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Organic Nutrient Recycling in Space Agriculture

INTRODUCTION

Marwan Reddy Chinnam*, Space agriculture is a critical component for long-duration

Anil Kumar?, Manjul jain® space missions and extraterrestrial settlements. Growing

'M.Sc. Ag. Department of food beyond Earth’s orbit requires sustainable practices to

Agr%”nqmgl’r's.\t/ 'Y\‘j'gsagg? Gr'Oba' maintain crop productivity under constrained resources.

Y %asthar{ P Unlike terrestrial farming, space agriculture faces unique

2Assistant Professor, Department challenges: limited water, absence of natural soil, restricted
of Agronomy, School of nutrient availability, and closed-loop ecosystems.

Agriculture, Eklavya University

Damoh. Madhya Pradesh Organic nutrient recycling involves recovering

nutrients from plant residues, human waste, and microbial
biomass to support plant growth in controlled environments.
It mimics Earth’s biogeochemical cycles, ensuring minimal
waste, efficient resource use, and sustainability. Effective
nutrient recycling reduces dependency on external inputs,
which is crucial for space missions where resupply is limited

or delayed.
2. Importance of Organic Nutrient Recycling in Space
Agriculture
1. Resource Efficiency:
Open Access Space habitats have limited mass allowance for supplies.

Recycling organic waste ensures nutrients are continuously

*Corresponding Author reused, reducing the need for external fertilizers.

Marwan Reddy Chinnam® 2. Closed-loop Systems:

Maintaining a balanced nutrient cycle supports a self-
sustaining ecosystem. Closed-loop systems integrate waste
processing, microbial activity, and plant cultivation for long-
term sustainability.

3. Soil-less Cultivation Support:

In hydroponics or aeroponics, organic nutrient recycling
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Accepted: 12.3.2026 4. Environmental Safety:

Recycling reduces biological contamination risks by safely
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ensuring a hygienic growing environment.
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3. Sources of Organic Nutrients in Space
Systems

Organic nutrient recycling in space agriculture
relies on multiple sources to maintain a closed-
loop system and support sustainable crop growth.
3.1 Plant Residues

Crop residues, unconsumed biomass, and
inedible plant parts are rich in essential nutrients
such as nitrogen (N), phosphorus (P), potassium
(K), and various trace elements. Through
composting or microbial digestion, these residues
are transformed into nutrient-rich substrates that
can be utilized in hydroponic and other soil-less
cultivation systems, providing a continuous
supply of macro- and micronutrients for plants.
3.2 Human Waste

Human excreta, including urine and feces,
represent concentrated sources of nitrogen,
phosphorus, potassium, and other micronutrients.
Urine can be processed into ammonium-based

fertilizers, while fecal matter undergoes
controlled composting or microbial treatment to
eliminate pathogens, producing safe and nutrient-
dense material for plant growth.

3.3 Microbial Biomass

Microorganisms play a critical role in recycling
organic waste by metabolizing complex
compounds, fixing atmospheric nitrogen, and
converting nutrients into forms accessible to
plants. Algae, bacteria, and fungi form the
backbone of nutrient cycling within closed-loop
space  agriculture  systems,  maintaining
ecosystem stability.

3.4 Organic Waste from Food Processing

Food scraps and inedible by-products can be
converted into compost or used for biogas
production. These processes not only recover
nutrients for plant use but also provide energy,
contributing to an integrated and sustainable life-
support system in space habitats.

Source: https://www.agriculture.com/

4. Methods of Organic Nutrient Recycling
Sustainable space agriculture relies on effective
methods to recycle organic nutrients, ensuring
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continuous availability for crops within closed-
loop systems.
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4.1 Composting in Microgravity

Aerobic composting uses microbes to decompose
organic matter into humus-like material rich in
nutrients. In microgravity, microbial activity and
aeration are affected, necessitating specially
designed bioreactors that ensure proper waste
movement, oxygen supply, and consistent
breakdown. These systems produce nutrient-rich
compost suitable for hydroponic or soil-less
cultivation while maintaining hygienic standards.
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4.2 Vermicomposting

Vermiculture uses earthworms to process organic
waste into nutrient-dense castings. Worms
efficiently convert plant residues and food waste
into a highly bioavailable form of nutrients,
making this method ideal for long-term space
missions. Vermicomposting requires minimal
energy input and helps maintain a balanced
microbial ecosystem, contributing to overall
system stability.
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4.3 Anaerobic Digestion

Anaerobic  digestion decomposes  organic
material in the absence of oxygen, producing
both nutrient-rich digestate and biogas. The
digestate serves as a fertilizer for plants, while
biogas can supplement energy needs for space
habitats, making this method a dual-purpose
solution that combines nutrient recycling with
energy production.

4.4 Hydroponic and Aguaponic Nutrient
Recovery

Nutrients recovered from compost or digestate
can be dissolved in water to feed hydroponic
crops, creating an efficient nutrient delivery
system. Agquaponics extends this concept by
integrating fish, whose excreta provide nutrients
for plants, forming a symbiotic system that
recycles nutrients while producing both food and
protein sources.

4.5 Biochar-based Nutrient Cycling

Pyrolysis of organic waste produces biochar, a
carbon-rich material that retains nutrients,
enhances water retention in growth media, and
stabilizes nutrients to prevent losses in closed-
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loop systems. Biochar supports long-term
sustainability by improving the efficiency of
nutrient use and maintaining soil or substrate
quality for continuous crop production.

5. Challenges in Organic Nutrient Recycling
in Space

While organic nutrient recycling is essential for
sustainable space agriculture, several challenges
must be addressed to ensure efficiency and safety
in closed-loop systems.

5.1 Microgravity Effects

Microgravity significantly alters fluid dynamics,
microbial activity, and gas exchange. These
changes affect the decomposition of organic
matter, nutrient mineralization, and overall
microbial metabolism, potentially reducing the
efficiency of composting, vermicomposting, and
other biological recycling methods. Specially
designed bioreactors and systems are required to
maintain proper aeration, mixing, and microbial
growth under these conditions.

5.2 Limited Space and Mass

Space habitats have strict constraints on the size,
volume, and mass of equipment. Large-scale

38



Available online at
http://sunshineagriculture.vitalbiotech.org

AGRICULTURE

xxxxxxxxxxxx

composting, vermiculture, or anaerobic digestion
systems may be impractical, necessitating
compact, modular, and lightweight designs.
Optimization of space and efficient use of every
resource is crucial for maintaining a functional
nutrient recycling loop.

5.3 Pathogen Control

Human waste and organic residues can harbor
pathogens and  harmful  microorganisms.
Effective sterilization, microbial treatment, or
controlled composting is essential to prevent
contamination of crops and ensure astronaut
health. Maintaining hygiene and biosafety
standards is a critical challenge in closed
environments.

5.4 Nutrient Imbalance

Recycled nutrients must provide a balanced
supply of nitrogen, phosphorus, potassium, and
trace elements suitable for plant growth.
Imbalances can affect crop yield and quality,
requiring continuous monitoring and adjustment
of nutrient formulations.

5.5 Energy Requirements

Processes like aeration, temperature control, and
waste processing consume energy, which is
limited on long-duration missions. Efficient, low-
energy recycling systems are necessary to ensure
sustainability ~ while  minimizing  resource
consumption.

6. Technological
Recycling
Advancements in technology are transforming
organic nutrient recycling for space agriculture,
enabling efficient, safe, and sustainable crop
production in closed-loop systems.

6.1 Microbial Bioreactors

Closed-loop  microbial bioreactors employ
engineered or naturally selected microbes to
convert organic waste into bioavailable nutrients.
These systems accelerate  decomposition,
optimize nutrient release, and provide a reliable
source of essential macro- and micronutrients for
hydroponic or soil-less cultivation, making them
highly suitable for long-duration space missions.
6.2 Electrochemical Nutrient Recovery
Electrochemical methods, including electrolysis
and ion-exchange systems, allow the recovery of

Innovations for Nutrient
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nitrogen, phosphorus, and other nutrients from
urine and wastewater. This approach efficiently
recycles nutrients while minimizing waste
volume, contributing to a closed-loop nutrient
cycle and reducing reliance on external inputs.
6.3 Algal Bioreactors

Microalgae-based bioreactors play a dual role in
space habitats. They fix carbon dioxide, recycle
nutrients from organic waste, and produce
oxygen. Additionally, algae serve as a
supplemental food source, providing proteins,
vitamins, and essential fatty acids, enhancing
both nutritional security and waste recycling
efficiency.

6.4 Smart Monitoring Systems

Advanced sensors and monitoring technologies
track nutrient concentrations, microbial activity,
and plant nutrient uptake in real-time. These
systems allow precise control and optimization
of recycling processes, ensuring balanced
nutrient delivery, preventing deficiencies, and
maximizing crop productivity within constrained
space environments.

7. Case Studies and Experiments

Several space agencies and  research
organizations have conducted pioneering
experiments to test and optimize organic nutrient
recycling for space agriculture. These studies
provide valuable insights into the feasibility and
challenges of closed-loop  systems in
extraterrestrial environments.

7.1 NASA’s Veggie and Advanced Plant
Habitat Experiments

NASA’s Veggie and Advanced Plant Habitat
(APH) projects focus on hydroponic cultivation
of crops aboard the International Space Station
(ISS). These experiments explore the use of
recycled nutrients derived from plant residues to
support crop growth in soil-less systems. The
studies demonstrate the potential of controlled
nutrient recycling for sustaining fresh food
production in microgravity and provide critical
data on plant health, growth rates, and nutrient
uptake.

7.2 ESA’s MELISSA Project (Micro-
Ecological Life Support System Alternative)
The European Space Agency’s MELiSSA project
is a closed-loop life support system that
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integrates microbial loops to recycle human
waste into plant-available nutrients. This
approach combines microbial bioreactors, algae
cultivation, and waste processing modules to
maintain a self-sustaining ecosystem. MELIiSSA
serves as a model for long-duration space
missions, demonstrating how microbial nutrient
cycling can support continuous crop production
while maintaining astronaut health and system
stability.

7.3 China’s Lunar Greenhouse Experiments
China’s lunar greenhouse experiments tested
soil-less cultivation modules that incorporate
nutrient recycling from plant residues and human
waste simulants. These experiments evaluate
crop productivity, nutrient availability, and
system efficiency in controlled extraterrestrial
conditions. The findings highlight the importance
of modular design, precise nutrient management,
and integrated waste recycling for future lunar
and planetary habitats.

8. Future Prospects

< Integration of Al-driven nutrient
management can optimize recycling in real-
time.

< Development of compact, modular recycling
units will allow scalability for long-term
space missions.

% Coupling energy recovery (biogas) and
nutrient recycling enhances sustainability in
extraterrestrial habitats.

% Multi-functional crops and microbial
consortia can provide food, oxygen, and
waste recycling simultaneously.
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CONCLUSION

Organic nutrient recycling is central to space
agriculture, enabling self-sufficiency,
sustainability, and resilience for long-duration
missions. By efficiently converting plant
residues, human waste, and microbial biomass
into reusable nutrients, closed-loop systems
reduce dependency on Earth resupply. While
challenges such as microgravity, pathogen
control, and limited space remain, technological
innovations like bioreactors, algal systems, and
sensor-driven  monitoring  offer  promising
solutions. Continued research and
experimentation are essential to create efficient,
safe, and productive nutrient recycling systems
for future space settlements.
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