ACCELERON AEROSPACE JOURNAL (AAJ) et aartizio6eos
Review Paper

E-ISSN: 2583-9942 (Online) | Accessible at www.acceleron.org.in https://doi.org/10.61359/11.2106-2622

How Can Local Regolith Be Used to Create Self-Sustaining
Agriculture Zones Without Relying on Full Planetary
Terraforming?

Aryaan Raj Atluri *
Gems Modern Academy, Nad Al Sheba - 3, Dubai, United Arab Emirates.

Abstract: Establishing sustainable agricultural systems is essential for long-duration human habitation in
extraterrestrial environments. This study investigates the feasibility of utilizing lunar regolith as a foundational
resource for developing localized, self-sustaining agricultural zones without requiring full planetary terraforming.
By integrating regolith-derived materials with hydroponic cultivation, closed-loop waste recycling, and modular
habitat design, the research demonstrates how in-situ resource utilization (ISRU) can support food production,
oxygen generation, and habitat sustainability. The findings indicate that regolith can serve multiple roles, including
structural support, radiation shielding, and resource extraction, while hydroponics and waste-recycling systems
provide efficient nutrient cycling. These integrated systems present a scientifically realistic pathway toward
sustainable lunar habitation.
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1. Introduction

To fully grasp the framework of this study, it is essential to understand several technical concepts that form the
foundation of lunar agriculture and extraterrestrial sustainability. Lunar regolith refers to the Moon'’s surface layer
of loose, fragmented material created by billions of years of meteorite impacts and space weathering; it is rich in
minerals but lacks organic content [1]. Self-sustaining agriculture describes a system that maintains its own
productivity without external inputs, often by recycling water, nutrients, and organic matter [2]. One key method
used is hydroponics, a soil-less growing technique that nourishes plants with mineral-rich water solutions, allowing
efficient food production in space-constrained environments [3]. A closed-loop system supports this by reusing all
waste and output within the environment, minimizing the need for external resources [4]. Human waste recycling
plays a crucial role here, transforming bodily waste into usable forms like fertilizer, water, or even energy [5].
Bioreactors, engineered systems that support biological processes, are often used to convert waste into nutrients
or other beneficial byproducts [6]. The concept of In-Situ Resource Utilization (ISRU) focuses on using materials
already available on the Moon, such as regolith, to build structures or support life, significantly reducing reliance
on Earth-based supply chains [7]. Radiation shielding is a critical aspect of lunar habitats, involving materials or
designs that protect inhabitants from cosmic and solar radiation, often using layers of regolith or water [8]. Vertical
farming, which involves growing crops in stacked layers, is an efficient method for maximizing food output in
limited space [9]. Oxygen extraction refers to techniques that isolate breathable oxygen from lunar materials, often
by processing regolith or electrolysis of water ice [10]. Water harvesting includes capturing or extracting water
from lunar ice or the atmosphere and purifying it for human and agricultural use [11]. A lunar habitat is a specialized
structure designed to support human life on the Moon, incorporating life-support systems, shielding, and structural
safety [12]. Solar energy storage refers to technologies that capture and store solar power for continuous use,
essential due to the Moon’s long day-night cycles [13]. As shown in Figure 1.1, lunar regolith consists of fine
mineral particles formed through meteorite impacts and space weathering, making it both a structural resource
and a potential material for resource extraction and habitat protection.

Composting converts organic waste into nutrient-rich material for plants, forming a vital part of sustainable
farming cycles [14]. Modular design allows habitats and systems to be expanded or repaired easily by connecting
interchangeable parts, increasing flexibility [15]. Thermal regulation ensures stable internal temperatures despite
the Moon'’s extreme heat and cold [16]. Nutrient recovery is the process of reclaiming nutrients from waste products
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for reuse in growing plants [17]. Moon colonization is the broader goal of establishing long-term or permanent
human settlements on the Moon [18]. Waste-to-fertilizer systems involve converting organic or inorganic waste
into agricultural inputs [19]. Lastly, space farming refers to the cultivation of crops in

The extraterrestrial environments, using advanced techniques to overcome the lack of Earth-like conditions[20].
Understanding these interconnected concepts is essential for designing a sustainable agricultural ecosystem on the
Moon that does not depend on full-scale planetary terraforming.

Figure 1.2 — Shows a concept for lunar agriculture
Image sourced — Space Settlement Progress

Figure 1.2 illustrates a conceptual model of agricultural systems integrated within a lunar habitat, demonstrating
how controlled environment farming can operate in extraterrestrial conditions.

This study investigates whether lunar regolith, when combined with hydroponic cultivation systems and closed-
loop waste recycling, can support localized, self-sustaining agricultural zones suitable for long-duration human
habitation without requiring planetary-scale terraforming.

2. Objectives

The purpose of this study is to examine the characteristics of lunar regolith and possible functions of it in the
use of agriculture on the Moon. It explores the application of hydroponic setup which is complemented by recycled
human waste as a sustainable source of nutrition to plants. Also, the study focuses on how the lunar regolith
landscapes will be put together in terms of energy-efficient designs in order to maximize the resources utilization
and the sustainability of the habitats. Nevertheless, the study theorizes a closed-loop facility that can synthesize
food, water, and oxygen in a sustainable cycle with minimal dependency on the Earth and permits sustainable
habitation on the Moon in long term.
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3. Research Methodology

This study employs a qualitative systems-integration methodology based on structured analysis of peer-
reviewed scientific literature, aerospace agency technical reports, and existing ISRU research. The objective was
to evaluate the feasibility of integrating regolith utilization, hydroponic agriculture, waste recycling, and habitat
engineering into a self-sustaining agricultural system.

The methodology consisted of four primary analytical stages:

1. Material Analysis: Examination of lunar regolith composition, mechanical properties, and resource
extraction potential using NASA and ESA research data.

2. Agricultural Systems Evaluation: Analysis of hydroponic farming systems, nutrient cycling, and
controlled environment agriculture used in space and terrestrial analogy environments.

3. Closed-Loop Systems Integration: Conceptual modelling of waste recycling, nutrient recovery,
oxygen extraction, and water reuse to create a regenerative agricultural cycle.

4. Energy Feasibility Assessment: Evaluation of solar energy generation, storage systems, and power
distribution requirements necessary to sustain agricultural and habitat operations in the lunar
environment.

This integrated analytical approach enabled the conceptual design and evaluation of localized agricultural zones
capable of sustaining human life using primarily in-situ lunar resources.

4. Findings
A. Properties and Applications of Lunar Regolith

Lunar regolith or Moon soil, is a fine, dusty layer covering the Moon’s surface, produced by constant
bombardment from micrometeorites over billions of years. Though it lacks organic content, it contains valuable
minerals like potassium, phosphorus, and iron, making it a potential base material for extraterrestrial agriculture
when properly treated [21]. On its own, regolith cannot support plant life due to the absence of nitrogen and
organic matter. However, when supplemented with nutrients derived from treated human waste, it can be used
as a growth medium or incorporated into hydroponic systems [22]. Treated human waste adds missing
macronutrients like nitrogen, as well as trace minerals essential for plant development [23].

Structurally, lunar regolith is highly versatile. Technologies such as sintering and 3D printing can convert regolith
into solid bricks for building habitats, storage units, or greenhouses [24]. These bricks provide radiation shielding
against harmful cosmic rays and solar particle events, a critical function in space where there is no atmospheric
protection [25]. Additionally, regolith serves as thermal insulation, helping maintain interior temperatures within
habitable ranges. These dual-use applications make regolith an invaluable resource for long-term lunar operations.

Regolith also plays a role in resource extraction. It contains oxidized minerals like ilmenite, from which oxygen
can be extracted using chemical processes such as hydrogen reduction or electrolysis[26]. Extracted oxygen can
support both life support systems and fuel production. Moreover, water ice found in permanently shadowed craters
near the lunar poles can be mined, purified, and used for drinking, hydroponics, and oxygen generation.[27]
Combined, these capabilities highlight the importance of regolith as both a construction material and a source of
vital resources.

B. Human Waste Recycling for Agriculture

On the Moon, every resource must be reused. Human waste, often considered a liability on Earth, becomes an
asset in closed-loop systems. It contains nutrients such as nitrogen, phosphorus, and potassium, key elements in
fertilizer. The recycling process begins with the collection of solid and liquid waste via specialized space toilets
designed for low-gravity environments[28]. Once collected, the waste undergoes sanitation through microbial
digestion (e.g., anaerobic digestion) or thermal processing, which removes pathogens and breaks down organic
material[29].

The sanitized waste is then converted into usable agricultural inputs. Solids are composted into a nutrient-rich
substrate, while liquids are transformed into hydroponic nutrient solutions through chemical filtration and ion
exchange[30]. This approach allows astronauts to grow crops using fully recycled materials, minimizing
dependence on Earth-supplied fertilizer. In addition, plant waste such as stems and leaves is reintroduced into the
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bioreactor system, closing the loop and ensuring that no organic material is wasted[31]. This integrated approach
mirrors Earth’s natural nutrient cycles and is vital for long-duration missions.
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Figure 2.1 —A diagram depicting the Human waste the fertilizer loop

As shown in Figure 2.1, human waste is processed through composting and bioreactor systems, allowing
nutrients to be safely reintegrated into the agricultural cycle and forming a closed-loop nutrient system.

C. Hydroponic Farming Advantages

Hydroponic farming is the most viable technique for growing crops in space, particularly in enclosed habitats
where soil is unavailable or impractical. In hydroponics, plants are grown in a controlled environment with roots
suspended in a nutrient-rich water solution. This method offers several advantages, including reduced water usage,
faster plant growth, and precise control over nutrient delivery[32]. On the Moon, where water is a scarce and
valuable resource, hydroponics allows for water to be reused and recirculated with minimal loss.

Another key benefit is the ability to create vertical farms, stacking plant trays in multiple levels to maximize
space usage. This layout is ideal for cylindrical or dome-shaped habitats, where floor space is limited[33].
Environmental conditions such as temperature, humidity, carbon dioxide, and light can be tightly regulated using
automated systems, resulting in optimal crop yields year-round. Crops suited to this method include potatoes,
lettuce, kale, spinach, tomatoes, peppers, basil, strawberries, and radishes, many of which are nutrient-dense,
calorie-rich, and fast-growing[34].

E. Habitat Design

Designing efficient and protective agricultural habitats is crucial for sustaining life and crop production on the
Moon. One proposed structure involves cylindrical modules capped with domes, partially or fully buried under layers
of regolith. This shape provides structural integrity and volume efficiency while the regolith layer offers protection
from radiation, micrometeorite impacts, and temperature extremes[38]. The habitats would be pressurized and
thermally regulated, maintaining a constant environment suitable for both human habitation and plant growth.

Inside, vertical farming systems could be installed along the walls or in rotating shelves to utilize space
efficiently. LED lighting, tuned to optimal wavelengths for plant photosynthesis, would replace natural sunlight,
while sensors monitor and adjust environmental conditions in real time[39]. Thermal regulation systems, such as
radiators and phase-change materials, would maintain temperatures within a narrow range, preventing damage to
sensitive plants or equipment. Humidity and CO2 levels would also be carefully controlled to replicate Earth-like
growing conditions. Finally, the modular nature of these habitats allows for future expansion by attaching new
segments as neededao.
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Figure 2.2 Demonstrates how agricultural zones, habitat modules, and radiation shielding can be
structurally integrated to create a sustainable lunar settlement.

Figure 2.2 demonstrates how agricultural zones, habitat modules, and radiation shielding can be structurally
integrated to create a sustainable lunar settlement.

5. Conclusion

The study establishes that local lunar regolith, though initially inhospitable, holds immense potential when
combined with modern technologies to support self-sustaining agriculture in lunar environments. Through
treatment and integration into hydroponic systems, regolith can contribute essential minerals for plant growth
while serving multiple roles, as a growth medium, a building material, and even a source of oxygen. The utilization
of treated human waste provides the necessary nutrients to complete the agricultural cycle, making the closed-
loop system both feasible and sustainable.

Hydroponics emerges as a highly effective farming technique for lunar conditions due to its water efficiency,
spatial compactness, and compatibility with vertical farming. Furthermore, energy-efficient systems powered by
solar energy and supported by advanced energy storage can sustain agricultural infrastructure, while modular,
regolith-shielded habitats can ensure long-term survivability for both crops and humans.

Overall, this paper demonstrates that fully terraforming the Moon is not a prerequisite for developing viable
agricultural zones. Instead, leveraging in-situ resources such as regolith, along with waste-recycling and energy-
efficient designs, offers a more immediate and realistic pathway toward lunar colonization and food independence

6. Scope for Further Research
A. Biological Compatibility Testing:
Assess long-term crop health when grown in regolith with recycled waste in lunar-like environments.

B. Radiation Effects on Plants and Systems:
Study how lunar radiation impacts plant growth, nutrient content, and sensitive habitat technologies.

C. Advanced Waste Processing Systems:
Develop compact, energy-efficient bioreactors for turning human waste into reliable plant nutrients.

D. Automation and AI Integration:
Research Al-driven systems for autonomous farming, environmental control, and waste recycling on the Moon.

E. Social and Psychological Factors:
Examine how space farming environments affect astronaut morale, mental health, and long-term well-being.
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