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Long-duration missions to the Moon and Mars, which involve a constant human presence on the surface require
food systems that extend beyond current strategies based on pre-packaged provisions. These missions demand
sustainable, robust, and autonomous food production systems that integrate production, processing, storage,
consumption, and resource recovery within tightly constrained and closed-loop environments. This paper adopts
a systems perspective to address the development of such food systems, identifying key drivers, including
nutritional, psychological, environmental, economic, and regulatory factors, and proposes evaluation metrics
and requirements to guide design and integration. Recognizing food systems as socio-ecological constructs, the
paper emphasizes the importance of interactions across multiple food system elements (e.g., production, waste
management, preparation, socio-cultural factors) and temporal, spatial and governance scales. The study outlines
critical attributes such as adaptability, resilience, and self-organization, then highlights the need for system-level
validation through iterative ground testing. By grounding space food system development in a systems-level
approach, this paper aims to start the discussion to create a strategic foundation for achieving operational
food security on future deep space missions.

interconnected through resource flows and feedback loops, influ-
encing the system's overall performance and robustness.
Subsystem: A distinct module, component, or specialized function

Glossary of key terms

e System: Encompasses the complex networks of all inputs and out-

puts involved in producing, distributing, and consuming food. This
includes not only production processes and technologies but also the
social, economic, and temporal dimensions that shape how food is
produced, handled, stored, prepared, and ultimately consumed.
These networks integrate technological, biological, and human
components across multiple scales, linked by nonlinear feedback
loops to manage resources, support crew well-being, and maintain
overall system reliability.

Elements: A distinct functional block within a larger food system,
encompassing a specific capability such as production, post-harvest
management, waste management, or socio-cultural factors (con-
sumption). While elements can operate semi-independently, they are

within the larger system (e.g., hydroponic growth unit, microbial
cultivation unit, waste-processing unit). Subsystems can have nested
structures, e.g., as the nutrient delivery system is a subsystem of the
plant production system.

Levels: Hierarchical layers of organization within the food produc-
tion system, ranging from individual components or subsystems to
the entire habitat. Each level has its own emergent properties and
interacts with others through feedback loops and resource flows.
Agency: The capacity of individuals or groups to make choices and
influence outcomes related to their food, granting a degree of con-
trol, autonomy, and self-determination in production, preparation,
and consumption.
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e Governance: The structures, institutions, and decision-making pro-
cesses, ranging from mission-level management to international co-
ordination, that shape how food systems are organized, regulated,
and operated.

Sustainability: In the context of this paper, sustainability refers to
the long-term viability of the technological, economic, and social
bases of the food system. It emphasizes the continuous functioning
and health of the relationships between the system's subsystems,
ensuring operational continuity across varying mission phases.

1. Introduction
1.1.

Exploration missions beyond Low Earth Orbit (LEO) pose unique
challenges, especially in providing a sustainable food system for
extended-duration missions. While the current ISS food system is
established and reliable, it cannot ensure shelf stability for longer-
duration exploration missions to Mars, which would require maintain-
ing food quality and stability for a minimum of 3 years, potentially up to
five years in some mission scenarios [1,2]. Moreover, Crew Specific
Menu (CSM) foods (e.g., fresh fruit, preference foods, cheese, and other
individual requirements) have become increasingly important for crew
morale, despite an increased variety of the standard menu [3]. Food and
mealtime activities play a vital role in psychological wellness with in-
creases in mission duration, isolation, and confinement [4]. If the food
lacks either variety or organoleptic appeal, it will have a negative impact
on crew caloric intake, mood and morale, meaning that, regardless of
nutritional content, the food will provide no benefit if not consumed
[5-8]. However, providing palatable variety and freshness for missions
beyond LEO-particularly Mars missions with food potentially pre-
positioned years in advance-presents major challenges.

Producing food in space could help address key aspects of these
challenges: first, by complementing existing provisions through
increased micronutrient intake and variety; then, as mission durations
lengthen and distances from Earth increase, by gradually replacing
supplied provisions step by step, ultimately leading to self-sufficient,
bioregenerative food production systems.

Off-planet food production systems can easily escalate into a wide
variety of technologies and possibilities, with or without a frame of
reference for their application during a relevant mission scenario [9].
Moreover, technology development initiatives often focus on a single
narrow subset of incremental advancements, most commonly food
production technologies, while overlooking other critical elements such
as post-harvest management, side stream and waste management,
preparation, and the socio-cultural importance of food. Each food sys-
tem element has its own emergent properties, and different levels and
subsystems with varying degrees of redundancy and complexity that
interact in a network of feedback loops (e.g., resource use, reclamation,
waste-to-resource recycling, and psychological impacts on crew morale)
[10]. For instance, a production technology may be useless without the
proper post-harvest management capabilities, if crew workload makes
the system impractical to operate, or if the output is not palatable.
Consequently, regardless of output, no single component can be evalu-
ated in isolation without considering its dependencies on other elements
and scales within the overarching system.

To avoid scattered or overly speculative thinking, a systems
perspective is crucial. In particular, one that recognizes the food-system
complexity and accounts for the multiple elements, scales, feedback
loops, and nonlinear interactions that shape food production and con-
sumption within a decentralized setting. In such systems, no single
process operates in isolation; rather, production, waste management,
and crew behavior continuously influence one another, creating emer-
gent patterns that determine overall system performance. But to effec-
tively address any component of the space food production system for
both near-term and long-term, a few areas must be defined first.
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e Food system drivers: While producing food on the Lunar or Martian
surface is an intriguing challenge, the drivers behind that techno-
logical development are more complex than simply addressing the
nutritional, logistical, and environmental challenges of deep space.
Identifying these additional drivers will help guide research and
development towards a more strategic approach and comprehension
of the dynamics of the food system.

e Long-term objective: The long-term objectives for a potential Lunar
or Martian food production system and what a bioregenerative food
production system would entail, need to be better defined. Under-
standing the magnitude of this goal will require an overview of the
system's structure, the relationship between its components, ele-
ments, drivers, and the rationale behind its development. A systems
perspective will allow us to understand how a food system can be
designed and operated across multiple scales. Food production
technologies will likely be different for early exploration missions
versus more established settlements, the long-term objective should
guide today's designs and provide a path for evolution rather than
obsolescence [11].
Evaluation metrics: Developing components for the space food
production system will require new readiness levels and evaluation
metrics to incorporate system-level requirements and constraints.
This means that even though individual technologies or components
must be validated and assessed for their specific functions and reli-
ability, they also need to be assessed in an integrated system context.
Research and development will have to move beyond a narrow
disciplinary focus to consider the entire bioregenerative food pro-
duction chain, from primary production to final consumption. Doing
so will highlight critical parameters and illustrate the interplay be-
tween subsystems, as it becomes essential for future system
integration.

e System-level requirements and constraints: As a food system has
a primary function, it needs to fulfill systems-level requirements and
be vetted in relation to food security dimensions: availability, access,
utilization, agency, sustainability, and stability — further described in
the System-Level Requirements and Constraints section below.
Similarly, each technology or component in the food system needs to
adhere to certain requirements. Building on existing criteria from
Douglas et al. (2020) [1], these requirements are expanded to define
additional considerations pertinent to the space food production
system.

These insights will guide iterative improvements and help refine
system integration strategies. By grounding research efforts in practical
testing rather than speculative designs, future flight-ready solutions will
be more robust and operationally sound. Moreover, these lessons can
feed back into new ground-based test demonstrators, moving from
simple plant modules to fully integrated systems encompassing pro-
duction, processing, waste management, and resource recovery.

2. Methodology

This paper uses a framework-based narrative review and conceptual
synthesis to translate terrestrial food systems and complex-system the-
ory concepts into a deep space context and to derive (i) system drivers
and (ii) an evaluative matrix of key factors for deep space food systems.

Sources were identified through targeted, non-systematic searches
and backward/forward citation chaining, prioritizing publications
relevant to (i) spaceflight food-system constraints and (ii) terrestrial
food-systems and complex-systems theory concepts used for translation
and synthesis.

The system boundary is defined as the end-to-end food system
required to deliver crew nutrition and food-related wellbeing under
exploration constraints. The boundary spans primary production, post-
harvest handling and storage, processing/preparation, consumption,
and waste/resource recovery, analyzed as a socio-ecological system
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embedded in the broader mission architecture. Complex-system con-
cepts (scales, levels, feedback, nonlinearity, emergence, robustness/
resilience, path dependence) are used as an organizing lens to describe
interactions and motivate integration-oriented requirements.

System drivers were derived using an abductive synthesis integrating
(a) established terrestrial food system driver classes, and (b) deep-space
mission constraints and human performance considerations. Candidate
drivers were retained when they (i) recurred across independent sources
and/or (ii) plausibly influenced feasibility, risk, or performance across
multiple food system elements.

The requirements and constraints in Section 5.1 were constructed via
a literature synthesis that adapts existing frameworks, specifically FAO/
HLPE dimensions of food security and NASA's existing food system
criteria (Douglas et al., 2020), which were expanded through practice-
based elicitation and technical discussions to account for system-level
dependencies.

3. Food system drivers
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operates, evolves, and responds to change. Drivers may be influenced
and shaped across temporal, spatial, and governance scales, all of which
affect every element of the food system [12]. Improving the compre-
hension of the dynamics of the food system and its development will
depend on the understanding and identification of its main drivers [13].

Although space food production systems present their own unique
design challenges, the drivers that shape these systems (Fig. 1) are not
unlike those on Earth, just recontextualized under vastly different con-
ditions and constraints.

Food is an essential line of defense for crew health and performance,
with adequate nutrition providing a key countermeasure against the
physiological and physical challenges astronauts face as a result of
increased exposure to radiation and reduced gravity [1]. With phar-
macokinetic (how the body processes a drug) and pharmacodynamic
(how a drug affects the body) properties of medications being altered in
space, along with reduced drug stability and immune response alter-
ations, it is difficult to assess the clinical impact of pharmacotherapy
[14,15]. Conversely, the environmental conditions in space affect
metabolic processes within the body and its ability to utilize nutrients,
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Fig. 1. The main drivers influencing the development of a space food production system and their interconnections. Drivers include nutritional and health needs,
psychological and socio-cultural well-being, environmental and resource constraints, technological innovation, regulatory frameworks, and economic considerations.
These drivers interact across temporal, spatial, and governance scales, shaping system design and integration pathways. Understanding their interactions highlights
that the success of a Lunar or Martian food system cannot be explained by a single factor alone, but emerges from the interplay of multiple, often competing, forces
within a system. The central ring represents core food-system functions, and the circular depiction is used to emphasize interdependence and feedback; it does not
imply a fully closed-loop system. Material and non-material flows may cross the system boundary depending on the mission phase and architecture.
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physiology [16-18]. This emphasizes the importance of a functioning
food system based on foods that can supply sustained nutritional ade-
quacy, which is the foundational driver.

Heavy emphasis is typically placed on resource constraints and
technological innovation. While those aspects are indeed -critical,
concentrating solely on resource and technology drivers risks that
overlook a host of critical forces that can determine the success or failure
of a space food system. For instance, social, psychological, and de-
mographic drivers, including crew size, cultural food preferences, taste
preferences, and work-load limitations plays a large role in ensuring the
psychological well-being of astronauts [5-8]. One of the primary rea-
sons why space food has developed from toothpaste-like tubes to more
palatable items is the emphasis on organoleptic appeal and variety to
ensure personal and emotional well-being [19,20]. This means that
regardless of a subsystem's output, nutritional quality, or reliability, if it
is not palatable, it will not be consumed and therefore cannot fulfill its
intended function.

Moreover, environmental drivers, such as radiation and variations in
gravity, will influence the feasibility and implementation of certain
technologies as well as encourage the development of novel techno-
logical approaches to solve problems that become relevant to specific
environmental conditions across a spectrum of destinations. For
instance, reduced gravity affects heat and mass transfer, fluid behavior,
and physicochemical properties of food, which necessitates the devel-
opment of processing methods and equipment that have been adapted to
the space environment [21-26]. Additionally, elevated radiation levels
can increase the pathogenicity of certain bacteria as well as improve
microbial tolerance to intrinsic and extrinsic stressors. Such environ-
mental drivers are known to impact food shelf-life stability and pro-
cessing mechanisms, ultimately influencing safety and quality standards
[27-29].

Regulatory drivers, including food safety and quality standards, have
yet to be developed for a space-based integrated bioregenerative food
production system. Such standards need to be tested first within inte-
grated ground demonstrators, then in LEO, and finally on planetary
surfaces, to be fully understood and refined. Meanwhile, economic
drivers such as maintenance and operational costs heavily affect mission
planning and overall system integration. Over time, however, these costs
may shift as technology advances and resupply missions become less
expensive and more reliable. This means that mass and resupply re-
strictions may have varied significance depending on spatial and tem-
poral scales.

One of the major drivers of technological development lies within the
sustainability challenges on Earth, and the ability to spin off technology
into useful commercial products. This guides funding opportunities and
research priorities, which directly affect the pace of development of
space food systems. While space travel has specific requirements, it can
act as an innovative platform to accelerate incremental research and
innovation for the terrestrial sector.

By recognizing these overarching drivers and their interconnections,
challenges and opportunities involved in a space food production system
can be better anticipated. However, since such a system does not exist,
the system drivers have yet to be identified and understood in how they
interact across scales and contexts. To do so, a systems perspective be-
comes essential so that these drivers are considered in tandem rather
than in isolation.

4. The systems perspective

In order to describe a food system, the food system perspective needs
to be clarified to address complex relationships, deal with competing
priorities, or improve the outcomes and sustainability of the system as a
whole. The word system appears in many contexts and can be anything
from a small set of components to a whole global value chain. It is
therefore important to consider scales, elements, and levels when
dealing with complex systems, as space food production systems will be
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designed and operate across multiple scales, elements, and levels within
them [11].

4.1. Scales

The word scale broadly refers to the level of organization in time,
space, and governance. Understanding the levels within each scale and
how they overlap and interact is essential when setting a strategic
objective for any space food production system. Similarly, recognizing
how temporal, spatial, and governance scales intersect and influence
each other may help balance immediate operational needs with long-
term sustainability, individual well-being with habitat-wide resource
allocation, and national-level regulations with global research and
development trends.

e Temporal: Food systems must function reliably and evolve over
short-term missions and extended or indefinite stays. This includes
everything from immediate resource needs and ensuring stable
conditions over days or weeks, to managing propagation materials,
resources, recycling processes, and growth cycles over months.
Additionally, there are temporal trends, such as shifts in crew
composition, crew dynamics, and the pricing of resupply missions, as
well as decadal changes tied to technology development and adop-
tion. These longer timeframes influence research priorities and
phased scale-up strategies for the space food system.

Spatial: At the individual level, consumption patterns and workload
directly affect how resources, knowledge, and labor are organized at
the base or settlement level. This, in turn, impacts how elements of
the food system are configured and how different elements and
subsystems interact. Requirements from the individual scale can also
feed back to the international scale, which governs regulations,
standards, and broader policy decisions that span multiple temporal
scales. Finally, research and development for space food production
is affected by the global scale, where international priorities,
collaboration, and funding opportunities can accelerate or constrain
progress, especially as Earth-bound needs drive technology
innovation.

Governance: National space agencies set priorities and re-
quirements for mission planners, determining protocols and objec-
tives for exploration, research, and operations. These decisions may
be coordinated internationally and across public-private partner-
ships, involving agreements on resource sharing and data sharing
that shape overall food production strategies. In this context, local,
national, and global governance bodies can influence everything
from technology standards to funding mechanisms, thereby guiding
how food systems develop and operate in space.

4.2. Elements

An autonomous food production system in space would consist of
five primary elements visualized in Fig. 2, production technologies,
post-harvest management (storage and processing), waste management,
preparation, and the socio-cultural element (consumption). Yet these
elements can also be viewed as scales along the spatial dimension,
depending on the granularity or scope of analysis. For example, when
studying “production technologies,” you might zoom in on a single plant
production module (micro-scale) or zoom out to the entire habitat or
settlement (meso-scale) and even further to the Earth-Moon system
(macro-scale). A food system consists of multiple elements and multi-
layered nested systems within these elements. This nested structure al-
lows each element to be analyzed on multiple levels: one can examine an
individual subsystem (e.g., a LED light) or the entire habitat's integrated
life support system. Recognizing that these elements function across
different spatial scales, can more effectively account for how each level
and element interacts with others to form the overall food production
system.
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Each level has its own emergent properties, and different levels are
often coupled through feedback mechanisms [10]. Similarly, in-
teractions across elements and across scale are important for both sys-
tem design and resilience. A production technology or product may, for
instance, lose its value without having the proper storage or processing
capabilities. This means that regardless of output, the technology or
product cannot be evaluated as an individual element without taking
cross-element dependencies into account. Cross-scale and element in-
teractions also affect production planning. A shift in the power budget
may limit the crop production subsystems and the ability to grow more
nutrient-dense crops. Growing feedstock with less input requirements,
for e.g., insects, or mushrooms, may instead mitigate the change in ox-
ygen production and COs sequestration, while converting inedible
biomass into edible biomass. This type of redundancy allows for graceful
degradation, ensuring that localized issues do not disrupt broader
mission objectives [30]. However, efforts are often focused solely on
production technologies, while neglecting other elements of the system.
Yet food systems are intrinsically complex. Adapting a system approach
that accounts for the whole system, and its internal interactions between
components, elements, and scales is therefore critical, particularly in the
context of space exploration, as systems must operate within closed
loops where every resource is finite and interconnected. These con-
straints amplify the need for an integrated design.

4.3. The socio-ecological system

Food systems are socio-ecological systems, formed and intertwined
by cultural, economic, political, social, technical, and biophysical fac-
tors linked through feedback loops [31,32]. While these systems are
significantly more complex on Earth due to the multitude of interacting
factors, their principles can still be translated to a space context, which is
a smaller and more contained system. Even more so, smaller systems are
particularly sensitive where direct feedback loops can exert
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disproportionately large impacts on the overall system dynamics. These
feedback mechanisms illustrate the dynamic nature of food systems,
where changes in one component can ripple across others. This type of
non-linearity in a system means that cause and effect are not always
proportional or straightforward [32]. For instance, advances in pro-
duction technology can improve yields but might introduce unintended
consequences. A technology producing nutrient-dense food may, at the
same time, offer a product of limited sensory appeal, which could lower
crew morale and dietary satisfaction. If food lacks organoleptic appeal,
variety, or is difficult to prepare, consumption may be reduced, which
has consequences on the crew's caloric intake, mood, and morale [5-8].
By virtue of that, the nutritional content of the food has no significance if
the food is not consumed. These factors, in turn, affect the sense of
agency and food security, highlighting the necessity of integrating
technical efficiency with cultural and psychological needs. Similarly, the
choice of crops impacts both ecological systems and crew morale.
Growing culturally significant foods may enhance psychological
well-being but require greater resources than other crops of less cultural
significance. Balancing these factors creates a feedback loop between
production efficiency and social satisfaction. Moreover, automation may
reduce workload but can diminish crew engagement with the food
system. Incorporating, for instance, plant caring activities into mission
routines can close this feedback loop, fostering a sense of agency and
psychological resilience [33]. Agency becomes increasingly important
as crew members operate within meticulously planned and tightly
constrained schedules, such as on the ISS, where activities are organized
in 5-min increments [34]. Such structured environments can inadver-
tently reduce perceived autonomy, as crew members may feel they are
merely executing predefined routines rather than exercising agency.
Similar to crop choice, allowing participation in food selection or
preparation can therefore serve as a vital psychological countermeasure,
restoring a sense of agency and personal involvement [3,35,36]. How-
ever, increased crew autonomy in these activities also introduces
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operational trade-offs, as it competes directly with the limited crew time
allocated to other mission-critical tasks. In addition, greater crew
involvement can increase process variability and food safety risks (e.g.,
contamination pathways, inconsistent preparation, and higher waste
generation), which in turn can impose additional monitoring, training,
and sanitation burdens.

The interplay between human factors and operational constraints
makes predicting outcomes difficult, as inputs and outputs do not always
scale in a straightforward manner, making it difficult to model with high
predictive confidence or anticipate the outcomes of specific actions
[37]. Nevertheless, analogous quantitative scenario modeling ap-
proaches are widely used in terrestrial food-systems foresight to explore
alternative assumptions and trajectories and to compare option spaces
under uncertainty [38]. However, non-linear dynamics demand robust
feedback loops and adaptive management to prevent small perturba-
tions from spiraling into system-wide disruptions. This inherent uncer-
tainty arises due to either gaps in knowledge or limitations in data,
randomness or variability in system behavior, or the influence of
external factors that are difficult to predict and control, or unpredictable
human or organizational behavior [39].

4.4. Robustness and resilience

Complex systems tend to self-organize into emergent patterns or
structures that arise from local interactions between components
without direct top-down orchestration at every step. Instead, feedback
loops and adaptive responses to critical points of instability will guide
the system toward new equilibria or operational modes. In the context of
food systems, this can be defined as the spontaneous emergence of new
structures and solutions, driven by collective action and shared re-
sources to build resilience against crises. On Earth, this manifests in
community-based initiatives like food-sharing networks or adaptable
distribution models that respond quickly to local needs without waiting
for central directives [40]. Translated to a space food system, this
principle implies that the crew must have the autonomy to adapt their
strategies. Instead of relying solely on rigid schedules from mission
control, the system should allow for adaptable resource usage and social
routines. Paradoxically, fostering self-organization requires thoughtful
system design and governance strategies that allow autonomous local
adjustments without creating uncontrollable chain reactions. By
designing modular technologies, subsystems, and transparent feedback
networks, small-scale innovations can surface and spread. For instance,
modularity facilitates resilience across multiple scales by enabling the
crew to physically reconfigure standardized hardware components to
bypass local malfunctions while simultaneously allowing for strategic
redistribution of input toward alternative low-energy production lines in
the event of a broader system failure. This capacity for both crew and
systems to adapt dynamically will improve the system's ability to
manage disruptions without risking overall mission stability, meaning
that self-organization capacity is an important attribute of system
resilience.

Engineering for resilience is difficult because it requires addressing
unforeseen disturbances that lie beyond the defined uncertainty range
typically covered by the fail-safe requirements of robustness. Resilience
would emphasize safe-fail systems across scales and levels that would
have the capacity to provide sufficient and appropriate food in the face
of various unforeseen disturbances, and the ability to adapt to any un-
foreseen changes [30]. To some extent, using multiple redundant sys-
tems would allow for adaptation to changing conditions by either
increasing or diversifying subsystems within elements to ensure against
total system collapse or incorporating redundancy within subsystems
and elements. However, since the same functionality would be sus-
tained, there would be no real adaptation to change [41]. Attributes
such as redundancy and diversity, along with modularity, buffering
capacity, social capital, psychological well-being, transformability,
transparency, self-organization, exposure to disturbances and learning

228

Acta Astronautica 244 (2026) 223-233

capacity are all attributes of resilience that enhance a system's ability to
adapt and thrive under evolving conditions [42-45]. Crucially, resil-
ience in a food system extends beyond technical components. Since food
systems are socio-ecological constructs rather than engineered mecha-
nisms, resilience thinking serves as a paradigm rather than a prescrip-
tive, testable body of theory or a definitive list of requirements [46-48].
Moreover, in this context, resilience is not a fixed state but an ongoing
process of evolution and adaptation. For instance, transparency in sys-
tem design and data collection can enable quicker detection and reso-
lution of vulnerabilities. Similarly, exposure to manageable
disturbances, such as simulated failures during testing, can build a sys-
tem's capacity for adaptation. Learning from these experiences, both
technically and socially, enhances the system's ability to anticipate and
respond to future challenges.

This will happen over time, both in concept operations in ground test
demonstrators, in system integration facilities, and on the planetary
surfaces. The latter will not have a full bioregenerative food production
system in any near-term exploration missions, but will most likely occur
in implementation phases, to allow for both research, development, and
integration. This will allow components of the food system to be sys-
tematically evaluated and integrated depending on need and prior earth-
based testing.

5. System design & integration

Developing components for the Lunar or Martian food production
system requires revisiting evaluation metrics such as NASA's Technology
Readiness Level (TRL) to incorporate system-level requirements and
constraints. These metrics must be adapted to account for the unique
complexities of space food systems, including their multi-element,
multi-scale, nested structures and emergent properties. While compo-
nents or individual subsystems can be viewed as discrete elements with
their own properties, simply summing their individual performances is
insufficient. Instead, their arrangement and interaction across different
elements and scales give rise to emergent properties and patterns of
organization that enable the system to function as a cohesive, coherent
whole.

This means that even though individual technologies and compo-
nents must be validated and assessed for their specific functions and
reliability, or TRL, they also need to be assessed in an integrated system
context. This approach ensures that multi-level and cross-element de-
pendencies and interactions are fully understood and managed. For
instance, a crop production system must not only operate efficiently at a
production module level but also integrate seamlessly with other food
production technologies, post-harvest management, habitat-wide life
support systems, and other mission-level architectures.

Before physical integration occurs, virtual modeling and simulation
through digital twins or other system emulators can be a first step in
testing interactions, identifying bottlenecks, and refining design pa-
rameters. These tools enable the exploration of complex dependencies,
perform sensitivity analyses, and simulate mission-scale dynamics under
varying environmental and operational conditions. This virtual phase
minimizes risks, informs component design, and supports decision-
making before costly ground or flight implementation [49-56]. Simi-
larly, analogous digital-twin approaches are widely applied in terrestrial
agri-food processing and supply chains [57,58]. Following virtual
analysis, ground test demonstrators or other physical integration plat-
forms configured to emulate reference mission scenarios could provide
validation for these technology selections in an operational context.
Such facilities would interlink all major functions, enabling simulta-
neous interplay of technologies, subsystems, and elements across scales,
including production systems, post-harvest systems, preparation capa-
bilities, waste management, resource recovery, and architectural sub-
systems. This integrated approach would prevent siloed research
activities and promote an inter/multidisciplinary and cohesive vision for
future exploration architectures.
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This will also allow for the quantification of inputs, outputs, and the
transformation of materials and resources throughout the system to
ensure that the food production system functions effectively. These
material flow analyses provide key insights into the efficiency, effec-
tiveness, and sustainability of the system and its components. By
capturing data on resource utilization and material flows, the system's
production costs and life cycle can be assessed, identifying the most cost-
effective methods, whether through resupply schemes from Earth or in-
situ production. Such analyses also support trade-off evaluations, sys-
tematically prioritizing components and methods based on their relative
performance across multiple criteria. This perspective ensures that the
system architecture is optimized for various mission scenarios,
balancing localized efficiencies with broader mission-level goals.

However, achieving realistic feasibility assessments requires moving
beyond technical considerations to include the human factor. The inte-
gration of components must account for how technologies and the whole
system interface with crew operations, addressing usability, workload,
and psychological well-being. For instance, the workload may not match
the acceptability of the produced output, rendering certain labor-
intensive technologies inferior.

These feedback loops also foster self-organization, which is enhanced
through active participation by the crew, their decision-making, and
adaptability. For instance, astronauts interacting with the food system,
adjusting strategies, experimenting with food preparation techniques, or
optimizing resource usage, introduce variability and feedback that help
guide the system toward more efficient and sustainable configurations.
This capacity for local adjustments allows both the crew and the system
to adapt and learn more dynamically. Since this self-organization is
inherently path-dependent and difficult to predict, as the system's evo-
lution is shaped by both past configurations and present dynamics, it
may be an important evaluation metric to ensure that the food pro-
duction system not only meets technical objectives but also supports the
holistic needs of the crew across all scales and elements of the mission
architecture.

5.1. System-level requirements and constraints

5.1.1. Food security dimensions

A food system's primary purpose is to deliver food security, which is
achieved when all people, at all times, have physical, social, and eco-
nomic access to sufficient, safe, and nutritious food that meets their
dietary needs and food preferences for an active and healthy life [59].
This definition shows the four dimensions of food security: availability,
access, utilization, and stability, outlined in Table 1. The High-Level
Panel of Experts (HLPE) of the Committee on World Food Security
(CFS) proposed that sustainability and agency should be incorporated
into the definition, and will be incorporated in this paper as two critical
dimensions to food security [60-62]. To achieve food security, all of
these dimensions need to be fulfilled simultaneously.

5.1.2. Technical and operational requirements for system components

The primary requirement of a food system is to ensure a safe, secure,
sufficient, and sustainable food supply, as any system failure could have
detrimental consequences, including the risk of food scarcity. This is
especially critical for any space food system configuration when
attempting to reduce dependency on Earth. To ensure that the afore-
mentioned system-level requirements are met and that a system
component may be successfully integrated, each component of the food
system needs to fulfill certain criteria. Some of these criteria have
already been defined by Douglas et al. [1]. Building upon these estab-
lished criteria, the following sections will integrate and expand them to
address additional considerations pertinent to any space food produc-
tion system.

e Safety is crucial since foodborne illness in the spaceflight environ-
ment may not just jeopardize mission success but may pose an even
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Table 1
The six dimensions of food security [59,61,62].

Dimension Definition

Availability The availability addresses the quantity of food of appropriate
quality available. This can be from either the food produced locally,
or supplied from Earth.

The availability doesn't ensure access on an individual level. Even
though food is supplied or produced, it needs to be nutritionally and
culturally significant to the individual. Access may also involve the
logistical capacity, ensuring that the astronauts can obtain and
consume the food that is present.

Utilization is the ability of an individual to reach the state of
nutritional well-being, where all physiological needs are met. This
also involves clean water, sanitation, food safety, food preparation
and diversity of the food [59]. This dimension is combined with the
biological utilization of the nutrients; if the previous dimensions are
fulfilled, nutritional physiology is important to consider, and the
body's ability to utilize the nutrients that are consumed, including
digestion, absorption and bioavailability, which may be altered in
spaceflight, determines the nutritional status of individuals [18].
Agency refers to the capacity of individuals and groups to exercise
voice, and make decisions about their food, which grants a degree of
control over their own circumstances. This increases the individual's
autonomy and self-determination, to ensure that they have access to
foods that are culturally acceptable, uphold human dignity, and
reduce their fear of going hungry [60,63].

Sustainability in this context refers to the viability of the
technological and social bases of food systems. It emphasizes the
connections between the space food system, its long-term health,
viability and the functioning of the relationships between the
subsections of the food system [60].

The stability of all other dimensions over time, which emphasizes
robustness, resilience and reliability. Stability is critical to ensuring
the reliability of food supplies amidst potential disruptions. Space is
fraught with risks, such as equipment failures or environmental
anomalies. Redundant systems, storage buffers, and contingency
protocols are essential to maintaining uninterrupted food
availability.

Access

Utilization

Agency

Sustainability

Stability

greater threat to crew health since medical supplies are limited and
may not function optimally [15,17,64]. Furthermore, the conditions
of reduced gravity can exacerbate both the spread and pathogenicity
of microorganisms [65,66]. The food must be free from microbio-
logical, physical, or chemical risks for astronauts. Also, any opera-
tional procedure must ensure a simple enough process for a tired
crew member to avoid them. Moreover, as space missions transition
from relying on pre-packed food to developing and producing food
directly in space, new regulatory challenges emerge. Current safety
and handling regulations for equipment and systems in space are
robust and well established, addressing a broad spectrum of concerns
related to space operations. However, these regulations have yet to
fully adapt to the requirements of in situ food production. Updating
and refining regulatory frameworks becomes essential in this tran-
sition, as lunar habitats and space crafts will need standard operating
procedures for the hygienic food handling, processing, storage, and
traceability, as well as updating hardware requirements and finding
gaps necessary to implement certain food production or post-harvest
technologies. In addition to the aforementioned challenges, one
significant barrier to food safety in production systems is the
inability to monitor microbes and other critical control points in a
timely, reliable, and operationally feasible manner. On the ISS, mi-
crobial safety is verified almost exclusively through sample return:
frozen leaves or water samples are shipped back to Earth for culture
or sequencing, often weeks or months after consumption [67,68]. For
missions beyond LEO, such a model becomes unworkable; without
real-time detection, crews may consume foods whose safety profiles
remain unknown until long after ingestion. This monitoring gap
transforms even modest microbial risks into mission-threatening
uncertainties. Similarly, current sanitation practices for fresh pro-
duce are limited to the use of citric acid-based sanitizing wipes (e.g.,
ProSan®), while traditional cleaning methods generate large
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volumes of greywater containing harsh detergents that are incom-
patible with spacecraft water recycling systems [3]. Consequently,
food system components must be designed with sanitation and
monitoring in mind, favoring materials, geometries, and system
layouts that minimize microbial harborage and simplify cleaning
processes while dedicated in situ detection and sanitation methods
continue to mature.

Food & Nutrient Stability is a major challenge for pre-packed food
supply for Mars since the food requires stability for at least 5 years
[1]. However, stability is an equally important topic for production
systems, since producing food will have no meaning if its shelf life
only last for a few days. This means that the reliability of any pro-
duction component of the food production system cannot be properly
assessed until proper storage infrastructure is in place.

Nutrition - As with other exploration journeys throughout history,
adequate crew nutrition can make the difference between mission
success and failure. With increased mission durations, in particular
those beyond LEO, nutrition must not only meet the requirements for
health and energy, but also serve as an enabling factor in the phys-
iological adaptation to the spaceflight environment [69,70]. Un-
derstanding the mechanisms by which the space environment affects
human physiology and the extent to which nutrition can serve as a
countermeasure to these effects [71,72] is necessary to maintain
astronaut health and to properly evaluate the nutritional efficacy of
certain foods. Another variable that must be considered is portion
size: even though some crops, such as arugula, are highly nutritious
and nutrient-dense, their low edible mass per serving limits their
overall contribution to daily nutrient intake. Thus, a food's nutri-
tional value must be assessed not only by its composition but also by
the practical quantity likely to be consumed within a balanced diet.
Digestibility — Beyond nutritional composition, the digestibility of
foods determines the extent to which nutrients can actually be
absorbed and utilized by the body. In the context of space missions,
factors such as microgravity, altered gut physiology, and limited
food processing options can significantly influence digestion and
nutrient bioavailability, making digestibility a critical complement
to overall nutritional adequacy [73,74]. Food produced should
ensure nutritional adequacy. In fact, nutritional physiology becomes
increasingly important when introducing novel foods into the system
[75,76]. Subsequently, the focus should, in certain cases, shift from
nutrient quantity to nutrient quality, ensuring the bioavailability of
the nutrients.

Variety — Menu fatigue is a significant concern, and regardless of a
single food's palatability or nutrient quality become an issue [1].
Aside from the psychological aspect, variety also increases the
chances of a nutritionally adequate diet [77].

Palatability — Regardless of how many nutrients food contains, it
must be eaten to fulfill its purpose. In fact, taste and texture work as a
nutrient-sensing system that determines the duration of oral expo-
sure, and smell triggers a priming process that induces appetite, and
subsequently the metabolic system, which makes flavor one of the
most important determinants of quality [78]. Whereas palatability
may become a secondary attribute on shorter missions, on longer
missions, food becomes more than just a functional source of nutri-
ents. Aside from the immediate sensorial qualities, food also needs to
fulfill emotional, social, and cultural aspects, which all relate back to
the basic human psychological and biological needs [79,80]. This
may potentially be amplified in space since astronauts will have to
deal with a variety of psychological challenges that can cause high
levels of stress, consequently having an impact on their physiology.
Living in confined spaces with limited habitation volume, as well as
the absence of access to fresh air, are all aspects that negatively affect
psychological health. These factors may also reduce sensory stimu-
lation due to strictly regulated work schedules, as well as delayed
communication with loved ones during long-duration missions,
which may reflect upon the psychological well-being of the crew
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[81]. This may, in turn, affect the physiological well-being of the
crew since there are synergic effects between psychological and
physiological health; if one is deficient, the other suffers. These ef-
fects may magnify in space, which amplifies the need to accommo-
date the fundamental human needs [80]. Therefore, food
technologies and systems need to produce food that stimulates the
organoleptic senses. This is crucial for maintaining psychological
well-being and ensuring that the food will be consumed to fulfill its
nutritional purpose.

Reliability is a valid concern since system failure, equipment mal-
function, or crop failure can have catastrophic effects. As stated
previously, any new technology or system component may have
undiscovered problems or unknown failure rates. Before being
applied, all food production and management technologies should
first be individually tested for reliability, determine failure rates, and
fix potential design flaws. The same phases should then be evaluated
and tested over time under nominal conditions in ground test system
analogues, assessing their merits and potential integration into
exploration architectures. In addition to system integration, all sys-
tems should also be designed and tested for the space flight envi-
ronment [1].

Gravity adaptation: Physics in microgravity differs from terrestrial
gravity in some main respects: Hydrostatic pressure, buoyancy, po-
tential energy, natural convection, and sedimentation all rely on
gravity to exist. Food production systems will need to be adjusted to
accommodate these changes since this will alter key factors (e.g.,
physicochemical properties, fluid dynamics, foam stability,
rheology, and colloidal behavior) [82-86]. This may have implica-
tions for food processing, preparation, storage, food safety, and sta-
bility, requiring careful consideration to ensure the functionality and
quality of food in space. Further research is needed to fully under-
stand how these microgravity-induced changes impact food systems
and ensure safe and efficient food production for future space mis-
sions. Moreover, the extent to which these issues will be impacted by
the partial gravity of Lunar and Martian environments has yet to be
demonstrated. It is likely that some processes will be dependent on
the adjustments for the gravitational situation on the Lunar or
Martian surface, whereas for others, it may not be. Nevertheless,
gravity should be accounted for where necessary.

Usability differs depending on the mission scenario. Early explora-
tion missions will be purely focused on science and exploration and
will not have dedicated cooks or food production crew, which will
eventually be the case for future colonization efforts. This means that
ideally, the crew will not want to spend more time and effort pre-
paring food than the average person after a long day of work [1].
Additional concerns involve preparation, containment of resources,
and cleaning processes that may differ from Earth in terms of both
gravity and resource availability.

By virtue of this, any systems or appliances should also be easy to

operate, maintain, and repair, and require little specific crew training.
As future mission scenarios evolve, the definition of useability this cri-
terion will change across temporal and spatial scales.

Resource efficiency — This topic is threefold. First, a production
technology is weighed against the output that it creates, including
amount, nutrition, acceptability, and variety. Second, any technol-
ogy should be designed to minimize waste production and to maxi-
mize resource recovery and recycling. This includes the integration
with other innovations and systems that are capable of doing so,
since the byproduct of one system may act as feedstock for another.
Similarly, the competition for resources required for other technol-
ogies and nested subsystems should be taken into consideration to
optimize overall resource efficiency. Third, all other resources, such
as mass, volume, crew time, water, and power consumption, need to
be considered. Mission planners will ultimately determine the
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performance of the food support systems within mission and vehicle
constraints [1].

Integration - It is essential that food technologies and systems are
compatible with other spacecraft and habitat infrastructures. Pro-
posals for individual technologies should not aim to replace the food
system as a whole, but rather to be integrated with existing and
future technologies to form a cohesive, flexible, and functional food
system. Variety across production, processing, storage, and waste
management solutions is crucial to ensure redundancy, adaptability,
and crew acceptability. Cross-compatible equipment and shared
resource interfaces can enable technologies to work synergistically
across current and emerging systems. Moreover, employing common
interfaces and modular architectures supports capability evolution,
the integration of new components, and overall mass and volume
efficiency.

Evolvability — Technologies and systems should be durable and
adaptable, capable of meeting advancing technologies and changing
mission requirements. Designing for evolvability helps avoid obso-
lescence by enabling systems to integrate new discoveries, upgrades,
and innovations as they become available, or to adapt to new mission
objectives as they emerge. This approach ensures that investments in
infrastructure and hardware remain relevant across successive
mission phases and support long-term sustainability in space food
production.

Resilience and robustness to technological and programmatic
challenges - Systems should be designed for redundancy and fail-
safes to ensure robustness to withstand technical and program-
matic challenges, including unexpected failures and emergencies.
The incorporation of self-diagnostic tools and automated recovery
systems should be implemented where possible.

Adaptability — Systems must be flexible to accommodate changing
crew needs or unexpected disruptions, or to function across scales.
This may not always apply to individual technologies, but more on a
systems level to foster self-organization.

Any individual unit, module, or method of the food system should be
fully vetted against the aforementioned requirements before attempting
integration into future exploration architectures. However, these
criteria are relative depending on the element. While some are directly
applicable to consumable products, other technologies, such as bio-
reactors, may serve secondary production purposes or where the output
primarily functions as feedstock for aquaculture or insect production.
Similarly, waste management technologies will not require e.g., palat-
ability requirements, whereas food safety is still an applicable require-
ment if the purpose is to feed back the waste into the system.

6. Conclusion

Designing and implementing a bioregenerative food production
system for exploration missions on the Lunar or Martian surface requires
extensive research, development, and innovation, along with compre-
hensive supporting measures such as specialized crew training, opera-
tional protocols, and ground-based analog validation. Given the
complexity of these correlated challenges, solving them may require a
longer timeframe than the available time before the need for them ari-
ses. Recognizing these challenges as early as possible is therefore crucial
for tackling them properly and strategically. Part of this strategic
approach involves acknowledging that creating a food production sys-
tem is more than simply combining multiple food production technol-
ogies. Instead, it calls for a systems-based mindset that accounts for
multiple elements, scales, and the feedback loops connecting them.

Similarly, having a comprehensive understanding of the relation-
ships between elements and their layered subsystems will promote
cohesion and integration into future mission architectures. Cohesion is a
fundamental aspect of developing a functional food system to ensure
that all components work seamlessly together. This type of systematic
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testing will become increasingly important as technologies should not
only be evaluated for reliability, but also for how they function in a
system configured to a specific scenario and architecture. This type of
joint testing will ensure that all technologies function seamlessly
together under realistic conditions, highlighting their interplay, allow-
ing for resource optimization and material balances, or exposing de-
pendencies or integration challenges that may arise. Equally important
is the focus on iterative learning, integrating feedback from ground-
based testing and partial system simulations to evolve systems over
time. This also emphasizes attributes such as self-organization, subsys-
tem redundancy, and modularity, as they become important system
design considerations, both allowing the system to self-organize, but
also to ensure that unforeseen stressors do not cascade into mission-
compromising failures. By doing this, system drivers can more easily
be identified, which will feed back into the criteria for future technol-
ogies and nested subsystems.

This interdependence underscores why unsystematic approaches fall
short; the production, post-harvest management, waste management,
preparation, and socio-cultural elements of a food system must be
developed in concert, with robust pathways for exchange of resources
and knowledge. Recognizing the socio-ecological nature of the space
food production system is also essential to creating solutions that are not
only technically reliable but also psychologically and culturally attuned
to crew well-being.

Ultimately, the development of space food systems must follow an
iterative pathway from conceptual design and virtual assessment to
physical validation. Early in the design process, candidate components
and system configurations should be virtually modeled to evaluate
feasibility within specific vehicle or habitat constraints, mission dura-
tions, and crew sizes. These virtual assessments serve as an early vali-
dation step before investing in high-fidelity ground test demonstrators,
where integrated systems can be tested under realistic mission condi-
tions. While certain elements and interfaces may become standardized,
each food system will ultimately be bespoke, tailored to the unique
configuration, objectives, and constraints of a given mission scenario.
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