (Rastinasab et al., 2021; Song et al., 2021).
One method under consideration involves heating the lunar regolith to release water vapor (Brisset et al., 2020; He
et al., 2021). Lunar regolith containing small amounts of water ice can be heated using solar concentrators or
electric heaters. The optimal mining temperature for water ice recovery is − 53.15°C (− 63.67°F). Modeling by
Song et al. (2021) showed that the energy efficiency of thermal water ice extraction improves when seven or nine
heating elements are used, compared to only five, because the additional heaters allowmore uniform heating of the
regolith and greater recovery of ice. As the ice sublimates and turns directly from solid to gas due to the lack of
atmosphere, the water vapor is captured and condensed into liquid water. This water can then be processed and
stored for future use. Heating regolith is a relatively straightforward approach, but the amount of water obtained
from this method is often small and requires significant energy input (Brisset et al., 2020).

Another method being explored for lunar water extraction involves drilling and excavating deeper ice deposits
(Joshi et al., 2019). These deposits, found beneath the surface of the Moon's polar craters, offer a more
concentrated water source. Using robotic drills or human‐operated systems, the ice can be excavated and brought
to the surface, where it is melted and purified. NASA's Volatiles Investigating Polar Exploration Rover, whose
operation ended in July 2024, is an example of a mission designed to assess the distribution and accessibility of
water ice on the Moon, mapping potential sites for future extraction efforts. These ISRU technologies will be
critical for the success of lunar bases, drastically reducing the need to transport large quantities of water from
Earth. By utilizing the Moon's natural resources, lunar habitats could become more self‐sufficient, ensuring a
sustainable supply of water for astronauts to drink, produce oxygen, grow food, and conduct scientific research.
For instance, the Chang'E‐5 (Chinese lunar exploration mission and part of China's Chang'e program) lunar soil
sample has been shown to possess photocatalytic properties that could enable artificial “extraterrestrial photo-
synthesis” (Y. Yao et al., 2022; Zhong et al., 2023). In this process, minerals in the regolith can use solar energy to
drive reactions such as water splitting, releasing oxygen and producing useful byproducts. Such catalytic activity
suggests a pathway toward a low‐energy life support system on the Moon. Moreover, water extracted from the
Moon could be used for fuel production, through electrolysis to separate hydrogen and oxygen, two key com-
ponents for rocket propellant.

3.2. Water on Mars

While Mars presents a more challenging environment for water extraction compared to the Moon, it remains a
promising destination for human exploration due to the significant evidence of water in various forms. Radar data
from Mars Express show a 20‐km‐wide lake of liquid water underneath the solid ice of Mars' southern ice cap
(Orosei et al., 2018). Although liquid water is not stable on the Martian surface due to its thin atmosphere and low
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temperatures (Rivera‐Valentín et al., 2020), numerous missions, including NASA's Mars Odyssey and the
Phoenix lander, have confirmed the existence of substantial water ice deposits below the surface, especially at
higher latitudes. Additionally, Martian soil contains hydrated minerals such as clays and sulfates that trap water
molecules within their structure, offering another potential water source for future missions (Jamanca‐Lino &
Guevara, 2023).

One key approach for extracting water on Mars involves targeting subsurface ice (Wasilewski, 2018). This ice,
found in polar and mid‐latitude regions, can be accessed through drilling (Wasilewski, 2018). Advanced drilling
systems, designed to reach and melt the subsurface ice, could extract the water needed to support human missions.
Once the ice is melted, the water can be purified and stored for use in life support systems. The challenge with this
approach lies in developing drilling technologies that can withstand the harshMartian conditions while efficiently
extracting large volumes of water. Robotic missions, such as NASA's upcoming ExoMars mission, are expected to
play a crucial role in locating and assessing the viability of these ice deposits for human use (DeSanctis et al., 2022).

In addition to subsurface ice, Mars offers another potential water source in the form of hydrated minerals
(Jamanca‐Lino & Guevara, 2023). These minerals in Martian soil contain chemically bound water that can be
released through heating. Water vapor is released by mining these minerals and applying heat, which can then be
captured, condensed, and purified. Although water yield from this process is lower than from subsurface ice, it
provides an alternative water source in regions where ice deposits are scarce. This method requires significant
energy input, but ongoing research aims to optimize the process for space missions.

Mars also has a trace amount of water vapor in its atmosphere (Fedorova et al., 2020), typically ranging from ∼10
to 50 parts per million per volume (ppmv; Belyaev et al., 2021) depending on season and location. While this
corresponds to very low partial pressures, zeolite‐based desiccants and related sorbents have been proposed to
scavenge this moisture. Laboratory studies suggest that such materials can adsorb small but measurable quantities
of water under Martian‐like pressures and relative humidities, on the order of milligrams of water per gram of
sorbent per day. For instance, a research by (Jänchen et al., 2007) shows that Zeolites and smectites on theMartian
surface can adsorb about 2.5–25 wt% of water at low temperatures and a very low partial pressure of 0.001 mbar.
The total yield, however, would be limited, and large masses of sorbent would be required to generate mission‐
relevant volumes of water, raising concerns about payload feasibility. Consequently, desiccant‐based harvesting
would likely function only as a supplementary system to subsurface ice extraction or perchlorate reduction.
Nonetheless, including it as part of an integrated ISRU strategy highlights the importance of employing diverse
methods to ensure redundancy and resilience in water supply for a Mars mission. The ability to extract water from
Mars is crucial for enabling long‐term human presence. Not only is water necessary for sustaining life, but it can
also be used to produce oxygen and fuel for return missions. By relying on local water resources, future Mars
missions can significantly reduce their dependence on Earth, making exploration and potential colonization more
feasible. As ISRU technologies advance, the prospect of establishing sustainable human habitats on Mars be-
comes increasingly realistic.

4. Potential Technologies for In Situ Water Treatment in Space (Mars and Moon)
As human exploration extends beyond Earth, reliable in situ water treatment becomes critical for sustaining long‐
duration missions on Mars (Orosei et al., 2018) and the Moon (Qiao et al., 2019). Both environments offer
potential water sources, such as ice in lunar craters and subsurface ice on Mars. Still, these must be treated to meet
safety standards for human consumption, agriculture, and other life‐support needs. Given the limited resources
and harsh space conditions, water treatment technologies for these missions must be energy‐efficient, durable,
and capable of functioning autonomously over long periods (Pickett et al., 2020). Recent advancements in
filtration systems, disinfection methods, and autonomous technologies offer promising solutions for in situ water
treatment on other celestial bodies. For example, sand‐substrate biofilters can replace chemical water purification
in manned spaceflights, reducing costs and energy inputs (Thornhill & Kumar, 2018). Figure 2 shows six in situ
water treatment technologies crucial for recycling water during space missions. Electrochemical treatment em-
ploys electric currents to break down impurities, and photocatalytic purification uses light‐activated catalysts to
clean without using chemicals. Bioreactors use microorganisms to break down organic pollutants, ion‐exchange
systems replace dangerous ions with safe ones, UV and ozone disinfection sterilize water, and membrane
filtration (e.g., reverse osmosis) eliminates contaminants at a molecular level. When combined, these techniques
provide a dependable, multi‐phase strategy for preserving water quality in space.
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4.1. Electrochemical Water Treatment

Electrochemical water treatment technologies, including electrocoagulation and electrodialysis, present effective
solutions for in situ water treatment in space (Chaplin, 2019). Current research shows that electrocoagulation can
remove heavy metals, suspended solids, and organic compounds (Moradi et al., 2021) from water using an
electrical current to induce coagulation and precipitation. Studies have demonstrated the effectiveness of these
systems in treating contaminated water on Earth (Srimuk et al., 2020), with the potential for adaptation in space
applications due to their low chemical input requirements and compact design (Vishnu et al., 2020). Similarly,
electrodialysis has been tested for its ability to desalinate water by using electric fields to separate dissolved salts
from water (T. H. Chen et al., 2021). Recent advances have improved the energy efficiency of electrodialysis,
making it a more viable option for space missions where energy resources are limited (Simões et al., 2020). These
systems are particularly useful for treating briny water extracted from Martian ice deposits or lunar regolith,
where dissolved salts are common (Severin & Hayes, 2019).

4.2. Photocatalytic Water Purification

Photocatalytic water purification is another promising technology for treating water in space (Long et al., 2020).
This process uses photocatalysts like titanium dioxide (TiO2) to harness light, preferably solar or UV, to generate
reactive oxygen species that break down organic pollutants and kill pathogens. Research conducted by the ESA
has shown that photocatalytic systems are effective at treating wastewater on Earth, and similar approaches could
be applied to treat water extracted from lunar or Martian environments (Ren et al., 2021; Rueda‐Marquez
et al., 2020). The benefit of photocatalysis is its low energy requirement (Bellotti et al., 2023), especially
when solar energy can be used as the light source. However, adapting these systems for space missions requires
optimization for microgravity conditions, as the behavior of fluids and catalysts may differ outside of Earth's
gravitational field.

4.3. Membrane Filtration Technologies

Membrane‐based filtration is fundamental to water treatment systems because it effectively eliminates dissolved
salts, bacteria, and organic pollutants. Methods like nanofiltration (NF) and reverse osmosis (RO) have been
extensively utilized in terrestrial and extraterrestrial applications due to their capacity to deliver dependable and
high‐quality water (Jamil et al., 2018). These technologies are frequently hindered by fouling, elevated energy
requirements, and the necessity for regular membrane replacement, which can be especially problematic during
extended missions (Buelke et al., 2018).

Figure 2. In‐Situ Water Treatment Technologies in Space iii.
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Research has increasingly concentrated on sophisticated membrane designs that enhance permeability, diminish
fouling, and prolong operating longevity to address these issues. Promising advancements include the incorpo-
ration of nanoparticles, facilitating membranes with improved selectivity and diminished energy demands. Sec-
tion 6.1 comprehensively examines nanotechnology‐enabled membranes, including graphene oxide (T. Chen
et al., 2021;M.Yao et al., 2020; Ye et al., 2021). One of themost promising nanomaterials for spacewater filtration
is graphene oxide. Graphene oxide membranes are incredibly thin yet strong and possess unique properties that
make them ideal for water purification. Some of their properties include high surface area, mechanical durability,
atomic thickness, nanosized pores, and reactivity toward water pollutants, providing excellent water purification
efficiency for water desalination (Homaeigohar & Elbahri, 2017). They can be engineered with specific pore sizes
to filter out contaminants, including salts, heavy metals, and organic molecules. These membranes allow water
molecules to pass through while blocking larger particles, resulting in a more efficient filtration process than
conventional materials. Additionally, graphene oxide membranes are less prone to fouling, a common issue with
traditional filtration systems that leads to reduced performance over time (Karkooti et al., 2020).

4.4. UV and Ozone Disinfection

Ultraviolet (UV; X. Li et al., 2019) and ozone (Epelle et al., 2022) disinfection methods are commonly used for
sterilizing water and are being explored for space applications. UV disinfection uses high‐energy UV‐C light to
destroy the DNA of bacteria, viruses, and other pathogens, preventing them from replicating (Narita et al., 2020).
NASA has successfully used UV light to disinfect drinking water aboard the ISS, and similar systems are being
developed for future lunar andMartian habitats. Ozone disinfection, another method under investigation, involves
the generation of ozone gas (O3), which acts as a powerful oxidizing agent to neutralize pathogens and break
down organic pollutants (Gorito et al., 2021). Ozone systems are compact and effective, making them suitable for
the confined environments of space habitats. Both UV and ozone treatments can serve as the final stage of water
treatment, ensuring that any microbial contaminants that survive earlier filtration processes are eliminated (Shi
et al., 2021).

However, these active disinfection systems require a consistent power supply, which can be scarce in deep space.
To address this, solar‐powered water treatment (SWT) technology offers a dual solution: providing renewable
electricity to power UV and ozone generations via photovoltaics, and offering direct photothermal purification.
According to Ge, Feng, et al. (2025), Ge, Guo, et al. (2025), SWT is compatible with SWS and enhances their
effectiveness by enabling autonomous and energy‐efficient water recycling in resource‐limited environments.
Through photothermal and photovoltaic mechanisms, SWT systems can purify wastewater, extract water from
extraterrestrial ice, and generate hydrogen and oxygen, all supporting astronaut survival, clean energy production,
and space industry development. Recent progress in this area focuses on overcoming key operational hurdles like
salt deposition and energy efficiency. For example, novel photothermal systems using a thermal gradient fabric
evaporator (Ge, Feng, et al., 2025; Ge, Guo, et al., 2025) or a weaved cylinder evaporator (Zhang, Wang,
et al., 2025; Zhang, Zhang, et al., 2025) have demonstrated superior salt rejection capabilities and high evapo-
ration rates, making them durable candidates for high‐salinity desalination in sustained operations. Although
challenges such as microgravity, radiation, and variable solar flux remain, ongoing innovations in materials,
treatment methods, and intelligent controls make SWT a key enabler for sustainable energy‐intensive processes
like disinfection, reinforcing the operational goals of SWS in both extraterrestrial and terrestrial contexts.

4.5. Ion‐Exchange Systems

Ion‐exchange technology is another potential solution for in situ water treatment on the Moon and Mars,
particularly for removing dissolved salts and heavy metals from extracted water (Malik et al., 2019). Ion‐
exchange resins work by exchanging undesirable ions in the water, such as calcium or magnesium, with safer
ions such as K+, Mg2+, and Ca2+, with removal efficiencies of 56.0%, 93.5%, and 85.4%, respectively (Mudau
et al., 2022). Recent studies have highlighted the effectiveness of ion‐exchange systems in softening water and
removing toxic elements like lead and arsenic (A. S. C. Chen, Wang, et al., 2020), which may be present in
Martian or lunar water sources. One of the advantages of ion‐exchange systems is their ability to be regenerated,
allowing them to be used repeatedly without the need for frequent resupply of materials. This makes them
particularly useful for long‐term missions where resupply from Earth is limited.

Water Resources Research 10.1029/2025WR041273

OLAWADE ET AL. 8 of 18

 19447973, 2026, 2, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2025W

R
041273 by Y

ork St John U
niversity, W

iley O
nline L

ibrary on [03/02/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



4.6. Biological Water Treatment With Bioreactors

Biological water treatment using microbial bioreactors represents a cutting‐edge approach to water recycling in
space. For instance, the membrane‐aerated biofilm reactor can achieve up to 96% total organic carbon removal
efficiency and up to 82% denitrification efficiency for treating urine and hygiene wastewater for space appli-
cations (Zhan et al., 2022). These systems leverage microbial communities to break down organic contaminants
and recycle nutrients for use in space agriculture. NASA's research on bioregenerative life support systems
(BLSS) has demonstrated the potential of bioreactors to recycle water from human and plant waste, creating a
closed‐loop system that reduces the need for external water supplies. Microbial fuel cells (MFCs), which generate
electricity as bacteria break down organic matter, offer a dual benefit by producing clean water and energy
(Obileke et al., 2021). This technology could be integrated into future lunar or Martian habitats to treat waste-
water, generate power, and recycle nutrients, supporting water management and agricultural needs. Studies have
shown that MFCs are particularly efficient in low‐energy environments, making them ideal for space applications.

5. Technological and Logistical Challenges
While significant strides have been made in water recycling technologies and ISRU, several critical challenges
hinder the realization of fully sustainable water management systems for long‐duration space missions. These
challenges centre primarily on energy consumption, gravity, system durability, contamination risks, and scal-
ability. Addressing these issues is vital for enabling the self‐sufficiency of future space habitats on the Moon,
Mars, and beyond, where resupply from Earth will not be feasible.

5.1. Drilling Challenges Beyond Mars

Off‐Earth drilling faces challenges such as microgravity, vacuum conditions, temperature fluctuation, weight
limitation, and lack of real‐time drilling analysis and communication (Knez &Khalilidermani, 2021). While these
constraints are particularly relevant for small‐body or asteroid mining, they provide important context for
developing robust drilling systems that could be adapted for Martian exploration.

5.2. Energy Requirements

The high energy demand is one of the most significant challenges in space‐based water recycling and ISRU
technologies (Q. Yang et al., 2024). Current water recycling systems, such as those aboard the ISS, are energy‐
intensive. Processes like urine distillation, water filtration, and oxygen generation through electrolysis consume
considerable power, which is a limited resource during space missions. For example, NASA's Water Recovery
System (WRS) on the ISS uses multifiltration and catalytic oxidation (Volpin et al., 2020), requiring continuous
power input to function effectively. As missions extend beyond LEO to the Moon or Mars, where solar energy
may not always be available or reliable, the issue of energy consumption becomes even more critical.

In remote environments such as the lunar poles or deep space, where access to solar power is restricted due to long
periods of darkness, alternative energy sources must be developed to sustain water recovery systems. For
example, a lunar‐based solar thermal power system can provide the desired energy for equipment development
(Lu et al., 2019). Nuclear‐powered systems, such as small modular reactors, are being considered for future lunar
and Martian bases, but their deployment comes with technical and safety challenges. Reducing the energy re-
quirements of water recycling technologies remains an essential goal for researchers. The proposed Automatic
Contingency Management system can optimally alleviate faults in the Water Recycling System (WRS) regarding
energy consumption and the effects of the fault (Tang et al., 2018). Advances in low‐energy filtration membranes,
more efficient electrolysis systems, and energy recovery techniques are critical areas of ongoing development to
make space water management systems more sustainable.

5.3. Maintenance and Durability

The harsh environment of space poses another challenge for water recycling systems, particularly regarding the
durability and maintenance of these systems. Components such as filtration membranes, pumps, and catalytic
reactors are subject to wear and tear over time. On long‐duration missions, the ability to perform regular
maintenance or replace faulty parts is limited, making system reliability a top priority. A robust fault management
system, functionally redundant systems, and a resilient architecture are essential for assessing reliability concerns
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on long‐duration space missions (Edwards et al., 2021). Current systems on the ISS require regular maintenance
to replace filters, repair mechanical parts, and ensure continued functionality. In the context of a mission to Mars,
where the round‐trip time for communication alone can be up to 40 min and resupply missions would be rare,
frequent maintenance and repairs would be impractical.

A significant focus of research is improving the longevity of critical components and developing self‐monitoring
systems that can detect issues before they become critical. Filtration membranes, for example, can degrade over
time due to clogging or irreversible fouling by organic and inorganic materials. Research suggests that physically
irreversible fouling is the dominant form of membrane fouling in anaerobic membrane bioreactors, accounting for
a significant percentage of total fouling (Hafuka et al., 2019). Efforts are being made to develop more durable,
self‐cleaning membranes that can operate efficiently for longer periods without requiring replacement. For
instance, the hierarchical structured nanofibrous membrane developed in this study by Cao et al. (2022) has
antifouling and visible‐light‐induced self‐cleaning performance, making it a good candidate for treating complex
oily wastewater. Similarly, developing more robust pumps, valves, and other mechanical components is essential
to minimize maintenance requirements.

5.4. Contamination

Water contamination is a major concern in closed‐loop systems, where water is constantly recycled and reused.
The buildup of biofilms, microbial growth, and chemical contaminants can compromise water quality and pose
serious health risks to astronauts. Spacecraft water monitoring systems need technological advances to identify
and counteract waterborne microbial contamination, posing health risks to astronauts with lowered immune
responsiveness (Amalfitano et al., 2020). On the ISS, advanced filtration systems are used to remove organic and
inorganic contaminants from recycled water but ensuring that these systems maintain water quality over time is a
constant challenge. Biofilms, which are thin layers of microorganisms that adhere to surfaces, can develop inside
pipes, filtration systems, and storage tanks, leading to blockages, reduced system efficiency, biofouling, corro-
sion, loss of function, and potentially harmful microbial contamination (Mettler et al., 2022; Zea et al., 2020).
Space environments exacerbate this issue because microgravity can alter the behavior of fluids, making it easier
for microorganisms to thrive in these systems (Gesztesi et al., 2023). Researchers are working on antimicrobial
coatings and advanced water monitoring technologies to detect contamination early and prevent biofilm for-
mation. Implementing automated disinfection protocols using UV light or chemical treatments could also help
mitigate the risk of contamination. Moreover, microbial contamination is not the only concern. Trace chemical
contaminants from spacecraft materials, such as volatile organic compounds, can accumulate in recycled water,
necessitating additional purification steps to ensure water safety. Continuous water quality monitoring systems
that can detect even low levels of contaminants in real‐time are critical for maintaining safe water supplies in
space. Molecularly imprinted polymer sensors and microwave spectroscopy are promising real‐time water quality
monitoring technologies, with characteristics like sensing range and detection limit verified outside laboratory
conditions (Yaroshenko et al., 2020). Additionally, the submersible sensor probe combines UV/Vis and fluo-
rescence spectroscopy for in situ water quality monitoring, providing real‐time results for quick response to
changes in water quality (Goblirsch et al., 2023). Furthermore, ensuring the long‐term durability of these sensors
in extreme environments is paramount; innovations in materials, such as the development of heat‐resistant core‐
sheath yarn sensors for high‐temperature applications, demonstrate a pathway toward creating robust and reliable
monitoring components suitable for space missions (Xu et al., 2024).

5.5. Scalability

The systems currently deployed on the ISS are designed to support a small crew of around six astronauts
(Yamaguchi et al., 2023). However, as space agencies and private enterprises plan for larger‐scale missions, such
as a colony on Mars or a lunar base, scaling these systems to support larger populations presents significant
engineering and logistical challenges. For example, the demands of a colony of 100 people would far exceed the
current capacities of water recycling systems in place on the ISS. Scaling up water recycling systems involves
increasing their throughput and ensuring that they remain efficient, durable, and easy to maintain. Larger systems
must also handle a more diverse waste stream and contaminants, as larger populations generate more waste. The
increased demand for water in a larger habitat would also mean that storage and distribution systems must be
expanded, requiring careful planning to ensure that water is available where and when needed. Furthermore, the
infrastructure required to support large‐scale ISRU operations, such as extracting water fromMartian ice or lunar
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regolith, will need to be significantly more advanced than current prototype systems. This involves designing
systems that can continuously extract, purify, and store large quantities of water while operating autonomously
for extended periods. The logistics of transporting and assembling such systems on the Moon or Mars and
ensuring their long‐term operation in harsh environments present additional challenges that engineers must
address. Emerging technologies are beginning to address this challenge, such as the development of meter‐scale,
three‐dimensional photothermal textiles that decouple ion and thermal diffusion, offering a pathway for scalable,
high‐flux, and long‐term solar desalination (Zhang, Wang, et al., 2025; Zhang, Zhang, et al., 2025).

Overall, electrochemical and membrane‐based systems show a wide range of energy costs, with some advanced
configurations (e.g., bioelectrochemical, electrically enhanced MBRs) offering improved efficiency and lower
costs (Table 1). Photocatalytic systems, especially those using solar energy, have the potential for low operational
energy and simultaneous energy production, but cost data are still emerging. UV, ozone, and ion‐exchange
systems are effective but were not directly quantified in the available research. Integration and hybridization
of these technologies are key trends for improving energy efficiency and cost‐effectiveness in water treatment.

6. Future Prospects and Innovations
As humanity sets its sights on long‐term exploration and colonization of celestial bodies such as the Moon and
Mars, the future of water management in space becomes a pivotal concern. The ability to autonomously manage,
recycle, and procure water in hostile environments far from Earth is essential for the survival and well‐being of
astronauts. Future space colonies must have closed‐loop systems for water purification, recycling organic wastes,
and minimizing consumable inputs to maximize recovery for astronaut survival (Pickett et al., 2020). Efficient
water management systems must balance energy efficiency, reliability, and scalability while reducing the need for
human intervention (Bernardo et al., 2021). Technological advances in water recycling, ISRU, and bio-
regenerative systems promise sustainable solutions for space habitats. For instance, bioregenerative life support
systems (BLSSs) likeMELiSSA aim to recover nutrients fromwaste streams and produce fresh food, oxygen, and
water for long‐term space exploration missions (Verbeelen et al., 2021). Key areas of innovation include
nanotechnology for advanced filtration, autonomous systems for real‐time water quality management, and arti-
ficial intelligence (AI) to enhance these systems' overall efficiency and reliability.

6.1. Nanotechnology and Advanced Filtration

Nanotechnology offers exciting prospects for advancing water purification and filtration systems, particularly in
the energy‐limited environments of space. Traditional water recycling systems, while effective, often face
challenges such as high energy consumption, membrane fouling, and the limited lifespan of filtration components
(Zhu & Jassby, 2019). By enabling the design of nanomaterials and nanostructured membranes with tailored
surface properties and pore sizes, nanotechnology can enhance filtration efficiency, reduce fouling, and improve
the durability of filtration systems (Barhate & Ramakrishna, 2007).

Furthermore, nanotechnology enables the development of multifunctional materials that filter water and actively
break down contaminants through catalytic reactions. For instance, nanocomposite materials can be designed to
degrade organic compounds and kill bacteria, reducing the risk of contamination in closed‐loop water systems.
For instance, nanocomposite hydrogels incorporating graphene oxide (GO) sheets and quaternary ammonium salt
can exhibit antibacterial properties with bacterial‐killing efficacy of approximately 90% towards E. coli and near‐
quantitative values (99.90%) when irradiated (Han et al., 2021). These advanced filtration technologies could
significantly reduce the energy requirements of water recycling systems by streamlining the purification process
and extending the lifespan of key components. As space missions become more ambitious, integrating nano-
materials like graphene oxide into water filtration systems will ensure reliable and efficient water management.

6.2. Autonomous Water Systems

The future of space exploration will likely rely heavily on autonomous systems capable of functioning with
minimal human oversight. Water management systems that can autonomously monitor, adjust, and optimize
water quality and recycling processes in real‐time will be essential for maintaining long‐term space habitats.
These autonomous systems, driven by advances in artificial intelligence (AI) and machine learning, have the
potential to revolutionize water management by predicting system failures, reducing energy consumption, and
improving overall efficiency.
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To achieve this level of autonomy, AI‐powered systems must move beyond simple automation to intelligent, data‐
driven control. Instead of relying on pre‐programmed schedules, these systems use real‐time sensor data to
understand and react to the state of the water and the hardware. Concrete applications of this principle are
emerging in terrestrial water management and provide a blueprint for space systems. For instance, a critical
function is ensuring microbiological safety. Deep convolutional neural networks can autonomously analyze
microscopic images from water samples to detect and classify harmful pathogenic bacteria (such as E. coli) with
over 99% accuracy, replacing time‐consuming conventional protocols (Awwad et al., 2024; Frincu, 2025).
Beyond pathogen detection, machine learning algorithms like Random Forest and Support Vector Machines can
process data from spectroscopic sensors for real‐time water classification as clean, contaminated, or disinfected,
thereby verifying the efficacy of treatment processes (Durgun, 2024). Furthermore, AI can synthesize data from
multiple sources, such as an integrated Internet of Things sensor network, to model comprehensiveWater Quality
Indexes and enable dynamic early warning systems (Sun et al., 2024; Yang et al., 2022; Zou et al., 2025).

This robust monitoring capability is the foundation for further autonomous functions. Training machine learning
algorithms on large data sets from system operations makes it possible to predict when components are likely to
fail, allowing for preventive maintenance before a critical issue arises (Naik et al., 2020). By identifying patterns
in system behavior, these algorithms can also optimize water recycling processes, reducing the need for energy‐
intensive interventions and extending the life of key system components (H. Chen, Wang, et al., 2020; Icke
et al., 2020). In the context of ISRU, AI systems could coordinate the extraction, purification, and distribution of
water, ensuring that resources are used efficiently (L. Li et al., 2021). For example, AI could adjust the power
consumption of water extraction systems based on real‐time energy availability, making decisions that balance
resource extraction with the broader needs of the habitat (Drogkoula et al., 2023). Such predictive control has
been shown to reduce electrical energy consumption by up to 71% in complex terrestrial energy systems (Coccia
et al., 2021).

Integrating AI into water management systems also offers the potential for greater resilience in the face of un-
foreseen challenges. By dynamically adjusting water usage and recycling rates, autonomous systems could adapt
to changing conditions, such as a sudden increase in water demand due to unforeseen crew activities or a decrease
in available energy. This level of adaptability is crucial for long‐term missions, where resupply from Earth may
not be possible for months or even years. By leveraging AI and machine learning, future water systems could
become more self‐sufficient, reducing the need for human intervention and freeing astronauts to focus on more
mission‐critical tasks.

Figure 3 illustrates a conceptual framework for an AI‐Powered Autonomous Water Management System
designed for remote environments like space missions. The process begins with water collection from condensed

Figure 3. AI‐Powered AutonomousWater Management System (AI Analytics involves algorithms that analyze data from the
system to predict failures, optimize treatment efficiency, and ensure water quality standards are met automatically).
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moisture and wastewater, followed by pre‐treatment, filtration, and pH correction. AI algorithms can optimize
purification through membrane filtration and electrochemical techniques in the primary treatment phase. Sub-
sequent disinfection using ozone and UV technologies eradicates pathogens. During advanced treatment and
nutrient recovery, AI monitors systems like ion‐exchange for salt removal and manages bioreactors that break
down organic materials. The purified water is then stored for both potable and non‐potable uses. A critical
feedback loop is established through quality monitoring and automation, where sensors evaluate water quality,
enabling the AI to make real‐time adjustments and ensure efficient distribution based on specific needs.

7. Conclusion
Sustainable water management in space is one of the most critical challenges in enabling the long‐term survival of
human missions beyond Earth. It requires an integrated approach that combines advanced water recycling
technologies, ISRU, and innovative life support systems. Each of these elements plays a vital role in addressing
the unique demands of space exploration, where the finite nature of resources and the logistical difficulties of
resupply from Earth necessitate efficient and closed‐loop solutions. The progress in these areas, particularly in
developing recycling technologies and ISRU, offers promising pathways for supporting future lunar and Martian
habitats. However, significant technological, logistical, and energy‐related challenges remain, and overcoming
these obstacles will be essential for ensuring the sustainability of human life in space.

Water recycling technologies have advanced considerably, with systems like NASA's Environmental Control and
Life Support System (ECLSS) aboard the ISS already demonstrating high recovery rates of up to 93%. These
systems form the backbone of current life support operations but must be further refined to reduce energy
consumption, improve durability, and mitigate contamination risks. In parallel, ISRU technologies are gaining
traction to extract water from extraterrestrial environments such as the lunar regolith and Martian regolith. By
utilizing locally available resources, ISRU reduces the dependency on Earth for water supplies, opening the door
to more autonomous and self‐sustaining missions. However, the scalability of these systems remains a challenge,
particularly as space agencies look to support larger crews and establish permanent habitats.

Continued research and innovation are crucial for addressing the remaining hurdles in sustainable water man-
agement. Future developments in nanotechnology, advanced filtration systems, and autonomous water man-
agement could significantly enhance the efficiency and reliability of space water systems. Integrating artificial
intelligence (AI) and machine learning into these systems can transform how water resources are managed, with
real‐time monitoring, predictive maintenance, and optimization of processes playing key roles in ensuring that
astronauts have access to clean and safe water. As space agencies and private companies move forward with
ambitious plans to establish human presence on Mars and other yet‐to‐be‐possible habitable planets, the success
of these missions will depend heavily on the development of reliable and sustainable water management tech-
nologies. Closed‐loop systems capable of recycling and managing water for large populations will be critical in
reducing reliance on Earth‐based resupply missions. The successful implementation of these technologies will
pave the way for the next era of human space exploration, where sustainable habitats can thrive in the most
extreme and isolated environments.
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