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Abstract

Long-duration space missions and the establishment of permanent extraterrestrial habitats demand ro-
bust, sustainable life support systems. Controlled Environment Agriculture is pivotal in meeting both
the nutritional and psychological needs of astronauts, while simultaneously contributing to closed-loop
life support. This thesis presents a novel design and comprehensive analysis of an advanced Atmosphere
Management System (AMS) for the Lunar Agricultural Module — Ground Test Demonstrator, a terres-

trial prototype engineered to simulate lunar agricultural conditions.

Building on insights from pioneering projects such as the EDEN ISS Mobile Test Facility and the Ad-
vanced Plant Habitat, the proposed AMS integrates enhanced temperature, humidity, and gas regulation
strategies to ensure optimal environmental conditions for both plant growth and crew safety. Notable
innovations include an optimized dehumidification subsystem, improved air distribution through local-
ized fan arrays, and a modular design that enhances system redundancy and simplifies maintenance.
Detailed computational modelling and a full CAD model support the design choices.

The advancements presented in this work address critical challenges such as under-dimensioned cooling
capacity, microbial contamination, ethylene detection and improved crop evapotranspiration modelling,
thereby contributing to the development of robust Bioregenerative Life Support Systems for future lunar

and deep-space missions.
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1. Introduction

As Civilizations push the boundaries of space exploration and undertake long-duration missions to ex-
plore the Moon and Mars, the development of sustainable life support systems becomes essential. The
ability to grow food in extraterrestrial environments not only addresses logistical challenges of resup-
ply but also contributes to crew health, morale, and psychological well-being [2][67]. Controlled Envi-
ronment Agriculture (CEA) is at the forefront of these developments, offering a method to produce
crops efficiently while offering life support in the form of air revitalisation and recycling organic
waste in a closed-loop system.

The Lunar Agriculture Module — Ground Test Demonstrator (LAM-GTD) serves as a prototype plat-
form to evaluate the performance of all systems required for future space farms among which an inte-
grated Atmosphere Management System (AMS) will constitute the focal point of this thesis. This the-
sis presents the design, calculation, and critical analysis of the AMS, which regulates parameters such
as temperature, humidity, CO-, and O2 concentrations to sustain optimal plant growth conditions.

Atmospheric management in extraterrestrial agriculture is uniquely challenging due to closed-loop dy-
namics, variable thermal loading, and constrained energy budgets. Factors such as plant transpiration,
microbial growth, air quality, and equipment-generated heat necessitate a system that is not only tech-
nologically advanced but also highly adaptable. As such, this research builds upon previous systems
such as the EDEN ISS Mobile Test Facility (MTF) in Antarctica, the Advanced Plant Habitat (APH)
on the ISS, and the Lunar Palace 1 in China. These pioneering efforts provide invaluable insights into
CEA operations under isolated, remote conditions.

The specific objectives of this thesis include:
e Get a thorough understanding of previous research into extraterrestrial CEA

e Improve the modelling of crop evapotranspiration to better understand the dehumidifiers re-
guirements

o Design a new and improved AMS complete with calculations to support the design choices

e Develop a detailed CAD model of the system for prototyping and manufacturing pur-
poses.
e Propose scalable improvements for lunar agricultural




2. Theory

2.1. Literature Review: Atmosphere Management and Life

Support Systems for Hydroponic Lunar Farms

2.1.1. Life Support System Foundations

In this next chapter, we will be looking at the past work done on sustainable life support systems
(LSS) and CEA as they are essential technologies for long-duration missions. LSS are technologies
designed to sustain human life in space by managing critical elements like air, water, food, tempera-
ture, and waste.

Hydroponic lunar farms are often envisioned as a major part of future extraterrestrial habitats as they
can be used in four of the main LSS responsibilities, namely in air revitalization, food production, wa-
ter recycling and waste recycling. Additionally, many studies show that being in proximity with plants
has significant psychological benefits for humans, something which is of great value in extended space
missions [67].

Their integration into a space station will mark the continuation of Bioregenerative Life Support Sys-
tems (BLSS) which is a critical technology to continue developing closed loop systems, where all
available resources are reused/recycled, allowing for longer duration missions and saving on resupply
mass and cost. This concept is illustrated below in Figure 2.1.1.
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Figure 2.1.1 - Life support system foundation [1]




2 Theory

Closed-loop systems are essential for long term space exploration missions as historically, LSS aboard
spacecraft relied heavily on mechanical and chemical processes which were dependant on consuma-
bles. For example, The ISS relies on a partially regenerative air revitalization system comprising elec-
trolysis-based oxygen generation, pressure swing adsorption for CO2 removal, trace contaminant filtra-
tion, and Sabatier reactors for limited water recovery. While effective for near-Earth missions, this
system still depends on periodic resupply [68]. The aim of closed-loop systems is to eliminate resup-
ply as the further away we get from Earth the more impractical and expensive they become.

2.1.2.  The Role of Controlled Environmental Agriculture in Space explo-

ration

CEA employs controlled growing environments, such as hydroponics, aeroponics, and advanced sub-
strate based growing techniques, to cultivate edible plants under regulated conditions involving light,
temperature, humidity, and nutrients. The integration of CEA into LSS on spacecraft or extraterrestrial
habitats, such as space, lunar or Martian colonies is known as biological life support system (BLSS),
this technology presents considerable advantages. Firstly, plants actively support air revitalization
through photosynthesis, converting exhaled carbon dioxide back into breathable oxygen, thus reducing
reliance on electrochemical oxygen generators [68]. Additionally, plants contribute significantly to
water recycling through phytofiltration, a natural process whereas the water passes through the plant it
is filtered by the roots and xylem ultimately evaporating pure water, which is the collected and recircu-
lated in the system [88]. Lastly on very long-term missions composting the grown non-edible organic
matter in conjunction with other organic waste can be used to enrich extraterrestrial substrates in order
to create more potential growing space [54].

NASA's Vegetable Production System (Veggie), installed on the International Space Station, demon-
strates CEA's feasibility in space environments. This system has successfully grown crops such as let-
tuce, kale, and even flowers, providing astronauts with essential nutrients and psychological benefits
from tending to living organisms [2] [3]. The Advanced Plant Habitat (APH), also aboard the ISS, ad-
vances this capability by offering precise environmental controls, including lighting, temperature, and
humidity, creating optimal conditions for plant growth experiments aimed at future missions to the
Moon and Mars [10].

Despite these successes, several challenges remain. Plants in microgravity environments experience
issues such as impaired root development and nutrient delivery anomalies. Ongoing research continues
to tackle these hurdles, as evidenced by experiments such as NASA's TROPI-1 and TROPI-2, de-
signed to study how gravity or lack thereof affects plant orientation and growth patterns [69].

Looking ahead, the integration of CEA into LSS is increasingly seen as essential. BLSS create closed-
loop ecological systems where plants, algae, microbes, and human habitats mutually benefit and sus-
tain each other, significantly reducing the need for external resupply missions [68].

2.2. Existing Space Farm Projects

2.2.1. Veggie Plant Growth System (NASA, 2014-Present)
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History

The Veggie Plant Growth System shown in Figure 2.2.1 was developed collaboratively by NASA and
Orbital Technologies Corporation (ORBITEC). It marked a significant advancement in space agricul-
ture when it launched aboard SpaceX CRS-3 in 2014. Following its successful deployment on the ISS,
Veggie undertook the task it was specifically engineered for; to cultivate crops in microgravity envi-
ronments using minimal resources. This made it an ideal technological demonstrator for future long-
duration space exploration missions. Initial experiments successfully produced red romaine lettuce,
zinnias which served as a model for studying flowering processes in microgravity. Subsequent itera-
tions of VVeggie expanded crop capabilities further, successfully testing more complex plants such as
radishes and chili peppers and mustard greens.

Notable Achievements

Veggie made history by cultivating red romaine lettuce, becoming the first edible crop grown in space
and consumed by astronauts in 2015. This milestone demonstrated the feasibility of supplementing tra-
ditional astronaut diets with fresh produce grown directly in space. Furthermore, Veggie showcased its
versatility by expanding crop variety to include zinnias, radishes, and chili peppers, confirming that a
range of plants can successfully be cultivated under microgravity conditions. Additionally, astronauts
reported significant psychological benefits from interacting with live plants, underscoring the value of
space-grown crops beyond nutritional supplementation. These interactions enhanced crew morale and
provided emotional support during extended missions.

Lessons Learned

The implementation of Veggie provided valuable insights into managing resources effectively in
space. Early challenges highlighted the importance of sophisticated water management systems, spe-
cifically emphasizing the necessity of controlled wicking techniques and specially designed growth
substrates to ensure optimal water distribution in microgravity. Additionally, initial experiments
brought attention to the critical importance of maintaining sterile environments to mitigate microbial
contamination, mold, and other potential health risks. Finally, active engagement with the plant growth
system demonstrated clear psychological advantages, as astronauts exhibited improved morale and
mental health through interactions with fresh, space-grown plants, reinforcing the all-inclusive benefits
of integrating agriculture into human space exploration [2] [3].

Figure 2.2.1 - Veggie Plant Growth System [72]
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2.2.2. EDEN ISS Mobile Test Facility (EDEN ISS MTF) (European Un-
ion, 2015-2024)

History

The EDEN ISS facility, shown in Figure 2.2.2, was developed by the DLR in close collaboration with
numerous international partners, designed explicitly to evaluate plant cultivation technologies in ex-
treme and isolated environments. Situated in Antarctica, EDEN ISS served as an effective terrestrial
analogue, simulating the challenging conditions anticipated in space habitats, including lunar and Mar-
tian bases. Equipped with advanced hydroponic systems, energy-efficient LED lighting, and sophisti-
cated atmosphere management systems, the facility provides a realistic platform for testing and vali-
dating space-bound agricultural solutions. Since its initial operation in 2018, EDEN ISS has conducted
numerous experiments throughout multiple Antarctic overwintering seasons, generating valuable in-
sights into sustainable food production for future space exploration missions.

Notable Achievements

EDEN ISS achieved remarkable crop yields, successfully producing 269 kilograms of fresh vegetables
in its first year and over one tonne over its whole deployment, all of this under harsh Antarctic condi-
tions. Notably, the crops included a diverse selection, such as cucumbers, tomatoes, and various leafy
greens, demonstrating significant agricultural productivity in an isolated and resource-limited environ-
ment. Moreover, EDEN ISS effectively demonstrated the integration of advanced atmospheric control
measures within a closed-loop environment. These measures encompassed comprehensive air filtra-
tion, precise carbon dioxide (CO2) regulation, and meticulous humidity management, all crucial for
sustaining plant growth and productivity. Furthermore, EDEN ISS developed critical operational pro-
tocols and maintenance routines, valuable analogues for potential procedures in future lunar or Mar-
tian missions, showcasing practical approaches for crop handling and system upkeep under extreme
isolation.

Lessons Learned

Operational experiences from the EDEN ISS MTF facility underscored several critical lessons for ex-
traterrestrial agriculture. First and foremost, maintaining precise environmental control emerged as es-
sential for ensuring consistent plant health and crop yield. This emphasised the necessity for redun-
dancy in atmosphere management systems, allowing continued plant productivity despite potential
component failures or environmental fluctuations. Secondly, observations from crop cultivation re-
vealed that while crops such as tomatoes, cucumbers, and leafy greens were highly successful, each
plant variety required distinct nutrient formulations and specific environmental settings to thrive opti-
mally. These insights emphasized the importance of tailored approaches for diverse crop types within
controlled agricultural systems. Lastly, experiences involving failures in power systems highlighted
the imperative for robust backup systems and comprehensive maintenance protocols, particularly vital
in isolated or remote settings where immediate external support may not be feasible, reinforcing the
significance of resilience and redundancy in system design for space missions [4] [5].
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Figure 2.2.2 - EDEN ISS Mobile Test Facility [5]

2.2.3. Lunar Greenhouse (University of Arizona, NASA, 2009-2013)

History

The Lunar greenhouse shown in figure 2.2.3 emerged from the broader goal of achieving self-suffi-
ciency for long-term extraterrestrial habitats. Early research, built on lessons from terrestrial closed-
loop system experiments like Biosphere 2 [73], to develop a controlled-environment agriculture for the
Moon’s extreme conditions. This led to the development of a multi-crop lunar greenhouse prototype

Notable Achievements

One of the most significant technical accomplishments was the adaptation of the energy cascade
model for a multi-crop setting. This model provided critical insights into managing the interdependent
flows of light, heat, and other forms of energy, ensuring that the greenhouse could operate with maxi-
mum efficiency even under lunar constraints. This data driven approach allowed for precise calcula-
tion regarding, daily biomass increase, water consumption, CO, consumption and power consumption.
The Lunar Greenhouse ultimately achieved an average of 249 of edible biomass per kWh.

The prototype also demonstrated the feasibility of cultivating a diversity of crops in a single closed
system which is a key requirement for sustaining a crew on long-duration missions. This diversity is
essential not only for nutritional balance but also for maintaining ecological stability within the green-
house. The prototype used principles learned from Earth-based closed systems to implement advanced
techniques for recycling water, nutrients, and waste.

Lessons Learned

The Lunar Greenhouse project's development process provided valuable insights into the challenges
and practicalities of extraterrestrial agriculture. One key takeaway was the necessity of an integrated
design that addresses energy input, resource recycling, and crop production simultaneously. The inter-
play between light, temperature, and plant metabolism must be carefully managed for a sustainable
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operation. Additionally, the Lunar greenhouse studies highlight the need for automation, not only to
reduce crew workload but also to maintain optimal environmental conditions continuously. Automated
control of lighting, temperature, and nutrient delivery is critical for long-duration missions. Finaly, the
move toward a multi-crop, modular greenhouse has reinforced the value of designing systems that can
be expanded or adapted over time. As mission parameters evolve, the greenhouse must be able to ad-
just its operations and scale its output accordingly. [6] [7].

Figure 2.2.3 - Lunar Greenhouse [6]

2.2.4. Lunar Palace 1 (China, 2013-2018)

History

Lunar Palace 1 shown in figure 2.2.4 is a pioneering BLSS developed by Beihang University to ad-
vance sustainable human habitation technologies for space exploration. The facility consists of two
dedicated plant cultivation modules and an integrated living area designed to support human occu-
pants. Through extensive experimental campaigns, Lunar Palace 1 has rigorously evaluated closed-
loop life support capabilities, notably conducting significant trials lasting 105 days and a groundbreak-
ing 365-day mission. These long-duration experiments aimed to demonstrate the feasibility of sus-
tained human life in isolated and resource-limited environments, closely simulating conditions ex-
pected in future extraterrestrial settlements.

Notable Achievements

A hallmark achievement of Lunar Palace 1 was the completion of the longest continuous bioregenera-
tive life support experiment to date, successfully supporting three crew members for an entire 365-day
cycle. This trial decisively demonstrated the long-term viability of closed-loop ecological systems for
sustaining human life, significantly advancing the field of space habitation technology. Remarkably,
Lunar Palace 1 achieved a near-perfect efficiency in recycling critical resources. The system




2 Theory

accomplished 100% recycling of oxygen and carbon dioxide through the integrated use of higher
plants and photobioreactors. Additionally, it achieved an impressive 85% recycling rate of water and
solid waste, demonstrating exceptional resource efficiency. The facility also proved highly versatile,
successfully cultivating a diverse range of 35 types of plants, including essential staple crops such as
wheat and a variety of fruits and vegetables, providing balanced nutrition for its human inhabitants in a
completely enclosed environment.

Lessons Learned

One of the primary insights was the critical need for maintaining a precise balance among all subsys-
tems. Small imbalances in one area (e.g., nutrient cycles or microbial populations) can have cascading
effects on the entire ecosystem, underscoring the need for robust monitoring and control systems.
Additionally, the system highlighted the importance of incorporating redundancy and adaptive man-
agement strategies. These design principles are essential to cope with unforeseen challenges, ensuring
that critical life support functions can be maintained even if one component fails.

Most importantly the successful operation of the facility served as a proof-of-concept that long term
closed-loop systems are a viable concept for space exploration, with some models predicting that this
BLSS could last an estimated 52 years (with a 95% confidence interval) under normal operation and
maintenance. [8] [9] [75]

Figure 2.2.4 - Lunar Palace 1 [74]

2.2.5. Advanced Plant Habitat (NASA, 2017-Present)

History

The APH, shown in figure 2.2.5, installed aboard the ISS in 2017, represents NASA's most sophisti-
cated and largest plant cultivation chamber to date. Engineered to facilitate meticulous research in
plant biology under microgravity conditions, the APH provides unparalleled precision in environmen-
tal controls. It allows rigorous regulation of crucial parameters including temperature, humidity, oxy-
gen, and carbon dioxide concentrations, as well as precise control over lighting intensity and photoper-
iod. The initial experiments utilizing APH primarily focused on model organisms like Arabidopsis,
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widely recognized in biological studies, as well as economically important crops such as wheat, aim-
ing to uncover foundational biological responses to space environments.

Notable Achievements

One of the defining achievements of the APH system has been its ability to maintain a highly precise,
automated environment, ensuring detailed control over environmental conditions critical for plant
growth and development. This precision has facilitated in-depth investigations into plant responses to
microgravity and space conditions. Through carefully managed experiments, APH contributed signifi-
cantly to scientific knowledge, identifying genetic and epigenetic modifications in Arabidopsis and
wheat resulting from exposure to microgravity. These findings are pivotal, enhancing our fundamental
understanding of plant biology and adaptation mechanisms relevant to future space agriculture. More-
over, the APH has set new benchmarks for data collection in space agriculture, employing advanced
sensor technology to generate extensive real-time data on plant growth dynamics. This unprecedented
level of data collection significantly improves the scientific community's ability to analyse and inter-
pret plant behaviour in space.

Lessons Learned

Experiences from the APH have yielded valuable insights into the genetic and epigenetic impacts of
microgravity on plants, highlighting significant adaptive mechanisms at a molecular level. These in-
sights are essential for the development of resilient plant varieties suited for future extraterrestrial agri-
cultural systems. Furthermore, the APH's highly automated and sophisticated remote sensing capabili-
ties have underscored the benefits of robust data collection systems, enabling scientists to capture
comprehensive datasets that surpass the capabilities of previous plant growth platforms. Lastly, the
complexity and high precision requirements of the APH emphasized the necessity for modular design
strategies. Modular systems facilitate easier maintenance and quicker replacement or repair of compo-
nents in the event of system failures, essential for maintaining continuous, reliable operations during
long-duration space missions [10] [11].

Figure 2.2.5 - Advanced Plant Habitat [100]
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2.2.6. Overarching Themes Across Projects

Analysing these space centric CEA projects allows us to pinpoint several overarching themes which
have consistently emerged, highlighting critical considerations for the development and implementa-
tion of CEA systems for future long term space missions.

Redundancy and Reliability

A key lesson observed in all controlled environment agriculture projects for space applications is the
extreme importance of redundancy and reliability. Due to the isolated and resource-constrained condi-
tions typical of space environments, robust backup systems and redundancy protocols become indis-
pensable. Systems must be designed with multiple layers of fail-safes, enabling rapid recovery from
unexpected failures to ensure continuous operation. Whether managing atmospheric controls, nutrient
delivery, or lighting systems, redundancy significantly enhances the reliability and resilience of the
agricultural systems, which will ensure the safety and longevity of the crew in harsh extraterrestrial
locations.

Robust Monitoring and Control Systems

A very important takeaway was that fact that maintaining a precise balance among all subsystems is
crucial to ensure nominal operation of the BLSS over long-term missions. Small imbalances in any
one area could lead to increasingly negative effects on the entire ecosystem, underscoring the need for
a robust monitoring and control systems to deal with a problem as soon as it arises.

Customization for Crops

Another prominent theme identified is the necessity of tailored cultivation approaches for different
crops. Each plant species possesses unique requirements concerning lighting intensity and spectral
composition, nutrient availability, water distribution, and airflow management. The flexibility and
adaptability of agricultural system designs are therefore essential. Proper care must be taken to design
a schedule that can enable varying plants to thrive together to create a more diverse ecosystem. Addi-
tionally, systems must be capable of precise adjustments in environmental parameters to accommodate
varying plant needs, optimizing crop yield and quality. This customization ensures sustainable food
production, providing balanced nutrition and enhancing dietary variety for astronauts on extended mis-
sions.

Psychological Benefits

The psychological advantages of plant cultivation in space environments have also been consistently
highlighted across various projects. Access to fresh, self-grown food significantly improves dietary
quality and provides essential nutrients that pre-packaged space foods often lack. Additionally, engag-
ing directly with plants has demonstrated measurable mental health benefits for astronauts and ana-
logue participants. These interactions with living organisms offer emotional support, reduce stress, and
combat feelings of isolation and confinement, ultimately enhancing overall crew morale and mental
well-being.

Energy Efficiency

10



2 Theory

Energy efficiency remains an ongoing challenge in CEA systems designed for space habitats. High de-
mands from essential components such as artificial lighting and climate control systems require signif-
icant energy inputs. Advancements in efficient LED lighting technologies, optimized power manage-
ment systems, and innovative thermal management solutions have become critical to the success of
BLSS. Improving energy efficiency not only reduces the reliance on limited external resources but
also facilitates the practical implementation of agricultural systems within constrained power budgets,
crucial for sustained long-term space habitation.

Conclusion

Across the diverse range of CEA systems studied, significant advancements have been made toward
achieving sustainable agricultural production in extraterrestrial environments. Each of these systems
has played a pivotal role as an integral component of life support by effectively integrating food pro-
duction, air revitalization, water recycling, and waste management in closed-loop or semi-closed-loop
settings.

Moving forward, the lessons learned from these pioneering space farming projects must inform the de-
sign and implementation of the next generation of extraterrestrial agricultural systems. By synthesizing
insights related to redundancy, customization, psychological impact, and energy efficiency, future
space farms can become even more resilient, productive, and supportive of long-duration missions. Ul-
timately, the ongoing refinement of CEA as a BLSS will significantly enhance humanity's capacity for
sustained space exploration, paving the way for permanent human presence on the Moon, Mars, and
beyond.

2.3. Benefits of Space research for humanity and Terrestrial

Applications of Vertical Farming

A common misconception promoted by mainstream media is the idea that funding dedicated to space
research diverts resources away from fundamental human needs; however, this perspective is inaccu-
rate. In reality, investments in the space industry have significantly enhanced everyday life, positively
impacting various aspects of human society. Below are several examples:

2.3.1. Health and Medicine

Technologies originally designed for space missions have significantly advanced medical imaging and
diagnostic capabilities on Earth. Innovations such as infrared ear thermometers, which provide rapid
and accurate temperature readings, and enhanced imaging techniques like MRI and CT scans have im-
proved diagnostic precision and healthcare quality. Additionally, materials and robotics initially cre-
ated for space environments have been successfully adapted into sophisticated prosthetic limbs and
advanced rehabilitation equipment, offering improved comfort, functionality, and mobility for ampu-
tees and individuals undergoing physical therapy [13].

2.3.2.  Environmental Monitoring and Management

Environmental Monitoring and Management Space technology has greatly contributed to environmen-
tal monitoring and resource management. Satellites now provide critical and comprehensive data

11
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regarding climate change, pollution levels, deforestation, and natural disaster patterns, aiding global
environmental protection efforts and informed decision-making. Additionally, innovations in water
recycling technology developed for use aboard spacecraft have been adapted for terrestrial applica-
tions. These water purification systems now offer effective solutions to provide clean drinking water in
regions that previously lacked access to reliable water sources, thus greatly improving public health
outcomes [13][14].

2.3.3.  Technology and Consumer Products

Research conducted in microgravity environments has facilitated the development of advanced materi-
als characterized by increased strength and reduced weight. These innovations have been effectively
integrated into consumer products, such as durable sports equipment, lightweight and sturdy house-
hold items, and even more efficient vehicles. Furthermore, protective coatings originally engineered
for space applications have been adapted for terrestrial use, resulting in the creation of highly durable,
scratch-resistant lenses for eyewear, significantly enhancing their longevity and usability [13].

2.3.4. Communication and Navigation

Communication and Navigation Satellite technology has dramatically transformed global communica-
tion and navigation infrastructure. Advances in satellite communications have enabled comprehensive

global connectivity, allowing for precise GPS navigation, reliable satellite television broadcasting, and
widespread internet access, even in remote and previously underserved areas. Moreover, satellites play
a crucial role in disaster management by providing vital data for predicting and tracking natural disas-

ters, facilitating effective emergency preparedness, and improving response strategies to safeguard hu-
man lives and mitigate damage [14][15].

2.3.5. Economic and Educational Impact

The growth of the space industry has spurred significant economic development through the creation
of high-tech jobs and fostering new sectors and technological innovations. The continuous expansion
and investment in space-related activities stimulate economic productivity and encourage new busi-
ness opportunities. Additionally, the achievements and challenges associated with space exploration
serve as powerful educational inspirations, motivating students and individuals to pursue education
and careers in Science, Technology, Engineering, and Mathematics (STEM) fields. This influence cul-
tivates a culture of scientific curiosity, innovation, and creativity, essential for addressing future tech-
nological and societal challenges [14][16].

2.3.6. Vertical Farms

This thesis explores CEA which is essential to vertical farming, highlighting the broad array of spin-
off technologies and applications associated with this innovative approach. While vertical farming is
critically important for supporting human exploration beyond Earth, it simultaneously offers profound
benefits for improving sustainability in terrestrial urban environments. The implementation of vertical
farming techniques yields numerous substantial advantages:

1. Year-Round Crop Production: Vertical farming systems operate within precisely controlled
indoor environments, allowing continuous, year-round cultivation of high-quality crops.

12
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2.4,

2.4.1.

One of t
instance

Unlike conventional agriculture, vertical farms remain unaffected by seasonal fluctuations, ad-
verse weather conditions, droughts, floods, or extreme temperatures. This reliability ensures
stable and predictable food supplies irrespective of external climate variability.

Efficient Space Utilization: A hallmark feature of vertical farming is its efficient use of lim-
ited space by vertically stacking multiple layers of crops. This stacking capability significantly
enhances crop yield per unit area, making vertical farming especially suitable for densely pop-
ulated urban areas with scarce or expensive land resources. Consequently, vertical farms can
significantly increase food production capacity within urban centers without requiring addi-
tional land clearance or expansion.

Water Conservation: Vertical farms commonly employ hydroponic or aeroponic systems,
which utilize nutrient-rich water solutions or mist to nourish plants directly. These advanced
systems substantially reduce water consumption, often achieving water savings of up to 90%
compared to traditional farming methods. In such closed-loop systems, water is continually
recycled and reused, dramatically reducing the environmental impact and resource consump-
tion associated with food production.

Reduced Pesticide Use: Due to their enclosed and highly controlled environments, vertical
farms are inherently protected from common agricultural pests and diseases. This natural iso-
lation significantly minimizes or even eliminates the need for chemical pesticides. The reduc-
tion in pesticide use not only results in healthier, chemical-free produce but also contributes to
safer working conditions for farm staff and a reduced ecological footprint.

Proximity to Urban Centers: Vertical farms can be strategically located near or within urban
areas, significantly reducing the distance between food production sites and consumers. This
proximity minimizes transportation requirements, cutting down both transportation costs and
associated carbon emissions. As a result, urban populations gain access to fresher, more nutri-
tious produce, enhancing food security and reducing the environmental impacts of traditional
food logistics.

Environmental Sustainability: Vertical farming offers significant ecological advantages by
relieving pressure on conventional farmland, thus providing opportunities for reforestation,
biodiversity conservation, and natural habitat restoration. By producing food efficiently in ur-
ban areas, vertical farming contributes directly to reducing agricultural land usage, mitigating
deforestation, and supporting the broader health of ecosystems. Ultimately, this practice pro-
motes greater ecological balance and sustainability, enhancing overall environmental resili-
ence [17].

Challenges of Controlled Environmental Agriculture for

Extraterrestrial Farm Development

Altered Gravity

he primary challenges of establishing extraterrestrial farms is altered gravity conditions. For
, on the Moon, gravity is approximately one-sixth that of Earth, significantly impacting bio-

logical and physical processes vital for agriculture. On Earth, gravity facilitates natural convection cur-

rents dri
reduced

ven by temperature-induced density variations, effectively distributing heat and gases. Under
gravity conditions, such natural convection currents are severely suppressed, disrupting the

typical dispersion of gases such as carbon dioxide. Without carefully engineered ventilation systems,
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exhaled carbon dioxide may accumulate around astronauts, presenting significant health risks such as
respiratory difficulties or even carbon dioxide poisoning. To mitigate these risks, it becomes essential
to design and implement robust artificial air circulation systems capable of effectively mixing and re-
distributing atmospheric gases. This engineered ventilation not only ensures air quality but also helps
regulate internal temperature, humidity, and the removal of potentially harmful trace gases within the
habitat [21].

2.4.2. Radiation Exposure

Another substantial challenge is the elevated exposure to ionizing radiation beyond Earth's protective
atmosphere. High radiation levels in space environments, including cosmic rays and solar flares, can
severely damage plant cellular structures, harm DNA, and disrupt critical biological processes, poten-
tially reducing crop yield or viability [19]. To safeguard plant life and ensure successful cultivation,
effective shielding strategies must be employed. One practical solution involves using lunar regolith,
the loose layer of soil and rock fragments on the Moon's surface, as a protective barrier. Studies indi-
cate that constructing a lunar base beneath a regolith covering of at least 50 centimeters significantly
reduces radiation exposure, creating a safer environment for both crops and crew. Additionally, this
regolith layer provides a dual functionality by offering protection against micrometeoroids, small high-
velocity space debris that poses significant risks to structures and life in extraterrestrial settings [20]
[70].

2.4.3. Resource Availability and Cultivation Techniques

Resource scarcity presents another critical challenge for extraterrestrial agricultural development. Es-
sential resources such as water, nutrients, sunlight, and carbon dioxide, which are abundant or readily
accessible on Earth, become severely constrained in space environments. Every resource must be
viewed as precious and meticulously conserved, recycled, and efficiently utilized. Addressing these
constraints requires advanced solutions, including closed-loop recycling systems capable of capturing,
purifying, and reusing water and nutrients with minimal loss. Heat recovery systems further enhance
resource efficiency by harnessing and redistributing thermal energy within habitats. Additionally, the
limited availability of natural sunlight, particularly during the Lunar night or with Martian habitats,
necessitates the integration of advanced lighting technologies such as LEDs optimized for plant
growth while minimizing energy consumption. Moreover, optimized power distribution systems be-
come critical to ensure the sustainable operation of resource-intensive agricultural modules. Cultiva-
tion techniques must also evolve, embracing innovative approaches such as vertical hydroponics and
aeroponics, which maximize space utilization and water efficiency, thus enabling the sustainable pro-
duction of food under resource-limited extraterrestrial conditions [9] [54].

2.5.  Lunar Agriculture Module - Ground Test Demonstrator
(LAM-GTD)

The LAM-GTD is a cutting-edge project developed to simulate, test, and advance technologies for fu-
ture lunar agriculture modules. It is designed as a testbed for the Lunar Agriculture Module (LAM) to
mature technologies and operational concepts for growing plants in a controlled environment on the
Moon [22]. LAM-GTD aims to build on the past successes of EDEN ISS MTF to achieve the follow-
ing objectives:
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e Demonstrate ground-based bio-regenerative life support with independent fresh food produc-
tion for humans.

e Provide a high level of autonomy (using robotic support).
e Support related terrestrial applications in harsh environments.

e Advance research on microbiomes, crop growth modeling, and technical-biological interac-
tions.

e Include contributions from global institutional and industry partners.

e Provide a minimum of 10% of calorie intake for a three-person crew at the end of the demon-
strator mission.

The current concept would place the inauguration of the LAM-GTD in about 2028, after which it
would be operated for at least three years enabling the development of an actual LAM.

2.5.1. Design Methodology

A key foundation of the current design is a Concurrent Engineering (CE) study conducted in March
2024 at the Concurrent Engineering Facility (CEF) of the German Aerospace Center (DLR) in Bre-
men, Germany, following an initial study in September 2022 [79]. A comprehensive overview of the
CE process used by DLR is available in [77], with additional insights into the broader design approach
detailed in [78].

The CE process is iterative and collaborative, combining moderated sessions focused on key topics
with offline work, during which participants tackle individual tasks or engage in smaller, specialized
discussions to address specific design challenges.

The design team includes domain experts, engineers, scientists, and students, ensuring that all relevant
perspectives are incorporated. A shared data model helps align the team’s understanding of the system
and allows early identification of potential issues, such as power requirements or spatial constraints.

Following the CE study, the design process has continued through trade-off analyses, refinement of
system requirements, and adjustments to the module’s layout, supported by ongoing collaboration be-
tween all involved experts.

LAM-GTD will comprise of 8 main subsystems to make it fully operational, these are the following:

2.5.2.  Atmosphere Management System (AMS)

e Purpose: Maintains optimal atmospheric conditions, including temperature, humidity, and gas
composition (CO2, O, etc.), ensuring plant growth and human safety.

e Components: Dehumidifier, HEPA filters, VOC scrubbers, UV-C Lamps, fans, sensors and a
gas interface to the habitat.

e Metrics: Airflow (1000 m3/h), Air speed (0.3 — 0.7 m/s), Operating Pressure (57 kPa to
101.13 kPa), Operating Temperature (16 °C to 27 °C)
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2.5.3.

2.54.

2.5.5.

2.5.6.

2.5.1.

2.5.8.

Thermal Control System (TCS)

Purpose: Manages heat within the module to maintain stable temperatures.
Components: Active liguid cooling for LEDs, air management, and heat rejection units.

Nutrient Delivery System (NDS)

Purpose: ensure a continuous supply of water and nutrients to plants via hydroponic systems.
Components: Pumps, nutrient storage tanks, dosing systems, and trays.
Metrics: Preliminary power usage is estimated at ~570W during operations

Illumination System (ILS)

Purpose: Provides light spectra optimized for plant photosynthesis using LEDs.
Components: Red, white, and far-red LED arrays with cooling systems.
Metrics: 9700 W of heat load generated

Data Handling and Control System (DHCS)

Purpose: Centralized control and monitoring of subsystems.

Components: Sensors, data acquisition systems, and computational units for automation.
Metrics: Integrated with sensors for temperature, humidity, gas and VOC concentrations, and
system performance

Power Control and Distribution System (PCDS)

Purpose: The PCDS divides and supplies the incoming power from the habitat to the different
subsystems providing voltage regulation, AC/DC conversion, filtering, stabilization and surge
protection.

Components: wires, sensors, switches, fuses, batteries

Structural Systems

Purpose: Supports the physical integrity of the module under operational conditions, includ-
ing storage.

Components: Primary and secondary structures, storage solutions.

Metrics: Mass and volume constraints are defined within the system's mass budget
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2.5.9. Habitat Simulator (HabSim)

e Purpose: Simulates habitat interfaces for integrated testing.
e Components: Environmental interfaces, subsystems for atmosphere and nutrient exchange.

2.5.10. General Overview of how the Components work together

Figures 2.5.10.1 and 2.5.10.2 show a preliminary design of how all the systems work together: The
NDS is responsible for the perfectly adjusted mix ratio of the nutrient solutions and the continuous
supply of the plants with it. The incoming power from the habitat is divided and spread to the different
subsystems by the PCDS. The TCS will regulate the temperature of all subsystems inside LAM-GTD
within a defined range. All systems are controlled and monitored via DHCS. All data gathered by the
sensors and cameras will also be processed by the DHCS. The ILS will provide light to the whole
LAM-GTD, with the main area of importance being the cultivation area. The task of the AMS is to
guarantee defined atmospheric conditions in the greenhouse module. Firstly, the air is treated by UV
lights, then the air is filtered and dehumidified, then heated and then distributed. The air filtration and
VOC scrubbing system is decoupled from the AMS in order to limit pressure losses in the system. The
CO; and O; levels are monitored via the DHCS and a balance is done via the air exchange system be-
tween the modules. The Structural system holds the whole system together and gives us the geomet-
rical constraints while the HabSim will act as our simulated crew module with which we will have a

gas interface.

Thermal Control DOeployable Section Air Outlet

Nutrient System

Plant Racks
LED Array

Air Inlet

Figure 2.5.10.1 - Preliminary LAM-GTD Design 1 [80]
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Figure 2.5.10.2 - Preliminary LAM-GTD Design 2 [80]

2.5.11. The AMS of EDEN ISS MTF

This thesis is focused on designing the next generation of AMS for LAM-GTD. In order to build on
past progress inspiration will be taken from EDEN ISS MTF. The AMS in EDEN ISS MTF was di-
vided into two sections, the first section was located in the service section container, its purpose was to
monitor and control the atmospheric conditions in the cultivation area of the future exploration green-
house (FEG). The second part was responsible for the air distribution and dimensioning in the cultiva-

tion area.

Figure 2.5.11.1 shows the first section located in the service section.
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Figure 2.5.11.1 - EDEN ISS MTF AMS Service Section [80]

The return air from the FEG first passes through a UV-C lamp, which prevents microbial growth.
Next, the air flows through a dehumidifier, where it is cooled to a temperature that causes water con-
densation. The condensed water is collected in a storage tank and also treated with UV-C light for dis-
infection.

Following dehumidification, the cooled air is reheated using heaters, with temperature sensors at both

the FEG air inlet and outlet determining how much heating power is required to reach the desired set-

point. To ensure continuous air circulation, two fans operate constantly, one positioned before and one
after the filter block.

The filter block consists of a pre-filter, HEPA filter, and VVOC filter, which work together to remove
dust, pollen, fine particles, and volatile organic compounds (e.g., ethylene). After the second fan, the
filtered and conditioned air is split into two ducts and directed toward the outer walls of the container.

Oxygen levels are measured at the FEG outlet to monitor Oz production, while CO: levels are tracked
at both the inlet and outlet. If CO: levels fall below a specified threshold, CO- from a gas cylinder is
automatically injected at the FEG inlet to maintain optimal conditions [12]. Figure 2.5.11.2 shows the
section located in the FEG.

Figure 2.5.11.2 - EDEN ISS MTF AMS Future Exploration Greenhouse [80]

19



2 Theory

As the air entered back into the FEG it was split between the two main air ducts and then further di-
vided into four smaller ducts, allowing the revitalized air to be introduced into the FEG at four differ-
ent vertical levels. To ensure balanced air distribution, the horizontal ducts are tapered, gradually nar-
rowing toward their ends. This design promotes even airflow throughout the system.

The ventilation rate, and consequently the air distribution, can be manually adjusted by partially or
fully closing the louvers facing inward, enabling the creation of zones with varying airflow intensities.
Additional airflow distribution is achieved through overhead fans installed on both sides of the aisle,
with a total of eight tangential fans (four per side) in operation [12].

Over the past years of operating the MTF prototype in Antarctica, significant knowledge has been
gained, and numerous lessons learned. As a result, several optimizations and improvements have al-
ready been implemented to enhance the performance, reliability, and usability of the technology.

These lessons are displayed in Table 2.5.11 below [80]:

Table 2.5.11. Lessons Learned with EDEN ISS MTF

ID Lesson Learned Consequence for LAM-GTD

Transpiration data from EDEN ISS MTF will be
used to get a better estimate for total tran-
Heat exchanger performance too spired water per day. Additionally, effort to
small. Since the water load was larger | more accurately model the plant transpiration
LL-AMS- | than originally anticipated not enough using more current techniques will be under-

01 water could be recovered. taken.

Sensors for monitoring trace
LL-AMS- | contaminants make the work at the several sensors to monitor trace contami-
02 greenhouse module safer. nants should be applied.

Microbial loads are a major problem.
Especially at the heat exchanger mi-
crobial growth is critical and the ap-
plied UV-C lamp was not sufficient. In The UV-C Lamps should be redesigned to
addition, the access to clean the heat ensure proper removal of unwanted microbes
exchanger from microbial growth was and pathogens. Additionally, the CHX should
LL-AMS- | difficult due to the interfaces with the have an antimicrobial coating and its

03 secondary structure. maintenance should be simplified
LL-AMS- | Humid air has a negative effectin Charcoal Filters should be located
04 the efficiency of the charcoal filter. downstream of the heat exchanger

No actual use to regulate the air di-
LL-AMS- | mensioning of the air supplying ducts
05 at the four different levels. No adjustable louvers are applied anymore.
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3. Methodology

3.1. System Analysis

3.1.1. Design Philosophy

The design philosophy for the AMS is based on a clear and methodical process: identifying the spe-
cific requirements of the LAM-GTD, using mathematical models to define their upper bounds and de-
signing a compact, efficient and fail-safe AMS to fulfill them.

Although LAM-GTD is a precursor to the LAM, it is important to note that it will be operated under
Earth-based conditions. This brings both benefits and limitations. While the absence of reduced grav-
ity limits the accuracy of certain validation efforts for lunar applications, the terrestrial setup also al-
lows for thorough testing of the system under controlled conditions. This makes it possible to push the
system to its limits, identify potential failure points, and refine solutions before deployment in a space
environment.

Figure 3.1.1 below illustrates the spatial allocation for the AMS, which consists of cylindrical ducts

measuring 3.51 meters in length and 0.5 meters in diameter. These ducts form the backbone of the sys-
tem and house essential components such as blowers, filters, dehumidifiers, UV-C lamps, and sensors.
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Figure 3.1.1 - Preliminary LAM-GTD AMS

The design draws inspiration from key principles used in previous BLSS, particularly the emphasis on
redundancy. Each cylindrical module is designed to independently meet the AMS performance re-
guirements, providing a built-in level of redundancy in case of subsystem failures. Additionally,
maintenance and ease of operation have been central design considerations, ensuring that components
are accessible, so that the system remains reliable over time.
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3.1.2. Assumptions and Requirements

In order to design the AMS for the LAM-GTD some assumptions must be determined. These will be

shown in Table 3.1.2.1 below:

Table 3.1.2.1 : Assumptions For The AMS

ID Assumption

Reason

A-ASM-01 Due to a protective regolith layer the mean ambient
temperature of the pressurized agricultural module
will be assumed to be constant at T, = 254 K

Due to regolith having strong insulating capabilities it will
be used as a thermal shield for the LAM-GTD [20] [70].

A-AMS-02 The regolith layer will be such that the radiation lev-
els inside the LAM-GTD will be safe for humans

Regolith also have strong radiation shielding properties A
layer of >0.8m is considered to give extremely good radia-
tion shielding [20] [70].

A-AMS-03 Heat transfer with the outside of LAM-GTD will be
done only via radiation.

The negligible atmosphere on the moon makes this a good
assumption as the heat transferred via convection and con-
duction will be so small it can be neglected.

A-AMS-04 Internal thermal loads inside LAM-GTD will be esti-
mated by scaling known values from previous project
such as EDEN ISS MTF

In order to give our estimates, the best accuracy data col-
lected from the previous iterations of this project will be
used.

sure inside LAM-GTD is guaranteed by the AMS and
the structural design of LAM-GTD

A-AMS-05 The AMS shall be designed to exchange O2 and CO2 | Being a BLSS, LAM will ultimately be tasked with receiv-

with the habitat. ing the CO, from the habitat while injecting O, enriched
greenhouse air into the habitat. This exchange shall close the
loop further.

A-AMS-06 The AMS modular design shall allow easy access to The easy access to each equipment group facilitates and
each equipment group to guarantee quick mainte- speeds up maintenance and replacement of parts. The down-
nance. time of the AMS is shortened, and plant growth is not af-

fected.

A-AMS-07 Unexpected thermal loads will be buffered by the The TCS will be the main component in charge of thermal
TCS loads

A-AMS-08 Pressure losses are neglected, the atmospheric pres- The seal in LAM-GTD will be effective enough to maintain

constant pressure
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Next, we will look at the design requirements of the AMS. These requirements will be shown in
3.1.2.2 below:

Table 3.1.2.2: Requirements For The AMS

500kg

GTD project is 500 kg

ID Title Description Rational Verification
Method
R-AMS-001 Temperature The Temperature of the LAM- The temperature must remain within these set Analysis and testing
Control GTD will be kept between 16 values to ensure the crops grow optimally and
and 27 degrees Celsius accurate | that human operators remain comfortable
to + 1 degree Celsius
R-AMS-002 Humidity The AMS shall keep the rela- The relative humidity is a crucial value for plant Analysis and testing
Control tive humidity within 45% and growth and must be monitored and controlled to
85% accurate to + 5% ensure optimal plant growth as well as comfort
for human operators
R-AMS-003 Air pressure The air pressure inside the The air pressure is crucial for the well-being of Analysis and Testing
LAM-GTD shall be kept be- plants and humans, and it should be monitored
tween 57 kPa and 101.135 kPa | and controlled to ensure optimal operating condi-
with a nominal operation pres- tions for the farm
sure of 70.3kPa
R-AMS-004 Carbon Diox- | The Carbon Dioxide concentra- | Carbon Dioxide is an important resource for plant | Analysis and Testing
ide Concen- tion inside the LAM-GTD shall | growth, and it is detrimental to human well-being
tration be kept at between 350ppm and | in high doses. An efficient air exchange needs to
5000ppm at (101.135 kPa) be in place to ensure optimal growing conditions
for the plants and optimal working conditions for
the astronauts
R-AMS-005 Oxygen Con- | The oxygen concentration in Oxygen is a vital resource for both plants and hu- | Analysis and Testing
centration the LAM-GTD shall be kept be- | mans. Controlling and monitoring it is crucial to
tween 19% and 24% at ensure the well-being of astronauts and plants
(101.135 kPa)
R-AMS-006 Ethylene Con- | The ethylene concentration Ethylene is a plant hormone which is important to | Analysis and testing
centration shall remain under 20ppb control to ensure optimum growing conditions
R-AMS-007 Air flow rate The air flow rate in the LAM- This airflow rate is high comparing to the ISS. Analysis and testing
GTD shall stay below 1000 m? Keeping it under this threshold simulates realistic
h operating conditions
R-AMS-008 Air flow The air flow speed inside the Plants need airflow to grow effectively, however | Analysis and testing
speed (out) LAM-GTD (specifically around | too much can be damaging. This range is opti-
the crops) shall remain between | mum for healthy growth
0.1 and 1 m/s with a nominal
operating air speed of 0.5 m/s
R-AMS-009 Life expec- The AMS will be designed to LAM-GTD is expected to be operational for 3 Analysis and Testing
tancy have a life expectancy of 3 years before the development of LAM.
years for the ground test de-
monstrator and 10 years for the
Lunar Agricultural Module
R-AMS-010 Weight The AMS shall be less than The allocated weight for the AMS in the LAM- Analysis and Testing
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3.2. AMS components

3.2.1. Air Entering LAM-GTD

LAM-GTD will be sealed atmospherically from the other modules in the lunar habitat. The gas inter-
face between the habitation module and LAM will be done via the standardized valve systems when
keeping the modules separate. In order to constantly remove CO2 from the habitation module we shall
use pressure swing adsorption (PSA).

PSA is a gas separation technology that removes specific gases (like CO2) from a gas mixture by ex-
ploiting the difference in adsorption properties of gases under varying pressures. It works by cycling
between adsorption (high pressure) and desorption (low pressure or vacuum) phases using a special
material (usually zeolite) that selectively adsorbs CO- from the air. Typical PSA systems have 2 or
more beds to allow continuous operation [40].

The Step-by-Step process looks like this:

1. Cabin air (containing COz, oxygen, nitrogen, etc.) is passed into a sorption bed filled with zeo-
lite or another adsorbent material.

2. Under high pressure, the adsorbent traps CO2 molecules because CO: adheres more strongly to
the material than O or Na.

3. The remaining CO2-depleted air (clean air) is sent back into the cabin or downstream systems.
4. Over time, the adsorbent reaches its capacity and can no longer remove CO: effectively.

5. At this point, the system needs to regenerate the bed to keep working efficiently.

6. The bed is isolated from the air stream and connected to a low-pressure or vacuum source.

7. Pressure is reduced, causing the CO2 molecules to release (desorb) from the zeolite surface.

8. The desorbed CO: is then vented to LAM-GTD.

9. While Bed A is being regenerated, Bed B (which was previously regenerated) takes over the
adsorption process.

10. The system swings back and forth between beds in a timed sequence to ensure continuous CO2
removal.

3.2.2. Blowers

The required Air Changes per Hour (ACH) is a value that will influence our design a lot. For our as-
sumptions we will take inspiration from the ISS as well as commercial vertical farming companies.
The ISS has 900m?® of usable pressurised volume for the astronauts to live in [25] with the air flow
around the ISS varying. The mean air flow in the 1SS is 420m3/h to 460m3%h which is equal to 0.46 to
0.51 ACH [27]. Each of the ISS modules are connected via the Intermodular Ventilation (IMV) sys-
tem, this system can recirculate all the air in the ISS in about 2-3 hours [24]. Finally, the crew quarters
(CQ) have an air flow rate of 96-162m%/h which is equivalent to an ACH of 44-77. The reason for this
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is that the CQ are quite small, roughly 2.1m? and so require a higher volumetric flow rate to make sure
that there is no build-up of COzand other trace gases.

However, it must be noted that commercial CEA operations recommend an ACH of up to 30 [95]. The
higher ACH offers advantages and disadvantages listed below:

Advantages:

e Improved temperature Control: more effectively removes excess heat generated by lighting sys-
tems, creates more uniform temperature distribution throughout growing spaces, reduces hot-spots
that can stress plants

¢ Humidity management: Prevents excessive humidity buildup around plant canopies, reduces con-
densation on surfaces and plants, Lowers disease pressure, particularly fungal pathogens like pow-
dery mildew

o Enhanced Gas Exchange: Better distribution of supplemental CO,, Removal of plant-produced
ethylene (which can accelerate ripening/aging), prevention of oxygen depletion in dense growing
area

e Pest and Disease Prevention: Moving air disrupts the lifecycle of certain pests (e.g., fungus gnats,
thrips), creates less favorable conditions for bacterial and fungal pathogens, can help distribute
beneficial biological control agents

Disadvantages:
e Increases energy consumption significantly

e Too much air movement can stress plants

e Could reduce relative humidity too much in certain scenarios

Such a high ACH is unrealistic when dealing with a pressurised lunar habitat, therefore a compromise
is necessary. For this paper an average of 11.5 air exchanges per hour will be used with further re-
search needed to check if it could be reduced. This is to take advantage of LAM-GTD being on the
ground, therefore we can push the system to its upper limits to see how it functions and where points
of failure are. Having a modular design enable this to be changed on the fly as more data is gathered
from running LAM-GTD.

Calculate Required Airflow Rate (Q):

Where Q is the flow rate, V is the volume of LAM-GTD and ACH is the air changes per hour

3 3

m m
Q = V+xACH = 87m3* 115 ~ 1000 W 0.0.28T

Total pressure loss AP = 250 Pa

Blower efficiency n = 60

Power= QxAP/y = 0.28™-x250/0.6<116.6 W
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Commercial Option:

Figure 3.2.2.1 taken from Annex 1.1 give us the performance curves of different models of the Radi-
Pac line offered by ebm-papst a leading manufacturer in high end wind circulation devices. From the
chart we see that model A will give us the flow rate required with a static pressure of 500 Pa. This
blower weighs around 6kg and consumes 0.5 kW at maximum power. This model measure
380mm*245mm*380mm as shown in figure 3.2.2.2. Two of these blowers will be used in the AMS,
one at the entrance and one at the exit, this will provide redundancy while allowing the blowers to run
below their max rated power.

Pa
in wg

\
2000 4000 6000 8000 10000 " cfm
gy > 4000 8000 12000 16000 m¥h

Pig > §

Figure 3.2.2.1 - Performance Graphs of RadiPac

280 380 330 1 289 25 202 15 172 8217102230 20280-2-2957

Figure 3.2.2.2 - Dimension of RadiPac
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3.2.3. Fans

It was decided to use multiple small fans to create localized airflow around plants rather than one cen-
tral unit. This was done to limit any single point of failure and give LAM-GTD increased flexibility in
its localised air circulation. Additionally, many separate airflows would favour turbulent flow which is
better for mixing air in LAM-GTD while avoiding air pockets.

Because gravity is required for density differences to occur, convection-based heat transfer is not pos-

sible in microgravity environments such as space. As a result, air pockets can form within the cultiva-

tion area, leading to localized heat buildup. These pockets can cause temperatures to rise above the de-
fined threshold, potentially affecting system performance [89].

Additionally, airflow is critical for plants as it reduces condensation and the risk of fungal diseases, it
encourages evaporation of moisture through the leaves thus increasing their moisture/nutrient uptake
and the movement caused by airflow encourages strong stem growth [90].

The main design features these fans need to satisfy is that they need to be compact, reliable, quiet, pro-
vide stable airflow and be energy efficient. Compact diagonal fans are chosen as they generate a cone-
shaped airflow and so provide greater air distribution [80]. Additionally, diagonal fans produce higher
pressure and greater airflow compared to axial fans. At the same time, they operate more quietly than
centrifugal fans, as they can achieve the same performance at lower rotational speeds [91].

For this task the DV 6224 from ebm papst is selected. Its specification can be seen below in Figure
3.2.3. The growing area will be split into 30 growing zones, in order to keep good airflow on the
plants it is suggested to use one fan per 2 zones [81]. At a weight of 8209 per fan and with a power
consumption of 40W per fan this system will consume 600W while weighing 12.3kg. More infor-
mation on this fan is available in Annex 1.2

(in H,0)

E
o

Typ DV 6224

Mennzpannung VDG 24
Mennspannungsbereich VOC  16..28

Drehzahl mir! 4300

150 : — Leistungsauinahme W 40,0
) N Min. Umgsbungstemperatue *C <20
100 = \ Max. Umgebungstemnperatur =G 7a
B Volumensirem mih 540
2‘, 0 s 10 10 20 20 30 (crM) Schalletstungspegel B i
V> 100 200 300 400 500 BOOimomi Gehalkdruckpegel dB{s) 63

Figure 3.2.3 - Performance of DV 6224 [42]

3.2.4. UV-C Lamps

UV lights will be used to provide germicidal irradiation to reduce airborne pathogens. The chamber is
designed with reflective surfaces to ensure uniform exposure.
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UV-C Dosage Calculation

Target UV-C Dose(D): 5000 pW-s/cm? [44]

Airflow Rate (Q): 0.28 m3/s

Duct Diameter: 0.5m

Duct Cross sectional area (Ag): 0.196 m?

Air Velocity (V):v = Q * Ay =0.28* 0.196 m? = 1.427 m/s

Assuming UV-C section length (L) = 0.45 meters

Irradiation Time (t): t = 5 =0.3m/1.427 m/s = 0.31 seconds
Required UV-C Intensity (1): I = % = 5000 uW-s/cm?/ 0.2 s = 15851 uW/cm?
Circumference of duct (Cg): C4 = m* D =n*0.5m=1.57m

Duct Cross-Sectional Area (Aduct): Aduet = 1.57*0.45 = 0.7065 m? = 7065 cm?

Total UV-C Power Required: 15851 pW/cm? * 7065 cm? = 111994048.5 pW =111.9 W

The NL-T8 UV 25W/254 G13 [43] produces 8.2 W of effective UV-C power (See Annex 1.3). This
means that with 14 lamps we could get rid of all the pathogens. However, as we learnt from the experi-
ence of EDEN ISS MTF, microbial loads were a significant problem. Therefore, a safety factor of 2
will be used here, meaning 28 lamps will be used. This will give the system greater redundancy while
allowing tests to be done on the ground to see how much UV-C power is required in practice. At 70g
per light and with a power consumption of 25W this system will weigh 1.96 kg and consume 700W.

3.2.5. Pre-Filter and HEPA Filter

To minimise the fowling of the dehumidifier while reducing microbial load a pre-filter and a HEPA
filter will be used. The pre-filter will be a modified OPR-G7-610x610x292-P-PS from camfil weigh-
ing 7.7 kg and having an approximate pressure drop of 40 Pa at 1000 m®hr [92]. For the HEPA filter a
modified VGXXL14-610x610x292-P-PS from camfil will be used. This particular filter weighs 9.6 kg
while having a pressure drop of 50 Pa at 1000 m*/hr [93]. This puts the total weight and pressure drop
of this filtration system at 17.3 kg and 90 Pa pressure drop. More information on these filters is availa-
ble in the Annex. 1.4

3.2.6. Duct Design

For the AMS ducting system, 1 mm aluminum with a Heresite coating has been selected [96]. Alumi-
num naturally forms a protective oxide layer when exposed to air, making it inherently corrosion-re-
sistant without the need for additional treatments. It is also significantly lighter than steel, typically
weighing 50% less, which is a major advantage when launching mass-sensitive missions to the Moon.
Its high thermal conductivity allows the ducting to equilibrate quickly with ambient temperatures,
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reducing the risk of condensation during system cycling. Additionally, aluminum’s low thermal mass
enables faster thermal response, further minimizing condensation formation. From a hygiene perspec-
tive, aluminum surfaces are less hospitable to microbial growth due to their smooth finish, which
makes it harder for biofilms to establish. These benefits are further enhanced by the Heresite coating,
which provides exceptional resistance to corrosion, microbial contamination, and long-term environ-
mental degradation, contributing to a more durable and reliable ducting system [84].

The total weight for the 3.51m aluminum duct will be 14.88 kg with negligible pressure drop (less
than 1.5 Pa)

29



3.2.7. Dehumidifier

Table 3.2.7 : Heat Load of Components [81]

Heat Load | Coverred by AMS
(W] [%]

ICS LEDs 9700 70 2910
NDS Pumps, UV Lamps, 570 20

Switches, Sensors 456
AMS Blowers, Fans, Heater, UV 1940 100

Lamp, Sensors 0
Structure Mechanisms 50 100

0

DHCS Data Interfaces, Electric 200 20

Box 160
TCS Heat Exchanger, Pump, 200 20

Valves, Sensors 160
EPS 1000 20

Converters, transistors, re-

lays 800
PHM Sensors 500 100 0
Robotics Rail, Motors, Computer, 976 100

Sensors 0
Human Factors Metabolism 200 100

0

Miscellaneous Ceiling Lamps etc. 150 100 0
Total 15486

d by Coolant
(W] (W]

6790

114

1940

50

40

40

200
500

976

200

150
11000
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3.2.8. Crop Transpiration and Environmental Modelling

Transpiration rate will be calculated using assumptions from previous EDEN ISS MTF and EDEN
LUNA research as well as research done on plants growing in reduced atmospheres. From internal de-
sign documents we get a transpiration rate of 6.8 kg/(m? * day) [32] while NASA baseline values
suggest a transpiration rate between 1.74 — 11.79 kg/(m? * day)[31]. From previous research we also
know that while the pressure remains over 10kPa radish and spinach transpiration varies by about 15%
[30]. Historically in EDEN ISS MTF testing it was also found that the dehumidifier was often under-
designed, putting all these things together we will air on the side of caution and assume a transpiration
rate of 8.5 kg/(m? = day) or roughly 200kg of water per day on a 23.5 m? grow area.

This thesis is intended to serve as a reference point for future designs and iterations of the LAM-GTD.
As such, the development of a reliable computational model to predict crop-specific transpiration rates
represents a valuable contribution to the project. To achieve this, a Python script was developed based
on the FAO56 guidelines [45][46] (see Annex 1.5). The script estimates the transpiration rates for four
key crop types; peppers, tomatoes, cucumbers, and leafy greens, and provides graphical visualizations
of the results. A detailed explanation of the script’s functionality is provided below.

1. Crop Coefficient (Kc) Interpolation

For each crop, the growth cycle is divided into stages. In each stage, a crop coefficient is specified at
the beginning and end. When the coefficient is not constant, a linear interpolation is used:

(d - dstart)

K.(d) = Kestare + d * (Kcena — Kestart)

end — dstart)

Where Kesart is the crop coefficient at the start of growth and Keeng is the crop coefficient at the end of
the growth cycle. The days are represented by d, where dswreand deng are the first and last day of the
growth cycle.

2. Adjustment of Reference ET (ETo) for Ambient Pressure

This simplified correction assumes that evapotranspiration is inversely proportional to the ambient
pressure relative to the standard atmospheric pressure (101.3 kPa)

101.3 kPa
*
Chosen Ambient Pressure (kPa)

ETo adjusted = ET,

A base ET, is chosen at 6mm/day this is higher than the calculated ET, (around 4.5 mm/day) using the
FAO-56 Penman Monteith method as it is known to underestimate the reference evapotranspira-
tion[45].

3. Daily and Cumulative ET
Here we will calculate the daily evapotranspiration given in Liters per m?.
ET g4qity = ETp aajustea * K¢
With the first part of the script, we are able to more accurately model the evapotranspiration of each
crop at any given part of its growth cycle. Below will be displayed the evapotranspiration for some

common plants to grow in a hydroponic system, such as tomatoes, peppers, cucumbers and leafy
greens. The growth area is taken as 23.5 meters squared. [81]
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Table 3.2.8: Evapotranspiration per crop

Crop Tomatoes Peppers Cucumbers Leafy Greens
Total Growth Cy- | 120 100 80 30
cle (days)
Adjusted ETo 8.68 8.68 8.68 8.68
(mm/day)
Total Water loss 24332 19323 14574 3928
(Liters)
Total water loss 202.8 193.2 182.2 130.9
per day (Liters)
Total CO, uptake | 53.61 44.68 34.74 13.4
during growth cy-
cle [49] (kg)
Tomatoes - Crop Coefficient (Kc) Tomatoes - Evapotranspiration
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== Cumulative ET (mm/m?) g
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Figure 3.2.8.1 - Tomato Crop Coefficient (Kc) and Cumulative Evapotranspiration
Peppers - Crop Coefficient (Kc) Peppers - Evapotranspiration
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Figure 3.2.8.2 - Peppers Crop Coefficient (Kc) and Cumulative Evapotranspiration
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Cucumbers - Crop Coefficient (Kc) Cucumbers - Evapotranspiration
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Figure 3.2.8.3 - Cucumbers Crop Coefficient (Kc) and Cumulative Evapotranspiration
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Figure 3.2.8.4 — Leafy Greens Crop Coefficient (Kc) and Cumulative Evapotranspiration

3.2.9. HVAC Energy Load Calculation

1. Sensible Cooling Load

Given that all equipment produces a constant 11 kW of sensible heat, the sensible cooling load is:
11kW * 24h = 264 kWh
2. Latent Cooling Load

Latent cooling is required to remove water vapor released by the crops. The latent cooling is calculated
as:

Latent cooling (kWh/day) = Daily ET (liters/day) * 0.68 kWh /liter
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Where 0.68 kWh/liter is derived from the latent heat of vaporization of water. Assuming 1 Liter of wa-
ter is roughly 1 kg:
Latent heat = 2450 ki/kg and 1kWh=3600 k] => 2220 = 0.68:

600 U liter

3. Net Power Consumption

The net power consumption is the sum of the sensible cooling and latent cooling loads:
Net Power (kwWh/day) = Sensible Cooling + Latent Cooling

3. HVAC Air Process and Power Consumption Model

1. Air Process Interpolation

Air mass: my, = Density * Volume

2.Equipment Sensible Load
This converts the power rating from kW to kJ/h

Qeqhour = equipmentLoadKw * 3600

Qeq,hour
Mda

3. Potential Enthalpy Increase: Ah =

4. \Water Addition from ET:

daily_ET
Water_added_hourlyzw

This Spreads the daily water loss evenly over each hour.

5. Increase in Humidity Ratio:
AW_water_added_hourly

Mda

This calculates how much the water content per unit mass of air increases hourly.

6. Latent Energy Load:

_ water_added_hourl
latent_hourly_kWh = ”

This will convert the energy required to remove the added water (via condensation) into kilowatt-
hours.

7. Daily Latent Load:
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latent_daily= latent_hourly kWh * 24

This will sum the hourly latent loads over the entire day.

Energy (kWh/day)

Tomatoes - HVAC Energy Loads and Water Condensation
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Figure 3.2.9.1 - Tomatoes - HVAC Energy Loads and Water Condensation
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Figure 3.2.9.2 - Peppers - HVAC Energy Loads and Water Condensation
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5

Cucumbers - HVAC Energy Loads and Water Condensation s

r
(&1

250 1
= 200 4
3
= 150 4 Sensible Heating (kWh/day)
§ —— Sensible Cooling (kWh/day) \
2 100 4 — Latent Cooling (kWh/day)
g
2 —/
w

50 4

Cucumbers - Daily Water Condensed

200 +

180 A

160 -

80 1
0 10 20 30

Figure 3.2.9.3 - Cucumbers - HVAC Energy Loads and Water Condensation

=
o N Y
o o o
' L L

Water Condensed (liters/day)
= =

40 50 60 70 80
Day

Leafy_greens - HVAC Energy Loads and Water Condensation

250

N

(=}

=3
1

| = Sensible Heating (kWh/day)
— Sensible Cooling (kWh/day)

Energy (kWh/day)
G
o

100 4 — Latent Cooling (kWh/day) -~ \
. _/
04
0 5 10 15 20 25 30
Day
Leafy_greens - Daily Water Condensed

_ 160 -
>
o
=l
¥ 140 4
2
S 120 4
Q
2
)
= 100 1
o
o
3 80
2

60

0 5 10 15 20 25 30
Day

Figure 3.2.9.4 - Leafy Greens - HVAC Energy Loads and Water Condensation
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Table 3.2.9: Power Requirements to condense transpiration of each crop

Crop Tomatoes | Peppers Cucumbers Leafy Greens
Total Growth Cycle 120 100 80 30
(days)

Grow Area (m?) 235 23.5 23.5 23.5
Sensible Heating (kWh) 0 0 0 0
Sensible Cooling (kWh) 31680 26400 21120 7920
Latent Cooling to main- 16546 13139 9910 2670
tain RH < 65% (kWh)

Net Power Usage over 48226 39539 31030 10590
Growth cycle (kwh)

Average Daily power Us- | 401.9 395.4 387.9 353
age (kWh)

Average Daily Power Us- | 482.3 4745 465.5 423.6
age with safety factor

(20%) (kWh)

Total Cooling power re- 20.1 19.8 194 17.7
quired (kW)

3.2.10. HVAC Energy Load Calculation Using Psychometric Charts

In order to extract the water from the air we are required to go below the dew point of water, this point
differs based on the atmospheric pressure and cooling and heating loads will be determined with the
help of the following psychometric charts (figure 3.2.10.1, figure 3.2.10.2)

e Water removal Capacity Required: Growing Area * Transpiration Rate= 23.52m?*8.5
kg/(m? = day) =200 kg/day of water
e Load at 101kPa:
o Starting Enthalpy: hs=77 kJ/kg
o Target Enthalpy: heargec=29 ki/kg

o AEnthalpy: Ah = (77-29)kJ/kg=48kJ/kg

e Cooling Capacity (KW): V % p * ¢, * Ah = 222 % 1.2 + 1.005 * 48 = 16.08 kW
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Figure 3.2.10.1 — ASHRAE Psychrometric chart 101.325 kPa [102]

e |oad at 70kPa:

o Starting Enthalpy: hs.=100 kJ/kg
o Target Enthalpy: hiarger=35 kJ/kg
o AEnthalpy: Ah = (100-35)kJ/kg=65kJ/kg

e Cooling Capacity: V * p * ¢, * Ah =
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Figure 3.2.10.2 - ASHRAE Psychrometric chart 70.1 kPa [102]
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A comparison of the two methods shows that the psychrometric charts estimate a lower cooling re-
guirement. However, to ensure safety and account for uncertainties in this demonstration prototype,
this thesis adopts the higher cooling load estimate of 20.1 kW as the design baseline.

Commercial Options

The VEAB CFK 315-2,5 has dimensions 553mm*639mm*462mm, weighs 16kg and can provide
10.6kW of cooling power with a pressure drop of 35 Pa while dealing with an airflow of 12000 m3/hr
with no modification. Its specifications can be seen in figure 3.2.10.3 [47].

Stacking two in succession one after the other would satisfy our cooling requirements. This system
gives us a lot of redundancy and flexibility, by having two modules and having dual heating and cool-
ing functions. Additionally, the drip trays will collect the condensate and recirculate it to the NDS.
This dehumidification system will weigh a total of 32 kg with a pressure drop of 70 Pa while consum-
ing roughly 21.2 kW of power at its peak. (See Annex 1.6)

Performance Data Heating Cooling
Model CFK 315-3-2,5

Art. no 210825

Capacity kw 11.0 10.6

Air Side Data Heating Cooling
Atr_nospheric Pressure / Pa/m 101325.00 / 0.00

Altitude

Volumetric Flow m¥h 1000 1000
Mass Flow kg/h 1221.30 1162.55
Density kg/m* 1.22 1.16
Surface Velocity m/s 1.46 1.46

Air Inlet Temperature °C 15.0 27.0
Inlet Humidity % 45.0 85.0

Air Outlet Temperature °C 47.2 15.2
Outlet Humidity % 7.1 100.0
Pressure Drop Pa 20 35

Figure 3.2.10.3 - Performance of the VEAB CFK 315-2,5 [47]
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Custom Option:

As the dehumidifier is such an important part of the system efforts were made to find more innovative
and efficient solutions. With the advent of 3D printing, complex geometries for heat exchangers have
become possible to manufacture at reasonable prices. One such geometry which shows a lot of prom-
ise as a heat exchanger is the Gyroid.

Gyroid heat exchangers:

A gyroid is a type of three-dimensional (3D) triply periodic minimal surface (TPMS). These geometric
properties allow it to have a high surface-area-to-volume ratio which is crucial when designing a com-
pact heat exchanger. The triply periodic minimal surface refers to the fact that this geometry repeats
without self-intersection and maintains a continuous curvature. Fluid flowing through these channels
benefits from:

1. Lower Pressure Drops: Unlike sharp turns or narrow channels, gyroid passages can be
smoother and more continuous, potentially reducing pumping power requirements.

2. Efficient Mixing: The convoluted pathways promote better mixing and more uniform heat
distribution, avoiding localized hot or cold spots. [35]

Beyond thermal performance, gyroid lattices also offer favourable mechanical properties, such as high
stiffness-to-weight and strong load-bearing capabilities. They can even be incorporated into multifunc-
tional components where thermal management is combined with structural support.

1. Resistance to Thermal Stress: The continuous nature of a gyroid helps mitigate stress con-
centrations, reducing the chance of cracking under wide temperature swings on the Moon
(daytime to nighttime can vary by hundreds of degrees Celsius).

2. Load-Bearing Heat Exchangers: In many lunar-farm designs, structural supports and ther-
mal-control systems can merge. A single gyroid module might act as both a supporting truss
and a heat exchanger.

3. Contamination Control: The closed-cell or partially open-cell nature of certain gyroid de-
signs can help isolate fluids and prevent unwanted leaks into the plant-growth chamber.
[35][36]

With these facts in hand, it is possible to write code (See Annex 1.7) to design a heat exchanger that is
more compact and efficient that traditional plate heat exchangers [37].

First, we will define some equations that we will use later. These will be the Tetens’s Formula [61],
the Reynolds Number [63], Gyroid Hydraulic Diameter and Gyroid Pressure Drop [65] and Gyroid
coolant pressure drop [87].

7.5%T
Tentens’s Formula: Saturation Vapour Pressure (e5,;) = 10T+237.3)

Where T is the Temperature

Reynolds Number: Re = %Dh

Where p is the fluid density (kg/m?), v is the velocity (m/s), Dy is the hydraulic diameter (m) and p is
the dynamic viscosity (Pa*s).
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Gyroid Hydraulic Diameter: D, = ‘:‘8

v

Where ¢ is the porosity and S, is the specific surface area (m?/m?3)

Gyroid Pressure Drop: AP = a * Re? « ﬁ
Where a and b are constants derived from research papers on gyroids [65]. L is the length of the gy-
roid.

* * * 2
Gyroid Coolant Pressure Drop: AP,y = (M) * Cf
Z*Dh
Where f is the friction factor, Lpan is the coolant path length, pcool is the coolant density and Cs is the
complexity factor of the gyroid structure, in this case 2.

Next, we tackle the Log-Mean Temperature Difference. Using the worst-case scenario determined
above where 27°C at 85% RH gets cooled down to 14°C and 45% RH we see that we need a cooling
power of 20.1 kW. We assume that on the waterside the coolant enters at 5°C and leaves at 13°C. Then
the air “sees” a temperature difference of about 14°C at the inlet (27-13) and about 11°C at the outlet
(16-5). The log—mean temperature difference (LMTD) is then about 9.1°C.

1. Temperature Differences and LMTD

Temperature of water at inlet Twater:5°C
Temperature difference at inlet (AT1 = Tair in - Twater): 14 K

Temperature difference at outlet (AT2 = Tgew - Twater): 11 K

Log mean temperature difference LMTD = ATI;flTZ = 124K

ln—AT2

2. With this and assuming an overall heat-transfer coefficient of U = 120 W/m2K, [37] we can
use the following equation to determine the surface area required.

1ot 20100
A = = = 13.5 m?
red T % LMTD 120 * 12.4 mn

Next, we will calculate the vapour pressure deficit (VPD). We use this approach as RH only tells you
how "full" the air is with water vapor as a percentage, but it doesn't directly tell you how much mois-
ture the air can still hold.

3. VPD represents the difference between the amount of moisture in the air and the amount it can
hold at saturation (saturation vapor pressure). This is a more absolute measure of the air’s dry-
ing power or moisture demand. The VVPD is calculated using Tetens formula for saturation
pressure [52].

Vapour Pressure Deficit: VPD = e,,, * (1 — RH)

4. Next, we calculate the coolant flow rate by doing an energy balance calculation [53]. For our
coolant we will be using distilled water as this is what is used in the ISS [34], which gives us a
specific heat capacity (J/kg*K) of 4180 J/kg*K and a density of 1000 kg/m®.
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. . Qcool 20100
Qcoot = Moo * Cp * AT => Moo = CpCZ(’)T - 4180 * 8

= 0.601 kg/s

5. Having a geometrical constraint of using a 0.5m duct for our AMS give us a duct area of:

Aguet =T *1? =m*0.25%2 = 0.196 m?

This design will be using two gyroid geometries offset to allow a hollow section for the coolant to
flow through We will be using a gyroid cell of period L = 4.5 cm which will have a surface area of
about 3.1*L2 per cell and a volume of 0.5*L2 [55].

Agenn = 3.1% L2 = 0.00628m?
Veen = 0.5 % L3 = 0.0000456 m3

With this in hand we are able to calculate the specific surface area per volume of the gyroid:

S, = Zeell = 13778 m2 /m3

cell

Using the required area calculated above allows us to then calculate the total gyroid volume as well as
the length of the dehumidifier:

A
Vyyroid = % = 0.098 m3
v

Leupe = ~22%% = 0.498 m

duct

Note: this is assuming that the gyroid is fully packed in the tube, in practice this will likely not be the
case, therefore we expect the dehumidifier to be roughly 10% longer.

Ltube = 0.55m

Now we will calculate the porosity of the gyroid based on its periodicity and wall thickness [64]

Level Set parameter (c) : ¢ = tvzaﬁ = 0.4189
cell

Solid Fraction (S¢) : S = 0.65 * ¢ = 0.2723
Porosity (¢): e = 1 — 8¢ = 0.7277

Volume of Air Channel (Vair,.0): Va = Viupe * € = 0.0857 m3

rchannel

Volume of Gyroid Wall (Vwan): Viyan = Veenr * Sf = 0.0291 m*

Volume of Coolant Channel ((Veootant panner): Vwatlchanmer = % = 0.0146m3
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Effective Area for Air (Airett): Agirers = € * Apype = 0.1429 m?

We then call our previously defined equations to determine the pressure drop of the air as well as its
Average Air velocity.

=2 - 21.13mm

Hydraulic Diameter for air (D, , ) : Dy, = -

Average Coolant Velocity (Vair): Veoor = Meool 1.94m/s

Vchannet
Ltube

Reynolds Number: Reg;, = 2air’air®h — 1gg

Hair

Air Pressure Drop: AP,,,; = a * ReZ,,; * ﬁ = 452.2 Pa

We then calculate the coolant pressure drop using Darcy-Weisbach previously declared as Gyroid
Coolant Pressure drop.

. . c 3
Volumetric Flow rate of coolant (V): V = % = 6.0 107+ =
cool

r?+Leype

3
O'S*Lceu

Unit Cell Count in Gyroid (Uc) : U, = = 2789 cells

Surface Area of Gyroid wall (SAcyriawa) : SAgyroiawan = (3-1 % Loy * U.) * 0.92 = 16.1 m?
Flow Area for coolant (Asiow) : Afiow = SAgyroiawan * Channelyq, = 0.048 m?

Hydraulic Diameter for Coolant (Dy,_,,) : Dn,,,, = 4 * Channely,, = 12mm

Coolant Velocity (Veoolant) : Veoorane = Afl’./"w =0.012m/s

Coolant Reynolds Number: Re o = W = 149.3
cool

Friction factor for coolant (feool): fro01 = fi =0.428
cool

Path length of coolant (Lpatn): Lpath = Leube * PathLengthFactor = 1.29m

2
f*Lpath*Pcool*V

Total Gyroid Coolant Pressure Drop: AP, = ( s
*Dp

) * Complexity_Factor =6 Pa

With this information we are then able to plot our gyroid cell in 3D as well as the full gyroid in the cy-
lindrical duct in 3D. These are displayed in figure 3.2.10.4 and figure 3.2.10.5
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Gyroid Minimal Surface (Unit Cell)

Figure 3.2.10.4- Gyroid Minimal Surface (Unit Cell)

Gyroid Structure Within Cylindrical Duct

Z[m]

Figure 3.2.10.5 - Gyroid Structure Within Cylindrical Duct
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This system would be 0.55m long, 0.5m diameter and it would weigh roughly 36.6 kg if made out of
copper plated aluminium. The complexity that this system for the reduction in space it offers is likely
not worth the ease of using COTS, however LAM-GTD is at the forefront of innovation, and it re-
mains a possible solution.

In both systems the then condensed water would then be treated with UV-C via the 9D PearlAqua be-
fore being recycled into the NDS system [94]. The 9D PearlyAqua is rated for 10000 hours of continu-
ous use and can deal with flow rates of 1.5 liter per minute. Additionally, its easily replaceable LED
lamp module make it align with the redundant and easily maintainable design philosophy of this AMS.

3.2.11. Heater

Based on the psychrometric charts, it is evident that air must be cooled in order to achieve condensa-
tion. To maintain a comfortable ambient temperature for both plants and personnel, the system should
therefore incorporate a heating element. In the identified worst-case scenario, it is assumed that reheat-
ing will be required from 16°C to 22°C. The required heating power can then be determined using the
energy balance equation.

m

1000
Mass flow rate i = p * . £ =0.825%0.278 = 0.231 kg/s

6005

Energy equation: @ = m * C, * AT = 0.231* 1005 * 6 = 1392 Watts

Assuming a heater of 70% efficiency: Power = % = 1988 Watts

The VEAB CV31-315-230 VACL1 heater has a weight of 16 kg and dimensions of 375 mm * 397 mm
* 340 mm. It delivers a heating output of 2000 W with a theoretical 5 Pa pressure drop (see Annex
1.8). Additionally, the unit is equipped with integrated sensors that allow for precise temperature regu-
lation.

3.2.12. VOC Filter

Compared to the earlier design of the AMS, the decision to decouple the Volatile Organic Compound
(VOC) filter unit from the core system architecture enables a significant reduction in pressure drop
while also improving system compactness.

To remove VOCs and ethylene, we draw inspiration from the Trace Contaminant Control Subassem-
bly (TCCS) ISS. The TCCS employs a granular activated carbon bed for VOC adsorption, followed by
a thermal catalytic oxidizer to remove residual gaseous compounds such as methane and carbon mon-
oxide. Additionally, a lithium hydroxide (LiOH) bed is integrated downstream to capture acid gases
generated during the oxidation process. Notably, the TCCS operates at a relatively low volumetric
flow rate of approximately 15.3 m3/h, as it is not required to process the entire cabin air volume simul-
taneously. Instead, it gradually removes trace contaminants, maintaining air quality within Spacecraft
Maximum Allowable Concentration (SMAC) thresholds. This design strategy achieves a balance be-
tween minimizing system mass and energy consumption while ensuring effective contaminant control
[50].

Adopting a similar design philosophy, our system operates at lower volumetric flow rates for efficient
removal of trace gases in a compact configuration. However, recognizing that LAM-GTD will present
a more biologically active environment, the system must be capable of accommodating higher flow

rates to ensure comprehensive VOC and ethylene removal. To meet this requirement, we propose inte-
grating the Levoit Core® 400S Smart Air Purifier, which supports a flow rate of 442 m3/h (equivalent
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to 5 air changes per hour [ACH]) and features modular filter capability. This modularity allows flexi-
ble deployment of filtration media tailored to specific contaminants. In conditions where ethylene con-
centrations exceed acceptable limits, potassium permanganate filters can be deployed in conjunction
with activated carbon filters for enhanced removal efficiency.

The proposed air purification unit has physical dimensions of 27.4 x 27.4 x 52 c¢m, a total weight of
6.4 kg, and an average power consumption of 38 W. (See Annex 1.9)

3.2.13. Data Handling Control System

For the LAM-GTD, the DHCS is responsible for managing all subsystems, including AMS, nutrient
delivery, and thermal control. The sensors shown below will be placed at the entrance and exit of the
AMS while constantly communicating with the DHCS to adjust all components of the AMS to main-
tain optimum conditions. The DHCS follows a decentralized architecture, reducing the complexity of
the main computing unit.

Baseline Design:

The DHCS consists of two redundant electronic boxes containing:

e Main computer board

e Acquisition and interface boards

o Mass storage & backplane

e Connectors & harnesses
All subsystems are designed to have their own computing intelligence, reducing dependency on a sin-
gle unit. These can be seen in Table 3.2.13. More information can be found on the sensors in Annex
1.10

Table 3.2.13: Sensors Integrated into the DHCS

Sensor Commercial Option |Power Consumption (W) Weight (kg)
Volumetric Flow Rate EEG650 [60] 4.1 0.25

Carbon Dioxide, Temper- | EE850 [60] 0.36 0.25

ature & Humidity

Differential pressure EEG600 [60] 0.1 0.25
measurement

Oxygen FDO2 [59] 0.03 0.01
Ethylene GASERA ONE [58] |75 13

System Redundancy & Fail-Safe Mechanisms:
e The system is one-failure tolerant, ensuring continuous AMS operations even if a component
fails.
o Automatic solenoid valves, airflow redundancy, and CO: injection backup are implemented to
maintain stable atmospheric conditions.
Interfaces & Control:
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e The DHCS interfaces with robotic arms, mission control, and secondary payloads like the
C.R.O.P. filtration system.
e The system manages data flow between the AMS, power, and thermal control subsystems

3.2.14. Excess CO;

An astronaut generates approximately 1 kg of CO: per day. Based on this rate and our previous calcu-
lations, it is clear that CO2 accumulation will exceed plant uptake. Over a 120-day period, astronauts
would produce around 120 kg of CO: per astronaut, while a crop of tomatoes with a typical 120-day
growth cycle would only absorb approximately 54 kg of COx.

To help balance this excess, a photobioreactor (PBR) measuring 50 cm x 50 cm x 50 cm and filled
with Chlorella vulgaris could contribute to CO: mitigation. Assuming a CO- fixation rate between 3.6
kg CO2/m*/day and 7.2 kg CO2/m?/day, this system could potentially capture between 54 kg — 108 kg
of CO: over the same 120-day period [97].

In addition to its role in atmospheric CO- control, Chlorella vulgaris is a nutrient-dense microalgae
that offers several advantages as a food source. It contains 50-60% complete protein by dry weight
and is rich in essential vitamins (including active B12), minerals like iron and magnesium, and antioxi-
dants such as chlorophyll. Its ability to produce oxygen and absorb CO. makes it ideal for closed-loop
systems like space missions, where it can serve both as a food source and a life support component
[98].

It should be noted that this is a generalized estimate, as algal growth and CO: fixation are influenced
by environmental variables such as light intensity, temperature, and nutrient availability. Further ex-
perimental validation is recommended. The LAM-GTD facility would be an ideal environment to test
the performance and feasibility of this integrated life support technology.

3.2.15. Air Exiting LAM-GTD

To function as a BLSS, LAM-GTD must be capable of supplying oxygen-rich air back to the crew
module. One viable approach is the integration of Mixed Matrix Membranes (MMMs). Recent studies
indicate that MMMs incorporating Metal-Organic Frameworks (MOFs) exhibit high O2/N: selectivity
while maintaining high oxygen permeability, making them well-suited for efficient air separation.

These membranes could be integrated into the gas exchange interface between LAM-GTD and the
crew module, enabling a continuous supply of oxygen-enriched air to the crew [57] [82]. A key ad-
vantage of these systems is their compatibility with standard human-rated environmental conditions,
with the primary requirement being elevated operating pressure (typically 2-30 bar). As such, the only
additional system requirement would be a compressor to pressurize the air before passing it through
the membrane.
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4. Analysis and Discussion

4.1. AMS Component Calculations

4.1.1. Blowers

The required airflow within the LAM-GTD was determined based on a target of 11.5 ACH for a total
module volume of 87 m3, resulting in an airflow requirement of approximately 1000 m3/h. This ACH
value represents a deliberate compromise between energy efficiency and effective air mixing, in-
formed by performance data from both the ISS and commercial CEA systems. To meet this require-
ment, the RadiPac commercial blower was selected for its ability to deliver the necessary airflow
while offering a modular design, high performance, low noise output, and minimal maintenance de-
mands.

At around 70 dBA when operating at max power these blowers are in line with the 70 dBA recom-
mended by NASA [101]. Additionally, the fans have space in the AMS for some noise dampening
which would further reduce their noise levels.

4.1.2. Localized Fans for Air Mixing

To ensure homogeneity of air distribution around the crops and prevent localized CO2 build-up, 15
small fans are used to ensure constant airflow on the growing area. This setup ensures uniform transpi-
ration rates, avoiding microclimates around crops, and contributing to overall system redundancy. The
selected fans provide compact, low-power, and efficient airflow solutions and are easily replaceable,
enhancing system maintainability.

4.1.3. UV-C Lamps

The use of UV-C lamps ensures airborne pathogen control within the AMS. Calculations were based
on a target UV-C dose of 5000 pW-s/cmz. With an airflow velocity of 1.43 m/s and a duct length of
0.45 meters, the exposure time per air parcel was calculated to be approximately 0.31 seconds. Conse-
guently, the required UV-C intensity was approximately 15,851 pW/cmz,

To achieve this, 14 NL-T8 UV 25W/254 G13 lamps were deemed sufficient to meet the necessary ger-
micidal power (total UV-C output of ~114.8 W). However, as we know from EDEN ISS MTF micro-
bial build up was a big problem, as this duct can accommodate more UV-C lights and that their power
consumption is not excessive it is recommended to start off with 28 NL-T8 UV 25W/254 G13 lamps
to be certain that all unwanted pathogens are eliminated. As LAM-GTD is operated tests can be run to
determine how many UV-C lamps are truly necessary. Additionally reflective surfaces within the air
duct should be installed to enhance radiation uniformity and disinfection efficiency.

4.1.4. Dehumidifier

The dehumidifier plays a pivotal role in the AMS of the LAM-GTD by maintaining the relative hu-
midity within the specified range of 45% to 85%. Effective humidity regulation is essential not only
for optimal plant transpiration and gas exchange but also to prevent microbial growth and protect other
system components like filters and electronic equipment.

The high energy requirements of the dehumidifier make it a crucial part of the AMS and its design will
be crucial to the mission’s success. In this thesis two options were proposed: The VEAB CFK 315-2,5
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with 10.6 kW of cooling power and dimensions of 553mm*639mm*462mm and the Gyroid Heat ex-
changer with a theoretical cooling power of 20.1 kW and dimensions of 550mm long and 500mm di-
ameter.

The VEAB CFK 315-2,5 is a safe choice, with VEAB being a Swedish company with a great track
record, this heat exchanger would be easy to acquire and install. Although bulkier than the Gyroid heat
exchanger its proven track record is hard to overstate when dealing with future lunar habitats.

The Gyroid heat exchanger is an innovative but unproven design. While the literature suggests that
this technology could provide substantial savings in space it lacks the maturity of existing heat ex-
changer technologies. With space coming at a premium in space exploration, LAM-GTD could be the
perfect place to test this innovative design. If the practice validates the theory, then this technology
could bring about significant improvements to the AMS.

Regardless of which solution is chosen it should be noted that in EDEN 1SS MTF it was observed that
microbial loads were always a major problem when dealing with the dehumidifier. Therefore, it is rec-
ommended to coat the dehumidifiers internal component with Heresite.

Heresite coatings offer exceptional protection for heat exchangers and HVAC systems, combining cor-
rosion resistance, microbial resistance, and long-term durability. They create a smooth, non-porous
surface that prevents the buildup of mold, bacteria, and biofilms, reducing the risk of microbiologi-
cally influenced corrosion (MIC) and improving air quality. Their ultra-thin application maintains ex-
cellent heat transfer efficiency while shielding metal components from salt spray, chemicals, ammo-
nia, and acidic gases, making them ideal for harsh or humid environments. Heresite coatings also with-
stand aggressive cleaning agents, enabling easier maintenance and extending equipment lifespan.
Overall, they reduce system breakdowns, lower maintenance costs, and deliver lasting performance in
even the most demanding conditions [84].

4.15. Heater

The heater is one of the major power consumers of the AMS, however with proper data handling and
control it may not be necessary. If the temperature of the air can be properly monitored and controlled
it would be possible to keep the air at the nominal temperature using the 11 kW of sensible heat gener-
ated by the equipment in LAM-GTD. Additionally proper control of the air temperature would also
reduce the cooling requirements leading to a more efficient system.

For the sake of this design it is included to make sure every requirement is checked, however when
LAM-GTD is deployed and tested it may be deemed unnecessary.

4.1.6. VOC Filter

As pressure drop through VOC filters increases exponentially with air flow rate, it was a major im-
provement to decouple the filters from the AMS in this project. The ACH necessary to filter out the
unwanted VOC is much lower than what LAM-GTD requires for nominal operation. This enabled the
AMS to be made much more compact while reattaining its efficiency. Additionally moving the VOC
filter system to a standalone unit allows for the replacement of filters to be much easier. The Levoit
Core® works great for this case allowing for many different filters to suit the needs of the system. Par-
ticularly the potassium permanganate filters will be crucial in filtering out the ethylene [85].

4.1.7. Sensors

The sensors selected for this project are already in use at the current EDEN test site in Bremen, with
two notable exceptions. The FDO2, while new to this setup, brings a strong track record from its
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deployment on the Mars 2020 Rover, lending it significant credibility. The GASERA One, on the
other hand, is a novel addition. Detecting ethylene has historically been difficult due to the need for
sensitivity in the parts-per-billion (ppb) range. However, the GASERA One utilizes photoacoustic
spectroscopy and is expected to provide the necessary sensitivity to detect subtle changes in ethylene
concentration [58].

4.1.8. Where to get the cooling power

Regardless of the type of heat exchanger selected, it remains clear that the cooling load for LAM-GTD
will be substantial. To maximize both efficiency and safety, our approach mirrors proven methodolo-
gies used on the ISS. Specifically, it is recommended to use water as the primary coolant within the
LAM-GTD module due to its high heat capacity, non-toxicity, and overall safety for human interac-
tions.

To minimise the reliance on solar panels and batteries this thesis recommends to complement the inter-
nal water loop, with an external liquid ammonia loop, leveraging ammonia’s exceptional thermal con-
ductivity and heat transfer capabilities. This ammonia loop would be routed through radiators posi-
tioned externally to the LAM, efficiently dissipating heat into the cold vacuum of space. The use of
this dual-loop system provides several key advantages, including enhanced thermal management capa-
bility, increased redundancy, and reduced risks associated with ammonia leakage inside human habi-
tats.

Implementing this hybrid water-ammonia cooling system would significantly decrease reliance on so-
lar-generated power, thereby minimizing overall energy consumption and operational complexity.
This approach enables the AMS and associated cooling hardware to be more compact and efficient.
Additionally, utilizing resources potentially available on the Moon, such as water ice, supports sustain-
able and self-sufficient long-term operation of extraterrestrial habitats, aligning with broader mission
objectives of resource efficiency and minimal resupply from Earth [34].

4.1.9. Operational Redundancy and Maintainability

To ensure long-term operational stability, the AMS design incorporates redundancy in fans, sensors,
and control systems. Modular COTS allows rapid replacement, while remote diagnostics via the
DHCS reduce the need for manual interventions. Maintenance protocols derived from EDEN ISS
MTF best practices will be adapted for LAM-GTD, focusing on minimizing crew time, ensuring resili-
ence to part failures, and enabling real-time system adaptation.

Standardized cartridges for filters and UV-C bulbs, plug-and-play sensor modules, and openings ena-

bling easy access to the components reducing the frequency and complexity of maintenance tasks. An
example of this is the large hatch shown in Figure 4.1.9 that enables access to the inner components of
the AMS.

Figure 4.1.9- Hatch for ease of maintenance
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4.1.10. Final system

Table 4.1.10.1 and Table 4.1.10.2 lists all AMS components along with their weight, power consump-
tion, and pressure drop. It presents two configurations: one using entirely COTS components, and the
other incorporating the gyroid structure.

Table 4.1.10.1 AMS with COTS Components

Component Power (W) Weight (kg) Pressure Drop (Pa)
Blower 500 6 0
Sensors 80 14 0
Fans 600 12.3 0
UV-C Lights 700 1.96 10
Pre-Filter 0 7.7 40
HEPA-Filter 0 9.6 50
VEAB Dehumidifier 20100 32 70
VEAB Heater 1988 16 5
Blower 500 6 0
Duct 0 15.13 5
VOC filter 38 6.4 0
Total for one AMS Module |4406 127.1 166.5
Total For Entire AMS 8774 247.78 166.5
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Table 4.1.10.2: AMS with Gyroid dehumidifier

Component Power (W) Weight (kg) Pressure Drop (Pa)
Blower 500 6 0
Sensors 80 14 0
Fans 600 12.3 0
UV-C Lights 700 1.96 10
Pre-Filter 0 7.7 40
HEPA-Filter 0 9.6 50
Gyroid Dehumidifier 20100 36.6 70
VEAB Heater 1988 16 5
Blower 500 6 0
Duct 0 15.13 5
VOC filter 38 6.4 0
Total for one AMS Module |4406 131.7 548.7
Total For Entire AMS 8774 257 548.7




4 Analysis and Discussion

The two tables show that both system configurations are broadly similar. The gyroid-based dehumidi-
fier is more compact but comes with a slight increase in weight and a significantly higher pressure
drop. Nonetheless, the total weight of both systems remains well below the 500 kg allocation for the

AMS, and the increased pressure drop can be effectively managed by the selected blowers.

The two different system are shown below. Figure 4.1.10.1 shows the COTS AMS and Figure 4.1.10.2
the Gyroid AMS.

Figure 4.1.10.1 - COTS AMS

Figure 4.1.10.22 - Gyroid AMS
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From left to right, the components of the AMS are: blower, UV-C light, pre-filter, HEPA filter, VEAB
or gyroid dehumidifier, heater, and a second blower. When comparing the two configurations, the inte-

gration of the gyroid heat exchanger reduces the overall length of the AMS by approximately 30 cm.

Figure 4.1.10.3 illustrates the complete AMS setup complete with side fans using only COTS compo-

nents.

Figure 4.1.10.3 - Whole COTS AMS

Here you can see that a hatch has been designed to allow easy access to the components of the AMS to
ensure long-term operational stability by having ease of maintenance. Additionally, you can see each
of the fans used to maintain airflow on the crops. In Figure 4.1.10.4 and Figure 4.1.10.5 below the en-
tire AMS is shown integrated to LAM-GTD.

54



4 Analysis and Discussion

Figure 4.1.10.4- Integrated AMS Front View

Figure 4.1.10.5- Integrated AMS Angled View
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5. Conclusions and future work

As humanity moves closer to establishing permanent extraterrestrial settlements, the development of
robust and scalable life support systems is becoming increasingly vital. This thesis has explored the
design and optimization of an AMS for the LAM-GTD, contributing to the broader field of BLSS. The
work presented here bridges existing technological developments in CEA with the unique demands of
off-Earth environments, specifically the Moon.

The AMS is central to creating a viable agricultural module in space, as it regulates temperature, hu-
midity, CO2/O: levels, air filtration, and trace contaminants, all of which are essential for plant health
and human safety. Drawing from lessons learned in terrestrial analogues like EDEN ISS MTF, Lunar
Palace 1, and the APH aboard the ISS, the design proposed in this thesis integrates critical improvements
in energy efficiency, modularity, maintenance accessibility, and microbial resilience.

Special attention was given to the dehumidification subsystem, identified as a historically weak point
in earlier prototypes due to under-dimensioned cooling capacity and microbial contamination. This
thesis evaluated both conventional COTS and advanced gyroid-based dehumidifier designs, ultimately
demonstrating that while the gyroid structure increases pressure drop, it reduces the system’s spatial
footprint.

Both configurations remained well below the allocated weight limit of 500 kg, and their pressure drops
are within the handling capacity of the selected blowers.

A modular approach was used to design the AMS, allowing for redundancy and ease of maintenance.
Plug-and-play sensor modules, standardized cartridges for filters and UV-C lamps, and a centralized
control system reduce the need for crew time and support rapid diagnostics and repair. The system was
also designed with scalability and adaptability in mind, ensuring it can operate effectively in closed-
loop terrestrial test beds and future lunar deployments.

Throughout the design process, rigorous engineering analysis was conducted, including airflow calcu-
lations, pressure drop estimations, UV-C dosage modelling, and heat load balancing. Additionally, two
python scripts were developed, one to improve the evapotranspiration modelling capabilities of the pro-
ject and one to enable rapid iteration of the gyroid dehumidifier.

This yielded an AMS system with a vastly improved dehumidification system, increased microbial con-
trol, improved sensors specifically with regards to ethylene detection, and a decoupled VOC system
allowing for lower pressure drops.

Ultimately, this thesis offers a validated design framework and practical insights for future AMS itera-
tions, contributing to the field of space agriculture. As the LAM-GTD prepares for its anticipated de-
ployment, the AMS design presented here lays the groundwork for long-term, closed-loop, biologically
regenerative farming systems on the Moon and beyond.

The next phase in the development of the LAM-GTD will involve conducting a comprehensive compu-
tational fluid dynamics analysis of the proposed system to further validate the design parameters and
performance projections outlined in this paper. If the computational fluid dynamics analysis results cor-
roborate these findings, the project can proceed with the acquisition and construction phase. Once the
LAM-GTD is operational, critical data collection efforts can begin, focusing on system performance,
environmental stability, and failure response under controlled testing conditions.

56



Bibliography

[1] W. Hallmann, Handbuch der Raumfahrttechnik: Grundlagen - Nutzung, Raumfahrtsysteme -
Produktsicherung u. Projektmanagement. Miinchen: Hanser, 1988.

[2] ""Plant Pillow Preparation for the Veqgie Plant Growth System on the International Space
Station,"" ResearchGate. [Online]. Available: https://www.researchgate.net/publica-
tion/343129660 Plant Pillow Preparation for the Veqgie Plant Growth System on the In-
ternational Space Station. [Accessed: Oct. 1, 2024].

[3] ""Veqgie Plant Growth System Factsheet,"" NASA, 2019. [Online]. Available:
https://www.nasa.qgov/wp-content/uploads/2019/04/veqgqgie fact sheet 508.pdf. [Accessed: Oct. 1,

2024].

[4] "EDEN ISS Greenhouse Returns to Bremen and Has a New Destination," DLR, 2023. [On-
line]. Available: https://www.dlr.de/en/latest/news/2023/03/eden-iss-greenhouse-returns-to-bre-
men-and-has-a-new-destination#:~:text=0ver%20the%20course%200f%20the%20mis-
5ion%2C%20more%20than%200ne%620tonne,ingredients%20and%20herbs%20were%s20har -
vested.&text=Most%20recently%2C%20NASA%20quest%20scientist,she%620re-
turned%620in%20spring%0202022 [Accessed: Oct. 1, 2024].

[5] "EDEN ISS Project," EDEN ISS. [Online]. Available: https://eden-iss.net. [Accessed: Oct. 1,
2024].

[6] G. Giacomelli, ""Lunar Greenhouse Prototype for Bioregenerative Life Support System,""
University of Arizona, 2012. [Online]. Available: https://cales.arizona.edu/lunargreenhouse/Docu-
ments/2012-07-20 01 Giacomelli.pdf. [Accessed: Oct. 4, 2024].

[7]1 G. Boscheri et al., "*"Modified enerqy cascade model adapted for a multicrop Lunar green-
house prototype,"" Advances in Space Research, 2012. [Online]. Available: https://www.sciencedi-
rect.com/science/article/pii/S0273117712003705. [Accessed: Oct. 4, 2024].

[8]J. Hu, S. Li, H. Liu, and D. Hu, ""Reliability and lifetime estimation of bio-regenerative life
support system based on 370-day closed human experiment of lunar palace 1 and Monte Carlo
simulation,"" Acta Astronautica , 2023. [Online]. Available: https://www.sciencedi-
rect.com/science/article/pii/S0094576522006294. [Accessed: Oct. 4, 2024].

[9] Y. Fu et al., ""A case for supporting human long-term survival on the moon: 'Lunar Palace
365" mission,"" Acta Astronautica , 2025. [Online]. Available: https://www.sciencedi-
rect.com/science/article/pii/S0094576524007343. [Accessed: Oct. 7, 2024].

[10] K. H. Hasenstein and S. P. John et al., ""Assessing Radish Health during Space Cultivation
by Gene Transcription," Plants, vol. 12, no. 19, p. 3458, 2023. [Online]. Available:
https://www.mdpi.com/2223-7747/12/19/3458. [Accessed: Oct. 7, 2024].

57



Bibliography

[11] O. Monje and J. T. Richards et al., ""Hardware Validation of the Advanced Plant Habitat on
ISS: Canopy Photosynthesis in Reduced Gravity,"" Frontiers in Plant Science, 2020. [Online].
Available: https://www.frontiersin.org/journals/plant-science/ar-
ticles/10.3389/fpls.2020.00673/full. [Accessed: Oct. 7, 2024].

[12] G. Bonzano and V. Vrakking, "'D3.7 — Environmental Control Design Document,'” DLR,
[Online]. Available: https://zenodo.org/records/3229763 [Accessed: Oct. 10, 2024].

[13] ""NASA Spinoff," NASA. [Online]. Available: https://spinoff.nasa.gov. [Accessed: Oct. 10,
2024].

[14] ""Everyday Benefits of Space Exploration," Canadian Space Agency. [Online]. Available:
https://www.asc-csa.gc.ca/eng/about/everyday-benefits-of-space-exploration/. [Accessed: Oct. 10,

2024].

[15] ""Here's how space technology affects our daily lives," World Economic Forum, 2024. [On-
line]. Available: https://www.weforum.org/stories/2024/09/4-surprising-ways-space-technology-
shapes-our-everyday/. [Accessed: Oct. 10, 2024].

[16] ""Why Go to Space?,"" NASA. [Online]. Available: https://www.nasa.gov/humans-in-
space/why-go-to-space/. [Accessed: Oct. 10, 2024].

[17] ""The 10 Biggest Advantages of Vertical Farming," CambridgeHOK. [Online]. Available:
https://cambridgehok.co.uk/news/the-10-biggest-advantages-of-vertical-farming. [Accessed: Oct.

10, 2024].

[18] ""Environmental Control and Life Support System," NASA, 2007. [Online]. Available:
https://ntrs.nasa.qgov/api/citations/20070016582/downloads/20070016582.pdf. [Accessed: Oct. 14,

2024].

[19] S. De Pascale et al., "'Biology and crop production in Space environments: Challenges and
opportunities,' Science Direct, 2021. [Online]. Available: https://www.sciencedi-
rect.com/science/article/pii/S2214552421000183. [Accessed: Oct. 14, 2024].

[20] ""Moon is Safe for Long-Term Human Exploration,"” Science.org. [Online]. Available:
https://www.science.org/content/article/moon-safe-long-term-human-exploration-first-surface-
radiation-measurements-show. [Accessed: Oct. 14, 2024].

[21] M. von Einem, R. Groll, and C. Heinicke, ""Computational modeling of a ventilation concept
for a lunar habitat laboratory,'" Acta Astronautica , 2022. [Online]. Available: https://www.scien-
cedirect.com/science/article/pii/S2468896722000106. [Accessed: Oct. 14, 2024].

[22] V. Maiwald et al., ""Lunar Agriculture Module Ground Test Demonstrator — An Interna-
tional Approach for Realizing Plant-based Bio-regenerative Life Support,' presented at the 75th

58



Bibliography

International Astronautical Congress, 2024. [Online]. Available: https://elib.dlr.de/207197/1/1AC-
24%2CD3%2C2A%2C2%2Cx86994.pdf. [Accessed: Oct. 19, 2024].

[23] V. Maiwald, V. Vrakking, P. Zabel, D. Schubert, R. Waclavicek, M. Dorn, L. Fiore, B. Im-
hof, T. Rousek, V. Rossetti and C. Zeidler, ""From ice to space: a greenhouse design for Moon or
Mars based on a prototype deployed in Antarctica," CEAS Space Journal, 2020. [Online]. Avail-
able: https://link.springer.com/article/10.1007/s12567-020-00318-4 [Accessed: Oct. 19, 2024].

[24] M. R. Georgescu et al., ""Numerical and Experimental Study of the ISS Crew Quarters Ven-
tilation,"" Journal of Building Engineering, vol. 41, 2021. [Online]. Available: https://www.scien-
cedirect.com/science/article/abs/pii/S2352710221005726. [Accessed: Oct. 19, 2024].

[25] "'Operating an OQutpost,"* 2018. NASA, [Online]. Available: https://www.nasa.gov/wp-con-
tent/uploads/2018/04/iss-operating an_outpost-tagged.pdf. [Accessed: Oct. 20, 2024].

[26] "'International Space Station,"" NASA. [Online]. Available: https://www.nasa.gov/refer-
ence/international-space-station. [Accessed: Oct. 20, 2024].

[27] "International Space Station Bacteria Filter Element Service Life Evaluation,' NASA, 2005.
[Online]. Available: https://ntrs.nasa.gov/api/citations/20050215100/down-
loads/20050215100.pdf. [Accessed: Oct. 20, 2024].

[28] '"Ventilation on the ISS," AIVC. [Onlinel. Available: https://www.aivc.ora/sites/de-
fault/filessrmembers area/medias/pdf/Conf/2001/Raatschen%20Ventila-
tion%200n%20the%201SS.pdf. [Accessed: Oct. 22, 2024].

[29] T. Kozai, G. Niu, and M. Takagaki, Plant Factory: An Indoor Vertical Farming System for
Efficient Quality Food Production. Academic Press, 2016.

[30] M. Stasiak et al., "'"Radish (Raphanus sativa L. cv. Cherry Bomb I1) growth, net carbon ex-
change rate, and transpiration at decreased atmospheric pressure and/or oxygen,"" Gravitational
and Space Research, vol. 26, no. 1, 2012. [Online]. Available: https://cordis.europa.eu/docs/re-
sults/272/272520/finall-radish-2012.pdf [Accessed: Oct. 25, 2024].

[31] M. S. Anderson, M. K. Ewert, and J. F. Keener, ""Life Support Baseline VValues and As-
sumptions Document,"” NASA, Houston, 2018.

[32] M. F. Franke and T. Korth, "'S/S Design Description,"" DLR, Bremen, 2024.

[33] K. Iwabuchi and K. Kurata, "Effects of Low Pressure on Gas Exchange in Spinach," Ad-
vances in Space Research, vol. 31, pp. 241244, 2003.

59


https://link.springer.com/article/10.1007/s12567-020-00318-4
https://cordis.europa.eu/docs/results/272/272520/final1-radish-2012.pdf
https://cordis.europa.eu/docs/results/272/272520/final1-radish-2012.pdf

Bibliography

[34] "'ISS ATCS Overview," NASA, 2021. [Online]. Available: https://www.nasa.gov/wp-con-
tent/uploads/2021/02/473486main _iss atcs overview.pdf. [Accessed: Oct. 25, 2024].

[35] F. Chen et al., ""Heat transfer efficiency enhancement of gyroid heat exchanger based on
multidimensional gradient structure design,"" International Journal of Heat and Mass Transfer,
2023. [Online]. Available: https://www.sciencedirect.com/science/ar-
ticle/abs/pii/S073519332300516X. [Accessed: Oct. 27, 2024].

[36] O. Alketan, D.-W. Lee, and R. Abu Al-Rub, ""Mechanical Properties of Gyroidal Stochastic
Cellular Materials," Research Gate, 2021. [Online]. Available: https://www.researchgate.net/pu-
blication/355786933 Mechanical Properties of Additively-Manufactured Sheet-Based Gyroi-
dal Stochastic_Cellular Materials. [Accessed: Oct. 27, 2024].

[37] K. Kus, M. Wojcik, Z. Malecha, and Z. Rogala, ""Numerical and Experimental Investigation
of Gyroid Heat Exchanger,"" International Journal of Heat and Mass Transfer, 2024. [Online].
Available: https://www.sciencedirect.com/science/article/pii/S0017931024007130. [Accessed:

Nov. 1, 2024].

[38] "'Dew Point Calculator for Moisture,"" GasQuip. [Online]. Available:
https://gasquip.com/dew-point-calculator-for-mois-tu-re/. [Accessed: Nov. 1, 2024].

[39] ""'SPC Online Coil Selector," POA-SPC. [Online]. Available: https://poa-spc.com. [Accessed:
Nov. 1, 2024].

[40] K. M. Gilk and S. L. Olson, ""Evaluation of the Oxygen Concentrator Prototypes: Pressure
Swing Adsorption Prototype and Electrochemical Prototype," NASA, 2015. [Online]. Available:
https://ntrs.nasa.qov/api/citations/20150011038/downloads/20150011038.pdf. [Accessed: Nov. 1,

2024].

[41] ""RadiPac Product Brochure," ebm-papst. [Online]. Available:
https://www.ebmpapst.com/content/dam/ebm-papst/gated-content/product-cam-
paigns/Broschuere neuer RadiPac de.pdf. [Accessed: Nov. 1, 2024].

[42] " DV 6224 Axial Fan," ebm-papst. [Online]. Available: https://img.ebmpapst.com/prod-
ucts/datasheets/DC-Diagonalventilator-DV6224-GER.pdf. [Accessed: Nov. 1, 2024].

[43] ""Radium Lighting Product Catalog," Radium. [Online]. Available: https://www.ra-
dium.de/de/radium product catalog/pdf/55341. [Accessed: Nov. 3, 2024].

[44] ""Ultraviolet Germicidal Irradiation Handbook,'" Research Gate, 2011. [Online]. Available:
https://www.researchgate.net/publication/278717381. [Accessed: Nov. 3, 2024].

[45] L. Wang, E. Iddio, and B. Ewers, "Introductory overview: Evapotranspiration (ET) models
for controlled environment agriculture (CEA),"" Agriculture and Forest Meteorology, 2021.

60



Bibliography

[Online]. Available: https://www.sciencedirect.com/science/article/pii/S0168169921004646. [Ac-
cessed: Nov. 3, 2024].

[46] "Irrigation Reference,"” FAO. [Online]. Available:
https://www.fao.org/4/x0490e/x0490e00.htm. [Accessed: Mar. 26, 2025].

[47] "AIR CALC Brochure," VEAB. [Online]. Available: https://veab.com/en/cus-
tomer%20files/files/brochures/cwdx-gb.pdf. [Accessed: Nov. 3, 2024].

[48] ""Heating and Cooling Calculator'' VEAB. [Online]. Available: https://electric-calcula-
tion.veab.com/ [Accessed: Nov. 3, 2024]

[49] E. A. Ainsworth, ""What Have We Learned from 15 Years of FACE?," New Phytologist,
2005. [Online]. Available: https://nph.onlinelibrary.wiley.com/doi/10.1111/j.1469-
8137.2004.01224 .x. [Accessed: Nov. 5, 2024]

[50] JL Perry ""Trace Contaminant Control for the International Space Station'" NASA, 2017.
[Online]. Available: https://ntrs.nasa.gov/api/citations/20170005170/down-
loads/20170005170.pdf. [Accessed: Nov. 5, 2024]

[51] ""Core 400S HEPA Air Purifier," Levoit. [Online]. Available: https://levoit.com/collec-
tions/air-purifiers/products/core-400s-smart-true-hepa-air-purifier. [Accessed: Nov. 5, 2024].

[52] "'Frost Protection: Fundamentals, Practice, and Economics, Vol. 1,"" FAQO. [Online]. Availa-
ble: https://www.fao.org/4/y7223ely7223e0i.htm. [Accessed: Nov. 7, 2024].

[53] Fundamentals of Engineering Thermodynamics, 7th Ed. [Online]. Available: https://ar-
chive.org/details/FundamentalsOfEngineeringThermodynamics7thE-
dition/page/n79/mode/2up?view=theater&g=coolant+flow+rate. [Accessed: Nov. 8, 2024].

[54] "'Lunar Soil Enrichment for Plant Production: WILD (Waste Improved Lunar Dirt),"
NASA. [Online]. Available: https://techport.nasa.gov/projects/156897 [Accessed: Nov. 8, 2024].

[55] J. lyer, T. Moore, D. Nguyen, P. Roy, and J. Stolaroff, ""Heat transfer and pressure drop
characteristics of heat exchangers based on triply periodic minimal and periodic nodal sur-
faces,"" International Journal of Heat and Mass Transfer, 2022. [Online]. Available:
https://www.sciencedirect.com/science/article/pii/S135943112200148X. [Accessed: Nov. 8, 2024].

[56] H. Peng, F. Gao, and W. Hu, ""Design, Modeling and Characterization of Triply Periodic
Minimal Surface Heat Exchangers with Additive Manufacturing,'" Research Gate, 2019. [On-
line]. Available: https://www.researchgate.net/publication/340077269 DESIGN MODE-

LING AND CHARACTERIZA-TION OF TRIPLY PERIODIC MINIMAL SUR-

FACE HEAT EXCHANGERS WITH ADDITIVE MANUFACTURING. [Accessed: Nov. 12,

61


https://electric-calculation.veab.com/
https://electric-calculation.veab.com/

Bibliography

2024].

[57] "JESTEC Journal Article," Journal of Engineering Science and Technology, vol. 11, no. 7,
2016. [Online]. Available: https://jestec.taylors.edu.my/Vol%62011%20is-
sue%207%20July%0202016/11 7 8.pdf. [Accessed: Nov. 14, 2024].

[58] "GASERA ONE Gas Analyzer," Gasera. [Online]. Available: https://gasera.fi/product/gase-
raone/. [Accessed: Mar. 26, 2025]. [Accessed: Nov. 15, 2024].

[59] "PyroScience DO: Sensors," PyroScience. [Online]. Available: https://www.pyrosci-
ence.com/en/products/all-meters/fdo2. [Accessed: Nov. 16, 2024].

[60] ""E+E Elektronik Product Catalog," E+E Elektronik. [Online]. Available:
https://www.epluse.com/products/. [Accessed: Nov. 17, 2024].

[61] ""Tetens' Formula," American Meteorological Society. [Online]. Available: https://qglos-
sary.ametsoc.org/wiki/Tetens%27s formula. [Accessed: Nov. 18, 2024].

[62] "'Packed Beds Fluid Mechanics Tutorial," University of Washington. [Online]. Available:
http://faculty.washington.edu/finlayso/Fluidized Bed/FBR Fluid Mech/packed beds fbr.htm.
[Accessed: Nov. 18, 2024].

[63] ""Reynolds Number Calculator,'" Engineering ToolBox. [Online]. Available: https://www.en-
gineeringtoolbox.com/reynolds-number-d 237.html. [Accessed: Nov. 21, 2024]

[64] I. Hussain et al., "'Design and Prototyping of Modular Grippers," The International Journal
of Robotics Research, 2020. [Online]. Available: https://jour-
nals.sagepub.com/doi/10.1177/0278364920907697. [Accessed: Nov. 21, 2024].

[65] M. Beer and R. Rybar, ""Numerical Study of Fluid Flow in a Gyroid-Shaped Heat Transfer
Element,"" Research Gate, 2024. [Online]. Available: https://www.researchgate.net/publica-
tion/380416487 Numerical Study of Fluid Flow in a Gyroid-Shaped Heat Transfer Ele-
ment. [Accessed: Nov. 21, 2024]

[66] AH Schoen "'Infinite periodic minimal surfaces without self-intersections,'” NASA, 1970.
[Online]. Available: https://ntrs.nasa.gov/citations/19700020472. [Accessed: Nov. 22, 2024]

[67] ""How Plants Promote Better Mental Health,"" UKRI. [Online]. Available:
https://www.uKri.org/what-we-do/iyph2020/how-plants-promote-better-mental-health-and-well-
being. [Accessed: Nov. 22, 2024]

[68] "Environmental Control and Life Support System (ECLSS): Human-Centered Approach '
NASA 2022. [Online]. Available: https://www.nasa.gov/wp-content/uploads/2023/07/eclss-tech-
nical-brief-ochmo.pdf. [Accessed: [Accessed: Nov. 22, 2024]

[69] "Tropi-2 STS-130,"" NASA, Ames Research Center. [Online]. Available:
https://www.nasa.gov/ames/space-biosciences/tropi-2-sts-130/. [Accessed: Nov. 23, 2024]

62



Bibliography

[70] C. Zhou et al., "'"Properties and Characteristics of Regolith-Based Materials for Extraterres-
trial Construction,"" Journal of Materials in Civil Engineering, 2024. [Online]. Available:
https://www.sciencedirect.com/science/article/pii/S2095809924000511. [Accessed: Nov. 26, 2024].

[71]1 G. D. Massa et al., "'Growth Chambers on ISS for Large Plants," NASA, 2016. [Online].
Available: https://ntrs.nasa.qov/api/citations/20160006558/downloads/20160006558.pdf [Ac-
cessed: Nov. 27, 2024].

[72] ""Mission Commander Thrives as Space Gardener," NASA, 2023. [Online]. Available:
https://www.nasa.gov/humans-in-space/mission-commander-thrives-as-space-gardener/. [Ac-
cessed: Nov. 30, 2024].

[73] ""Lessons Learned from Biosphere 2 and Laboratory Biosphere Closed Systems Experi-
ments for the Mars On Earth Project," Research Gate, 2013. [Online]. Available:
https://www.researchgate.net/publication/242368741 Lessons Learned from Bios-

phere 2 and Laboratory Biosphere Closed Systems EXxperi-

ments for the Mars On Earth Project. [Accessed: Dec. 1, 2024].

[74] ""Lunar Palace 1: To the Moon and Beyond,'" Beihang University, 2020. [Online]. Available:
https://ev.buaa.edu.cn/info/1103/2695.htm. [Accessed: Dec. 1, 2024].

[75] T. Zhao, G. Liu, D. Liu, Y. Yi, B. Xie, and H. Liu, ""Water recycle system in an artificial
closed ecosystem — Lunar Palace 1: Treatment performance and microbial evolution,' Science
of The Total Environment, 2021. [Online]. Available: https://www.sciencedirect.com/science/ar-
ticle/pii/S0048969721064482. [Accessed: Dec. 1, 2024].

[76] "Science in Space: Week of July 10, 2023 - Plant Science,'" NASA, 2023. [Online]. Available:
https://www.nasa.gov/missions/station/iss-research/science-in-space-week-of-july-10-2023-plant-
science/. [Accessed: Dec. 3, 2024].

[77]1 A. Martelo Gomez, S. Jahnke, A. Braukhane, D. Quantius, V. Maiwald, and O. Romberqg,
"'Statistics and evaluation of 60+ concurrent engineering studies at DLR,"" in 68th International
Astronautical Congress, Adelaide, Australia, 2017. [Online]. Available:
https://elib.dlr.de/114620/. [Accessed: Dec. 1, 2024].

[78] V. Maiwald, K. Kim, V. Vrakking, and C. Zeidler, ""From Antarctic prototype to ground
test demonstrator for a lunar greenhouse,"" Acta Astronautica, vol. 212, pp. 246-260, 2023. [On-
line]. Available: https://www.sciencedirect.com/science/article/pii/S0094576523004101. [Ac-
cessed: Dec. 4, 2024].

[79] V. Maiwald, K. Kim, C. Philpot, D. Schubert, and V. Vrakking, "'Lunar Eden: Roadmap
and Demonstrator Design of a Lunar Greenhouse Based on an Antarctic Prototype," in 73rd In-
ternational Astronautical Congress (I1AC), Paris, France, 2022. [Online]. Available:
https://www.researchgate.net/publication/363753257 Lunar Eden Roadmap and Demonstra-
tor Design of a Lunar Greenhouse Based on an Antarctic Prototype. [Accessed: Dec. 7,

2024].

[80] J. Schroth, ""Development of the Atmosphere Management System of the EDEN Next Gen
greenhouse module for long-term space missions (Diplomarbeit)," Technische Universitat Dres-
den, Dresden, 2021. [Online]. Available: https://elib.dlr.de/143252/. [Accessed: Dec. 7, 2024]

63


https://ntrs.nasa.gov/api/citations/20160006558/downloads/20160006558.pdf

Bibliography

[81] V. Maiwald, D. Schubert, and J. Stoochnoff, "*Lunar Agriculture Module — Ground Test
Demonstrator CE-Study,"" DLR, 2023.

[82] R. Singh, B. Prasad, and Y.-H. Ahn, ""Recent developments in gas separation membranes
enhancing the performance of oxygen and nitrogen separation: A comprehensive review,"
Chemical Engineering Journal, 2024. [Online]. Available: https://www.sciencedi-
rect.com/science/article/pii/S2949908924000529. [Accessed: Dec. 8, 2024]

[831 Y. A.Lim, M. N. Chong, S. C. Foo, and I.M.S.K. llankoon, ""Analysis of direct and indirect
quantification methods of CO2 fixation via microalgae cultivation in photobioreactors: A critical
review," Renewable and Sustainable Energy Reviews, 2021. [Online]. Available:
https://www.sciencedirect.com/science/article/pii/S1364032120308637. [Accessed: Dec. 8, 2024]

[84] "'Benefits of Heresite HVYAC Coatings," TCW Group. [Online]. Available:
https://www.mytcwagroup.com/post/benefits-heresite-hvac-coatings. [Accessed: Dec. 15, 2024]

[85] F. Aprilliani, E. Warsiki, and A. Iskandar, ""Kinetic studies of potassium permanganate ad-
sorption by activated carbon and its ability as ethylene oxidation material,"" Research Gate, 2018.
[Online]. Available: https://www.researchgate.net/publication/324250891 Kinetic stu-

dies of potassium permanganate adsorption by activated carbon and its ability as ethy-
lene oxidation _material. [Accessed: Dec. 19, 2024]

[86]J. L. Perry and M. J. Kayatin, ""Trace Contaminant Control Design Considerations for En-
abling Exploration Missions," International Conference on Environmental Systems, 2015. [On-
line]. Available: https://ttu-ir.tdl.org/server/api/core/bitstreams/14e65dc5-1d36-4fbb-be54-
82aa718225e9/content. [Accessed: Jan. 05, 2024]

[87] G. Howell, ""Aerospace Fluid Component Designers' Handbook Vol. 1," 1964. [Online]. Avail-
able: https://ntrl.ntis.qov/INTRL /dashboard/searchResults/titleDetail/ AD447995.xhtml. [Ac-
cessed: Jan. 07, 2024].

[88] E. J. Olguin and G. Sdnchez-Galvan, ""Heavy metal removal in phytofiltration and phycore-
mediation: the need to differentiate between bioadsorption and bioaccumulation," New Biotech-
nology, 2012. [Online]. Available: https://www.sciencedirect.com/science/ar-
ticle/pii/S1871678412001227. [Accessed: Jan. 08, 2024].

[89] N. S. Mian, S. Fletcher, A. P. Longstaff, and A. Myers, ""The significance of air pockets for
modelling thermal errors of machine tools," University of Huddersfield, UK, 2013. [Online].
Available: https://eprints.hud.ac.uk/id/eprint/16917/1/NSMIAN Lamdamap 2013-.pdf. [Ac-
cessed: Jan. 12, 2024].

[90] ""Air Flow," Tomato Growing. [Online]. Available: https://www.tomatogrowing.co.uk/air-
flow. [Accessed: Jan.15, 2024].

[91] G. Nestler, ""Axial- oder Radialventilator?,"” iVENTILATOREN, July 02, 2018. [Online].
Available: https://www.iventilatoren.de/axial-oder-radialrohrventilator-x31386. [Accessed:

64



Bibliography

Jan.15, 2024].

[92] ""Opakair ProSafe," Camfil. [Online]. Available: https://www.camfil.com/de-
de/produkte/general-ventilation-filters/compact-filter -box-type/opakair/opakair-prosafe- -
66271. [Accessed: Jan.15, 2024].

[93] ""Absolute VGxL & VGxxL ProSafe," Camfil. [Online]. Available: https://www.cam-
fil.com/de-de/produkte/epa-hepa-und-ulpa-filter/kompaktfilter-(kastenform)/absolute-v/abso-
lute-vgxl--vgxxl-prosafe- -42767. [Accessed: Jan.19, 2024].

[94] "'Catalog Centrifugal Fans EC RadiPac," Mouser Electronics. [Online]. Available:
https://www.mouser.com/datasheet/2/120/Catalog Centrifugalfans EC RadiPac EN-
2940384.pdf. [Accessed: Jan.20, 2024].

[95] T. Kozai, Smart Plant Factory: The Next Generation Indoor Vertical Farms. Springer Sin-
gapore, 2018. [Online]. Available: https://link.springer.com/book/10.1007/978-981-13-1065-2.
[Accessed: Jan.22, 2024].

[96] "LUKA Handbook," LUKA, 2022. [Online]. Available: https://www.luka.nl/cms/pub-
lic/files/2022-06/luka-handboek-2022-06-eng-.pdf. [Accessed: Jan.25, 2024].

[97] Detrell, Gisela. ""Chlorella Vulgaris Photobioreactor for Oxygen and Food Production on a
Moon Base-Potential and Challenges."" Frontiers in Astronomy and Space Sciences. 2021
[Online]. Available: https://www.researchgate.net/publication/353402576 Chlorella Vul-

garis Photobioreactor for Oxygen and Food Production on a Moon Base-Poten-

tial and Challenges [Accessed: Mar. 26, 2025].

[98] Hany M.R. Abdel-Latif, Saeed El-Ashram, Sevdan Yilmaz, Mohammed A.E. Naiel, Zulhis-
yam Abdul Kari, Noor Khalidah Abdul Hamid, Mahmoud A.O. Dawood, Joanna Nowosad, Da-
riusz Kucharczyk. ""The effectiveness of Arthrospira platensis and microalgae in relieving stress-
ful conditions affecting finfish and shellfish species: An overview,"" 2022. Science Direct [Online].
Available: https://www.sciencedirect.com/science/article/pii/S2352513422001314 [Accessed:

Mar. 25, 2025].

[99] 9D PerlaAqua . Aquisense [Online]. Available: https://aquisense.com/products/water-
treatment/pearl-aqua/ [Accessed: Mar. 26, 2025].

[100] ""Science in Space: Week of July 10, 2023 — Plant Science' NASA 2023 Online]. Available:
https://www.nasa.gov/missions/station/iss-research/science-in-space-week-of-july-10-2023-plant-
science/ [Accessed: Mar. 26, 2025].

[101] "Guidelines for Noise and Vibration Levels for the Space Station' NASA 1987 Online.
Available: https://ntrs.nasa.gov/api/citations/19870014729/downloads/19870014729.pdf [Ac-
cessed: Mar. 26, 2025].

65


https://aquisense.com/products/water-treatment/pearl-aqua/
https://aquisense.com/products/water-treatment/pearl-aqua/
https://ntrs.nasa.gov/api/citations/19870014729/downloads/19870014729.pdf

Bibliography

[102] "PSYCHROMETRIC CHART" UNIVERSIDAD POLITECNICA DE MADRID Online.
Available: https://upload.wikimedia.org/wikipedia/commons/1/1c/Psychrometric chart %28al-
titude 0%2C 750%2C 1500%2C 2250%2C 3000 m%029.pdf [Accessed: Mar. 26, 2025]

66


https://upload.wikimedia.org/wikipedia/commons/1/1c/Psychrometric_chart_%28altitude_0%2C_750%2C_1500%2C_2250%2C_3000_m%29.pdf
https://upload.wikimedia.org/wikipedia/commons/1/1c/Psychrometric_chart_%28altitude_0%2C_750%2C_1500%2C_2250%2C_3000_m%29.pdf

Annex

1.1. Blower

G (Héhe Abkantung)

Einstrém-
FlowGrid diise
7 e
@C=—
f [m] ] H
I OA E | F |
Abmessungen
BaugroRe A 1B @C @D Ex F G H finstromdise
280 380 330 11 289 245 202 15 172 8217102230 20280-2-2857
310 380 340 11 325 380 314 15 281 8217102242 25310-2-2857
355 450 400 11 364 386 330 15 292 8217102240 00400-2-2857
400 500 450 11 409 445 354 15 313 8217102241 00400-2-2857
450 560 510 11 458 493 402 15 362 8217102239 35505-2-2857
500 550 540 11 514 550 461 15 414 8217102238 35505-2-2857
560 710 660 11 577 571 481 15 430 8217102237 50710-2-2857
630 790 740 11 647 601 511 15 455 8217102236 00630-2-2557

*ahne Uberstand der Schrauben
Daten beziehen sich auf die leistungsstarkste Ausfihrung.
Alle Angaben in mm. Datenblatter erhalten Sie auf Anfrage. Angaben ohne Gewéhr.




