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Abstract

The success of Long-duration human space missions depends not only on advanced spacecraft engineering and life-support
technologies but also on resilient food systems that can sustain astronauts’ health and performance throughout the mission. As
space agencies prepare for permanent lunar habitats and crewed missions to Mars, food systems have become a critical
component of mission success. Future exploration-class missions are expected to last three to five years, during which resupply
of food from Earth will be limited or unavailable. Consequently, conventional pre-packaged foods must evolve into sustainable,
integrated systems that ensure nutritional adequacy, food safety, and psychological well-being under resource-constrained
environments. This narrative review synthesises current evidence on the evolution of space food technologies, shelf-life
limitations, nutrient stability, and the effects of microgravity and space radiation on food quality. It further examines emerging
preservation strategies, including active and intelligent packaging, microencapsulation, controlled-environment agriculture,
precision fermentation, and bioregenerative life-support systems, as sustainable solutions for future deep-space missions. The
review also highlights the major risks associated with prolonged food storage, including nutrient degradation, microbial
contamination, and reduced sensory quality. It discusses innovative technologies such as artificial intelligence, synthetic biology,
and 3D food printing that may improve the resilience of food systems. Collectively, these advances provide a framework for
developing safe, nutritious, and sustainable food systems that support long-duration human exploration while offering valuable
applications for terrestrial food security and climate-resilient agriculture.
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1. Introduction

Human space exploration is evolving from short-duration
Low-Earth orbit (LEO) missions to long-duration missions to
the Moon, Mars, and potentially further. Unlike missions to
the International Space Station (ISS), where cargo resupply is
routine, future exploration missions will be undertaken with
limited or no logistics support, making sustainable food sys-
tems critical to mission success [1]. In addition to providing
energy, space food must maintain its nutritional value, micro-
bial safety, sensory acceptance, and operational integrity over
missions lasting three to five years [2].

Long-duration spaceflight is associated with microgravity,
ionising radiation, confinement, disrupted circadian rhythms,
and prolonged isolation. These factors exacerbate and accel-
erate physiological changes such as bone demineralisation,
skeletal muscle atrophy, immune system dysfunction, oxida-
tion stress, and cardiovascular deconditioning [3, 4]. There-
fore, nutritionally adequate and stable food systems are essen-
tial for maintaining crew health, cognitive performance, oper-
ational proficiency, and psychological well-being on long-du-
ration missions [5].

Current space food systems consist primarily of shelf-stable
foods preserved through processes such as thermostabilisation,
freeze-drying, irradiation, dehydration, and packaging under
modified atmosphere. While each of these processes guaran-
tees food safety, they can't fully prevent the progressive deg-
radation of nutrients during prolonged storage. Significant
losses of vitamins C, B, Bg, folate, vitamin E, and essential
fatty acids were observed during prolonged storage; this raises
concern about the nutritional adequacy of foods for explora-
tion-class missions [6, 7]. Existing National aeronautics and
space administration (NASA) food systems are generally de-
signed to maintain acceptable quality for approximately 18-24
months, which is insufficient for missions expected to exceed
1,000 days [1, 8].

To overcome these issues, researchers have developed sev-
eral regenerative food systems, including controlled-environ-
ment agriculture, hydroponics, precision fermentation, and
cellular agriculture and bioregenerative life support systems.
These technologies are designed to produce fresh food and re-
cycle water, CO,, nutrients and organic waste, reducing de-
pendence on mission resupply requirements and increasing
mission sustainability [9, 10]. Active packaging, nanotechnol-
ogies, biosensors and artificial intelligence are promising ap-
proaches and are being investigated to increase shelf-life sta-
bility, improve food safety, and provide autonomy in manag-
ing food production and distribution during deep space mis-
sions. These technologies also have beneficial applications to
other sectors such as climate-resilient agriculture, disaster
management and global food security.

1.1. Background

Space food systems are defined as systems that are capable
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of producing, processing, preserving, packaging, storing,
transferring, preparing, and consuming food and disposing of
waste to provide an astronaut with a nutritionally adequate
diet in space while optimising resource efficiency [11]. Space
food has come a long way since simple semi-liquid meal for-
mulations were first used on the Mercury and Gemini mis-
sions, to the diverse menus containing thermostabilised,
freeze-dried, irradiated and rehydratable foods used today to
support longer missions and encourage consumption [12, 13].
Yet, existing systems are highly dependent on Earth-based
supplies and can, therefore, not fulfil the demands of long-
term space missions requiring operational independence.

The unique characteristics of space affect food quality and
stability. Microgravity alters fluid dynamics, heat transfer, mi-
crobial populations and plant development, while galactic cos-
mic radiation accelerates the oxidation of lipids, vitamins, pig-
ments, and secondary metabolites [4, 14]. Future missions
therefore require integrated food systems. Both long-term
preservation and space-based production methods for fresh,
nutritionally adequate food.

Methods are currently being developed to enhance nutrient
retention and extend shelf-life during prolonged space storage
through active or intelligent packaging, oxygen scavenging,
antibacterial coatings, natural antioxidants and nanocompo-
site materials as barriers [15, 16]. Concurrently, space-based
production systems such as hydroponic and controlled envi-
ronment methods, precision fermentation and bioregenerative
life support systems are being investigated as sustainable so-
lutions to provide adequate fresh food and recycle atmos-
pheric gases, water and organic waste.

1.2. Methodology

This narrative review was conducted to systematically col-
late evidence on sustainable food systems for long-duration
human space exploration. Literature searches were performed
across multiple databases (PubMed, Web of Science, Sci-
enceDirect, Google Scholar) using keyword combinations
such as "space food systems", "space nutrition", "food preser-
vation", "shelf life", "nutrient stability", "food safety", "con-
trolled environment agriculture", "bioregenerative life support
systems", "Mars mission" and "long-duration spaceflight".
The study focused primarily on peer-reviewed articles pub-
lished between 2016 and 2026, supplemented by older semi-
nal works for historical and scientific context.

Selected literature evaluated space food, nutrition, preser-
vation, safety, packaging, and life support technologies, ex-
cluding non-English, incomplete, or non-spaceflight studies.
The synthesised findings highlight key advancements, re-
search priorities and knowledge gaps for building resilient,
sustainable food systems for crewed missions to the Moon,
Mars, and beyond.
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2. Evolution of Space Food Technologies

The evolution of space food technology reflects the intricate
nature of sustaining long-duration human spaceflight, with
emphasis on astronaut health, mission performance, and sus-
tainability. While early space missions focused on delivering
an adequate calorie supply and preventing microbial contam-
ination, current food systems are based on the preservation of
nutritional quality, sensory acceptability, operational effi-
ciency and sustainability throughout long-duration mission
contexts [11, 12].

During the Mercury & Gemini programs (1961-1966), as-
tronauts were fed semi-liquid products stored in aluminium
tubes, dehydrated powders, and bite-sized compacted foods
which minimise crumb generation and support consumption
in microgravity environments. Despite limitations in variety,
sensory palatability, and nutritional density, the provisions
proved adequate for short-duration missions lasting hours to
days; however, these commodities could not support long-
term human habitability in space [17].

The Apollo era (1968-1972) achieved advancements in
space nutrition. Thermostabilisation, freeze-drying, vacuum
packaging and rehydratable food preparations led to increased
menu variety, safety, and acceptability. Enhanced food pack-
aging improved safety and durability, and allowed for more
balanced nutrient profiles over increasing mission durations
[12]. These products displayed that food quality has an impact
on human health, morale, and operational performance.

The advent of long-duration Skylab, Space Shuttle and ISS
missions necessitated greater precision in the supply of nutri-
ents, enhanced menu options and improved preservation tech-
nologies to minimise nutrient degradation over prolonged-du-
ration missions. Commercial sterilisation, irradiation, freeze-
drying, intermediate moisture foods, and modified atmosphere
packaging became the norm. These methods offered safe and
hygienic products and reduced mass, weight and space re-
quirements for foods [18, 19]. However, with prolonged stor-
age, some heat- and oxygen-labile nutrients were found to de-
grade over time; notably Vitamins C, Bi, Bg, folate and vari-
ous antioxidants [6].

Current ISS food systems use a combination of thermosta-
bilized, freeze-dried, irradiated, natural state and chilled foods
to ensure optimal nutritional support throughout the 1-year
mission. Nonetheless, reliance on frequent resupply of cargo
from Earth means these systems do not fulfil the needs of a
long-term mission to Mars or the Moon [2].

To fulfil future needs in exploration, a transition from con-
ventional food preservation to regenerative and self-sustaining
food systems has been a major research theme. Controlled en-
vironment agriculture (CEA), hydroponics, acroponics, aqua-
ponics, precision fermentation, cellular agriculture, and biore-
generative life-support systems (BLSS), among others, are in-
tegral to supporting future long-duration missions [9, 10]. In
addition to being a constant source of fresh food, integrated
BLSS, which consist of crop cultivation and food and water
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recycling systems, support reduction in terrestrial resource us-
age and allow for maximum resource recycling within the life
support system.

Recent food engineering advancements have further en-
hanced the capability of food systems for space flight. 3-D
food printing has expanded personalised nutrition through
precise ingredient measurement, material utilisation, and re-
duced waste. Synthetic biology and gene editing allow for the
production of crops optimised for future mission conditions,
including but not limited to nutrient density and stress toler-
ance [20]. Production of proteins, vitamins, and functional
food ingredients using precision fermentation will provide an
alternative, resource-efficient source of essential nutrients.

Food packaging technologies have evolved in parallel with
food production systems, expanding capabilities by actively
participating to increase shelf life and quality monitoring
throughout mission duration. Oxygen scavenging agents, an-
timicrobial compounds and nanocoated barriers and biosen-
sors will further optimise fresh food and other consumable
product shelf life. Additionally, artificial intelligence is taking
on a prominent role in autonomous management of food re-
sources, nutrient planning, crop cultivation and predictive
quality management within integrated life-support systems
[15, 16].

In summary, a strong trend in the evolution of food systems
for space has been a paradigm shift from short-duration sur-
vival considerations to sustainable, regenerative, and life-sup-
port integrated food systems aimed at supporting long-term
exploration of deep space. Future food systems will increas-
ingly rely on advanced preservation techniques, smart and re-
sponsive food packaging, artificial intelligence and autono-
mous production to ensure the provision of safe, healthy, and
sustainable food diets in missions beyond Earth orbit.

3. Shelf Life of Space Foods

Shelf life is a critical determinant of food system reliability
during long-duration space missions, as astronauts depend on
foods that must remain safe, nutritious, and acceptable
throughout extended storage. Unlike terrestrial food systems,
where products can be replenished regularly, future lunar and
Martian missions will require foods capable of maintaining
their quality for three to five years without significant deteri-
oration [1]. Consequently, shelf life encompasses not only mi-
crobiological safety but also the preservation of nutritional
value, physicochemical stability, sensory quality, and packag-
ing integrity.

The deterioration of stored space foods results from com-
plex chemical, physical, and biological processes that con-
tinue even after preservation. Lipid oxidation remains one of
the principal causes of quality loss, particularly in foods con-
taining unsaturated fatty acids, producing off-flavours and re-
ducing the availability of essential fatty acids [7]. Proteins
may undergo denaturation, oxidation, and Maillard reactions,
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reducing digestibility and functional quality, while carbohy-
drates experience structural changes that alter texture and pal-
atability during prolonged storage [19].

Micronutrients are especially vulnerable to degradation.
Vitamins C, Bi, Be, folate, and vitamin E progressively de-
cline during long-term storage owing to oxidation, heat expo-
sure, and residual moisture, potentially compromising im-
mune function, antioxidant defence, energy metabolism, and
bone health [2, 6]. These nutrient losses are of particular con-
cern because astronauts already experience physiological
changes associated with microgravity and space radiation that
increase nutritional requirements during exploration missions.

The space environment further accelerates food deteriora-
tion. Galactic cosmic radiation and solar particle events gen-
erate reactive oxygen species that promote oxidation of lipids,
vitamins, pigments, and other bioactive compounds while mi-
crogravity alters heat transfer, moisture migration, and micro-
bial behaviour, potentially influencing food stability and
safety [4, 21]. Although spacecraft maintain relatively con-
trolled cabin environments, repeated temperature fluctuations
during manufacturing, launch, storage, and planetary opera-
tions may further accelerate chemical degradation and reduce
shelf life.

Packaging plays a central role in preserving food quality
during prolonged missions. Modern multilayer barrier materi-
als protect foods against oxygen, moisture, light, and micro-
bial contamination; however, prolonged exposure to radiation,
vibration, and mechanical stress may gradually reduce pack-
aging performance [8]. Consequently, active and intelligent
packaging systems incorporating oxygen scavengers, antimi-
crobial coatings, moisture regulators, nanocomposite barriers,
and biosensors are being developed to improve product stabil-
ity and enable real-time monitoring of food quality throughout
extended missions [15].

To meet the demands of future deep-space exploration,
shelf-life management must extend beyond conventional
preservation approaches. Advances in food processing, anti-
oxidant fortification, microencapsulation, intelligent packag-
ing, controlled storage systems, and regenerative food produc-
tion offer promising strategies for maintaining nutritional
quality and reducing dependence on Earth-based resupply.
Continued research integrating food science, biotechnology,
materials engineering, and aerospace medicine will be essen-
tial for the development of resilient food systems capable of
supporting safe, nutritious, and sustainable human exploration
beyond Low-Earth orbit.

4. Nutrient Stability in Stored Space
Foods

Maintaining nutrient stability throughout prolonged storage
is fundamental to ensuring the nutritional adequacy of space
food systems. During long-duration missions, foods may re-
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main in storage for several years before consumption, allow-
ing chemical and biochemical reactions to progressively re-
duce nutritional quality despite adequate microbiological
safety [1]. Factors including oxygen, moisture, temperature,
radiation, packaging integrity, and storage duration influence
the stability of essential nutrients, making nutrient preserva-
tion a major challenge for future exploration-class missions

[2].

4.1. Stability of Macronutrients

Macronutrients generally exhibit greater storage stability
than micronutrients; however, they remain susceptible to
gradual deterioration. Proteins may undergo oxidation, dena-
turation, and Maillard reactions that reduce digestibility and
biological value, potentially affecting muscle maintenance
and immune function [2]. Lipids, particularly those rich in
polyunsaturated fatty acids, are highly vulnerable to oxidative
rancidity, resulting in the loss of essential fatty acids and the
formation of undesirable oxidation products [7]. Although
carbohydrates are comparatively stable, prolonged storage can
alter starch structure and texture, reducing palatability and re-
hydration properties. Preserving macronutrient integrity is
therefore essential for maintaining energy supply and physio-
logical performance throughout extended missions.

4.2. Stability of Micronutrients

Micronutrients represent the most vulnerable components
of stored space foods. Vitamins C, Bi, Bg, folate, and vitamin
E progressively degrade through oxidation, thermal exposure,
and residual moisture, reducing their physiological availabil-
ity during prolonged storage [6]. These losses are particularly
concerning because astronauts experience increased oxidative
stress, immune dysregulation, and accelerated bone and mus-
cle loss under microgravity and radiation exposure. Although
minerals such as calcium, iron, magnesium, and zinc remain
chemically stable, their physiological effectiveness depends
on adequate preservation of interacting nutrients, particularly
vitamin D, which is essential for maintaining bone metabo-
lism during long-duration missions. Continuous monitoring of
micronutrient stability remains critical for preventing nutri-
tional deficiencies that may compromise astronaut health and
mission performance [4].

4.3. Bioactive Compounds and Functional
Foods

Increasing attention has been directed toward bioactive
compounds and functional foods as nutritional countermeas-
ures against spaceflight-induced physiological stress. Poly-
phenols, carotenoids, flavonoids, probiotics, prebiotics, and
bioactive peptides possess antioxidant, anti-inflammatory, an-
timicrobial, and immunomodulatory properties that may re-
duce oxidative damage, support immune function, preserve
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cardiovascular health, and maintain cognitive performance
during prolonged missions [5]. However, many of these com-
pounds are sensitive to oxidation, light, and temperature, lead-
ing to gradual reductions in biological activity during storage.
Preserving these functional ingredients is therefore essential
for maximising their protective benefits in future space food
systems [22].

4.4. Strategies for Improving Nutrient Stability

Multiple preservation strategies are being developed to
minimise nutrient degradation during long-duration storage.
Microencapsulation protects sensitive nutrients such as vita-
mins, omega-3 fatty acids, and probiotics from oxygen and
moisture, while natural antioxidants including tocopherols,

carotenoids, and plant polyphenols inhibit oxidative deterio-
ration [15]. Advances in active and intelligent packaging, in-
corporating oxygen scavengers, antimicrobial coatings, mois-
ture regulators, and freshness sensors, further enhance food
stability and permit real-time quality monitoring. In parallel,
controlled-environment agriculture and biofortified crops can
provide fresh foods rich in vitamins and antioxidants, com-
pensating for unavoidable nutrient losses in stored products.
Collectively, these innovations provide an integrated ap-
proach for maintaining nutritional quality and improving the
resilience of sustainable food systems designed for future lu-
nar and Martian exploration. Table 1 summarises the various
nutrients, their stability, causative agents and physiological
consequences on astronauts.

Table 1. Stability of Major Nutrients during Long-Term Space Food Storage.

Nutrient Stability Principal Causes of Degradation
Protein Moderate Ox1d.at10n, denaturation, Maillard
reactions
. R i i -
Carbohydrates High .etrogradatlon and browning reac
tions
Lipids Low Oxidative rancidity
Vitamin C Very Low Oxidation, heat, radiation
Vitamin E Low Lipid oxidation
Vitamin B1 Moderate Thermal degradation
Folate Moderate Oxidation
Vitamin D High Minimal storage degradation
Calcium High Stable

5. Influence of Microgravity and Space
Radiation on Food Quality

Maintaining food quality during long-duration space mis-
sions is challenging because foods are exposed to environ-
mental conditions that differ markedly from those on Earth.
Microgravity, galactic cosmic radiation, solar particle events,
prolonged storage, temperature fluctuations, and confined
spacecraft environments collectively influence the nutritional,
physicochemical, microbiological, and sensory properties of
foods [1, 21]. These changes may reduce food quality, com-
promise astronaut health, and threaten mission success, mak-
ing effective preservation strategies essential for future lunar
and Martian expeditions.
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Physiological Consequences Citations
Reduced muscle maintenance and immune 2]
function

Reduced sensory quality and digestibility [23]
Loss of essential fatty acids and increased oxi- [24]
dative stress

Impaired immunity and antioxidant defence [25]
Increased membrane damage [26]
Reduced energy metabolism [27]
Impaired DNA synthesis [28]
Bone health dependent on dietary intake [28]
Bone mineralization [27]

5.1. Effects of the Space Environment on Food
Quality and Nutritional Stability

Microgravity alters fluid dynamics, heat transfer, moisture
migration, and plant physiology, affecting food processing,
storage, texture, and crop productivity [14]. Simultaneously,
space radiation generates reactive oxygen species that accel-
erate the oxidation of lipids, vitamins, pigments, and other
bioactive compounds, leading to nutrient losses and sensory
deterioration [4]. These environmental stressors collectively
reduce the nutritional quality and shelf life of stored foods,
highlighting the need for improved preservation technolo-
gies.
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5.2. Temperature Fluctuations and Storage
Conditions

Although spacecraft maintain relatively stable cabin tempera-
tures, foods experience thermal variations during processing,
launch, transportation, storage, and planetary operations. Elevated
temperatures accelerate lipid oxidation, vitamin degradation, Mail-
lard reactions, and flavour deterioration, while prolonged storage
further compounds nutrient losses [6]. Consequently, temperature
control and appropriate packaging remain critical for preserving
food quality during exploration-class missions.

5.3. Microbial Behaviour and Food Safety

Food safety remains a priority because medical intervention
during deep-space missions is limited. Microgravity influences
microbial growth, biofilm formation, stress responses, and gene
expression, potentially increasing resistance to environmental
stressors [14]. Fresh foods produced through controlled-envi-
ronment agriculture may also introduce contamination risks if
sanitation is inadequate. Continuous microbial monitoring, ef-
fective sterilisation, and strict hygiene protocols are therefore
essential components of future space food systems.

5.4. Packaging Performance Under Space
Conditions

Packaging provides the primary barrier against oxygen,
moisture, radiation, and microbial contamination. However,
prolonged exposure to vibration, thermal cycling, and radia-
tion may reduce package integrity and barrier performance.
Active and intelligent packaging technologies incorporating
oxygen scavengers, antimicrobial coatings, nanocomposite
barriers, and biosensors offer promising solutions for extend-
ing shelf life and enabling real-time assessment of food qual-
ity during autonomous missions [8].

5.5. Sensory Quality and Crew Acceptance

The long-term success of space food systems depends not
only on nutritional adequacy but also on astronaut acceptance.
Prolonged storage, altered taste perception associated with mi-
crogravity, and menu monotony may reduce appetite and en-
ergy intake, increasing the risk of weight loss and impaired per-
formance [2]. Future food systems should therefore prioritise
menu diversity, culturally familiar meals, personalised nutrition,
and the inclusion of fresh foods to enhance dietary adherence
and psychological well-being during extended missions.

6. Sustainable Food Systems for Long-
Duration Space Missions

Sustainable food systems are essential for future human ex-
ploration beyond low-Earth orbit, where continuous resupply

122

from Earth is impractical. Unlike conventional space food sys-
tems that rely largely on pre-packaged foods, future missions
to the Moon and Mars require integrated, closed-loop systems
capable of producing, preserving, recycling, and efficiently
utilising resources while ensuring food safety and nutritional
adequacy [9, 10]. These systems combine food production
with water recovery, carbon dioxide utilisation, oxygen gen-
eration, and waste recycling to enhance mission sustainability
and crew health, as shown in Figure 1.

6.1. Bioregenerative Life-Support Systems
(BLSS)

Bioregenerative Life-Support Systems (BLSS) integrate
plants, algae, fungi, and microorganisms to regenerate oxygen
recycle water and nutrients, remove carbon dioxide, and pro-
duce edible biomass. Beyond food production, BLSS contrib-
ute to environmental control and waste recycling, supporting
self-sustaining habitats for long-duration missions. Space-
based experiments, including NASA's Veggie and Advanced
Plant Habitat programmes, have demonstrated the feasibility
of cultivating crops in microgravity. Further optimisation is
required before large-scale deployment on the Moon and Mars

[9].

6.2. Controlled-Environment Agriculture
(CEA)

Controlled-environment agriculture (CEA) enables crop
production by regulating temperature, humidity, lighting, at-
mospheric composition, and nutrient delivery independent of
external environmental conditions. Technologies such as hy-
droponics, aeroponics, and aquaponics maximise water and
nutrient efficiency while minimising resource consumption.
Hydroponics remains the most mature system for space appli-
cations, whereas aeroponics offers enhanced nutrient uptake
and water conservation. Aquaponics provides an integrated re-
cycling approach but requires further research to overcome the
technical challenges associated with reduced-gravity environ-
ments [29].

6.3. Alternative Food Production Technologies

Future exploration missions will require additional sources
of high-quality protein beyond conventional crop production.
Precision fermentation uses engineered microorganisms to
produce proteins, vitamins, and enzymes with minimal re-
source requirements, while cellular agriculture offers the po-
tential to produce cultured meat without livestock. In addition,
edible microorganisms such as Spirulina, Chlorella, and se-
lected fungi provide nutrient-dense biomass, rapid growth,
and compatibility with closed-loop life-support systems, mak-
ing them promising components of sustainable space nutrition
[30].


http://www.sciencepg.com/journal/sdf

Science Discovery Food

https://www.sciencepg.com/journal/sdf

6.4. Circular Resource Utilisation

Efficient resource recycling is fundamental to sustainable
extraterrestrial food production. Water recovered from humid-
ity, wastewater, and urine, together with recycled nutrients
from organic waste, supports continuous crop production
while plants regenerate oxygen and utilise carbon dioxide. Ar-
tificial intelligence is expected to optimise nutrient manage-
ment, crop monitoring, waste recycling, and harvest schedul-
ing, thereby improving overall system efficiency and resili-
ence [31].

co,

6.5. Nutritional and Psychological Benefits of
Fresh Food Production

Fresh foods produced onboard provide vitamins, antioxi-
dants, dietary fibre, and other bioactive compounds that de-
cline during prolonged storage of processed foods. Equally
important, cultivating plants has been shown to reduce stress,
improve mood, strengthen crew cohesion, and enhance psy-
chological well-being during extended missions. Conse-
quently, integrating fresh food production into future space
habitats offers both nutritional and behavioural benefits that
support astronaut health and long-term mission success [32].

RESOURCE FLOWS

Material Flow
Water Flow
Gas Flow

Energy Flow

B rvonsit [ oxvGen PRoDuCTION [ WATER RECYCUNG
Astronatt OXYGEN PRODUCTION 2 WATER RECYCLING
Respiration Plants release oxygen « Recovers and purifies water
for astronaut breathing from humidity, wastewater
and cabin atmosphere and urine
* Soilless cultivation of plants « Recycled water used for
« Efficient use of water and nutrients
¥ % plant growth and system
« Continuous fresh food production ) operations
+ Consumes safe, nutritious
food and water ot o
* Nutritious, safe a
4 Suppoﬂ_sbsleyslem theougn varied food for
responsible resource use
astronauts
* Provides CO,
and organic waste WASTE SOURCES
WASTE RECYCLING a tifood
o Self-sufficiency + Organic waste is decomposed ‘_ + Inedible plant parts
microbes
O Resource efficienc; i X [
Yy * Produces nutrients for plants ‘ + Packaging (biodegradable) |
m Waste minimization podiredion waste vorame
i’ Environmental control % b weste ‘
2 Nutrients (N, P, K and )
‘ Planetary sustainability | trace elements) returned
Q) Astronaut health & well-being to the hydroponic system

- —

A CLOSED LOOP FOR A SUSTAINABLE FUTURE IN SPACE

Figure 1. Closed-loop Sustainable Food System for Long-Duration Space Missions.

7. Risks Associated with Shelf Life and
Nutrient Instability in Long-Duration
Space Missions

Ensuring a stable and nutritionally adequate food supply is
fundamental to the success of long-duration human space ex-
ploration. Although considerable advancements have been
achieved in food preservation technologies, packaging mate-
rials, and sustainable food production systems discussed ear-
lier, the deterioration of food quality during prolonged storage
continues to present significant risks to astronauts’ health and
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mission success. These risks extend beyond simple nutrient
losses and encompass physiological impairment, microbial
contamination, psychological stress, operational inefficien-
cies, and increased mission costs. Because future lunar and
Martian expeditions will operate with little or no opportunity
for food resupply, even relatively small declines in food qual-
ity may accumulate over time, producing substantial conse-
quences for crew performance and survival [1, 33].

Risk assessment within space food systems therefore re-
quires a holistic approach integrating nutrition, food microbi-
ology, toxicology, aerospace medicine, engineering, psychol-
ogy, and systems biology. Understanding these interconnected
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risks is essential for designing resilient food systems that sup-

port exploration-class missions lasting several years. Table 2

highlights major risks associated with shelf life and stability
of nutrients.

Table 2. Major Risks Associated with Shelf Life and Nutrient Instability [1, 33].

Risk Category Primary Cause Potential Consequences

Nutritional Vitamin degradation Micronutrient deficiency

Physiological Poor nutrient availability Bone loss, muscle atrophy

Food Safety Microbial contamination Food borne illness

Chemical Lipid oxidation Toxic metabolites, flavour deterioration
Psychological Menu fatigue Reduced food intake

Operational Food system failure Reduced mission reliability
Agricultural Crop production failure Food shortages

8. Emerging Technologies to Improve
Space Food Systems

Emerging technologies are reshaping the future of space
food systems by integrating advanced biotechnology, artificial
intelligence, materials science, precision agriculture, and dig-
ital health. Innovations such as 3D food printing, nanotech-

Mitigation Strategy

Fortification, encapsulation

Functional foods, dietary optimization
Sterilization and biosensors

Antioxidants and improved packaging
Fresh food production and menu diversity
Redundant preservation systems

Multiple food production platforms

nology, synthetic biology, precision fermentation, cellular ag-
riculture, gene-edited crops, and intelligent packaging have
the potential to overcome current limitations in food preserva-
tion, nutrient stability, and sustainability, as seen in Table 3.
While many of these technologies remain under development,
their successful integration into future exploration missions
could enable autonomous, resilient, and nutritionally opti-
mised food systems capable of supporting permanent human
habitation beyond Earth [1].

Table 3. Emerging Technologies Transforming Future Space Food Systems [1].

Technology

3D Food Printing
Nanotechnology
Artificial Intelligence
Synthetic Biology
Precision Fermentation
Cellular Agriculture
Gene Editing

Smart Packaging

Omics Technologies

9. Conclusion

Major Application

Personalized meals
Preservation and packaging
Food management

Engineered crops and microbes
Protein and vitamin production
Cultured meat

Improved crop performance
Food quality monitoring

Precision nutrition

Expected Benefits

Menu diversity and reduced waste
Extended shelf life

Autonomous decision-making
Enhanced nutrition

Resource efficiency

Sustainable protein

Increased productivity

Real-time safety assessment

Personalized dietary interventions

Sustainable food systems are indispensable for the success
of future long-duration human space missions. As exploration
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Current Challenges

Ingredient stability
Safety evaluation
Data integration
Biosafety concerns
Scale-up challenges
High production costs
Regulatory issues
Sensor durability

Complex data interpretation

expands beyond low-Earth orbit to the Moon and Mars, reli-
ance on conventional pre-packaged foods alone will no longer
meet astronauts' nutritional, operational, and psychological
needs. This review demonstrates that integrating advanced
food preservation technologies with controlled-environment
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agriculture, bioregenerative life-support systems, intelligent
packaging, precision fermentation, and artificial intelligence
offers a practical pathway toward resilient and self-sustaining
space food systems. However, important challenges remain,
particularly in ensuring long-term nutrient stability, mitigating
the combined effects of microgravity and space radiation on
food quality, and validating these technologies under actual
deep-space conditions. Addressing these gaps will require
multidisciplinary collaboration among food scientists, engi-
neers, biotechnologists, and aerospace researchers. Beyond
supporting space exploration, many of these innovations have
significant potential to improve food preservation, resource-
efficient agriculture, and global food security, highlighting the
broader societal value of research in sustainable space nutri-
tion.
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