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“If man survives for as long as the least 

successful of the dinosaurs—those creatures 

whom we often deride as nature's failures—then 

we may be certain of this: for all but a vanishingly 

brief instant near the dawn of history, the word 

“ship” will mean – “spaceship”.” 

– Arthur C. Clarke 
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ABSTRACT 

The DLR Greenhouse Chamber is the first step by the Deutsches Zentrum für Luft- und 

Raumfahrt (DLR) into the creation of a Closed Environment Life Support System (CELSS) to 

support future manned planetary space missions. The focus of this thesis has been on the 

Phase A mechanical design of the DLR Greenhouse Chamber.  

A detailed trade study into a wide variety of potential module configurations was conducted 

and from this study, a series of four module configurations are proposed which are suitable 

for utilisation in a planetary space mission. These modules are the Fully Rigid Cylindrical 

Module, the Inflatable Concertina Style Module, the Semi-Rigid, Octagonal Based Module 

with Rigid Floor, Roof, and Two Side Walls, and the Semi-Rigid, Octagonal Based Module 

with Two Levels. Each of these proposed modules offers unique characteristics and as such, 

the final selection of the module configuration will depend on the specific requirements of the 

planetary mission.  

The aeroponic growing systems required for the DLR Greenhouse Chamber are identified, 

explored and modelled in detail, as are the mechanical subsystems of the chamber. A wide 

variety of plants have been catered for in the designs of the grow units including standard 

crops, dwarf trees, perennial plants, and herbs. Each system and subsystem is designed to 

offer as wide a range of customisable features as possible, in order to provide optimal 

growing conditions for the plants and to maximise the potential yield produced by the 

chamber. 

The module configurations and systems designed during this thesis were evaluated for their 

suitability to supply a manned space mission with positive results. The future direction of the 

project was also discussed, with the future work still to be completed outlined.  
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1 INTRODUCTION 

 

"In all things of nature there is something of the marvellous." 

– Aristotle 

 

The continuous supply of fresh fruit and vegetables for a manned space mission is a challenge 

that has yet to be surmounted. A diet high in fresh fruit and vegetables provides excellent 

nutrition content to help maintain the health and well-being of astronauts and cosmonauts, 

whilst also providing “a significant effect on the crew emotional frame creating psychological 

comfort for the astronauts during their long isolation”
1
. Additionally, the ability to produce a 

rich variety of food during a long term manned mission significantly reduces the reliance on 

Earth for resupply, reducing the risk associated with space missions beyond low Earth orbit.  

This thesis, within the overall Deutsches Zentrum für Luft- und Raumfahrt (DLR) 

Greenhouse Chamber framework, attempts to provide the basic mechanical design, to a Phase 

A level definition, for a planetary self-contained growing chamber for use in future manned 

space missions. The DLR Greenhouse Chamber has been designed as a stand-alone module 

containing all of the necessary systems for maintaining a continuous supply of nutritional fruit 

and vegetables.  

Studies utilising self-contained growing chambers, also known as Closed Environment Life 

Support Systems (CELSS), are relatively common (refer to Chapter 2.3) and have regularly 

been utilised in the past across a wide variety of research fields. However, the DLR 

Greenhouse Chamber is unique in that it is designed to utilise industrial style processes and 

methodologies to provide a steady supply of fruit and vegetables. The continuous nature of 

the fruit and vegetable production follows lean manufacturing principles, allowing for the 

production of the exact quantity of fruit and vegetables required for one week’s supply of the 

mission to be ready and harvested each week and subsequently consumed within a short 

period of time after the harvest. This methodology removes the requirement for a large 

storage or refrigeration space, provides peak nutrition from the fruit and vegetables, and 

requires a minimal, yet consistent, workload from the planetary base crew. If maintained 

correctly, the greenhouse chamber should provide a year round supply of fresh fruit and 

vegetables requiring little or no human intervention beyond the planting and harvesting of the 

crops themselves. 

There are additional benefits that are made possible by the utilisation of the DLR Greenhouse 

Chamber concept, an example of which is the potential ability to recycle various waste 

products from the planetary base into useful products. The potential for recycling within the 

chamber includes, but is not limited to, the conversion of CO2 into O2, the recycling of H2O, 

and the production of plants to be used in the creation of bioplastics and other useful 

materials. 

In addition to the interplanetary and orbital benefits of the DLR Greenhouse Chamber, there 

are significant terrestrial “spin-off” applications where the technology developed for the space 

environment could be utilised. Examples of these spin-off applications include:  

 Food supply support for inhospitable habitations (e.g. Antarctic Research Bases)  

 Urban farming (e.g. Vertical Farming)  

 High nutrition food supply for areas affected by desertification or drought conditions  

 The production of fruit and vegetables requiring specific climate conditions in non-

traditional areas (e.g. growth of tropical vegetables in high latitude regions) 
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 Assistance to livestock farmers through the continuous supply of high nutrition additives 

to feedstock (e.g. the production of high quality grasses for cattle farming in marginal 

areas (Northern Australia for example)). 

 

This thesis demonstrates the Phase A design and configuration design of the DLR Greenhouse 

Chamber. All designs will be aimed at being as light as possible, whilst maintaining the 

strength and rigidity that would be required to withstand launch and landing loads. Where 

possible, “off-the-shelf” components will be used in order to keep the cost of manufacture to a 

minimum. All necessary subsystems will be described in detail, however, as this is an initial 

concept design study, the comparison between design choices (e.g. the type of lighting system 

to be used) have only been discussed briefly and have not been analysed beyond a Phase A 

level of design. An initial solution has been proposed for each system covered in this study, 

however, further Phase B design work will be required to decide upon the exact solutions to 

be utilised in each case. 

It is envisioned at this point
2
, that the fully developed DLR Greenhouse Chamber will form a 

contender for the Higher Plants Chamber (HPC) of the European Space Agency (ESA) 

Microbial Ecological Life Support System Alternative (MELiSSA) Project
3
. This project 

forms the cornerstone of European enclosed habitat research and the inclusion of the 

Greenhouse Chamber into this system would be mutually beneficial, allowing DLR to enter 

into partnership with a collaborative effort of world leading life support system specialists, 

whilst providing ESA with a highly advanced HPC for inclusion in the project. 

This thesis is divided into eight sections. Following this introduction, Chapter 2 performs a 

review of relevant current research and investigates the effect of the space environment on 

both humans and plants, and the dangers posed by radiation and micrometeoroids. Chapter 2 

also details a comparison of various horticultural methods, explains the aeroponic method 

chosen for this project, and discusses plant choices for the project and various growing 

requirements. Chapter 2 finishes with a brief discussion of the current state-of-the-art in 

CELSS systems including space concepts, earth based testing sites. Chapter 3 details the DLR 

Greenhouse Chamber design, involving the configuration trade off study for the overall 

module architecture, whilst Chapter 0 covers the detail design of the Grow Units and the 

associated systems for the entire chamber. Chapter 5 is an initial evaluation of the design, 

configurations and systems of the greenhouse chamber in order to provide a first analysis of 

the likelihood of success with the proposed chamber designs. Chapter 6 discusses the further 

work required to progress the greenhouse chambers to a higher maturity level (Phase B and 

beyond). Chapter 6 also covers the changes that would be required to be made to the DLR 

Greenhouse Chamber to modify it for use as an orbital chamber for addition to the 

International Space Station (ISS) or a future orbiting space station. Included in this analysis 

are the changes that would be required in order to allow the plants to grow effectively in a 

microgravity environment. Chapter 0 discusses the future prospects of the project and 

concludes with a discussion of the potential applications (both space-based and terrestrial) 

that could be explored with the DLR Greenhouse Chamber. Finally, The Conclusion presents 

a summary of the work undertaken in this thesis and concludes with some final remarks as to 

the most promising routes forward for this project. 
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2 RESEARCH REVIEW 

 

"All the flowers of tomorrow are in the seeds of today." 

– Anonymous 

 

2.1 Space Environment Effects 

There are three primary categories of environmental effects which must be taken into 

consideration when designing for the space environment – Microgravity Effects, Radiation 

Effects, and Micrometeoroid and Orbital Debris Effects. In addition to these three 

considerations, the role of the human crew in the space environment must also be taken into 

account, both from a psychological point of view as well as the physiological. These four 

categories are discussed below. 

 

2.1.1 Microgravity Effects 

The effect of microgravity on plant and human physiologies is extreme and complex. In 

humans, these changes have been explored and documented in great detail. The effect of 

microgravity on plants however is significantly less well understood. Changes to root 

geometry and stem growth have been observed in various missions
4
, whilst in other missions, 

the excessive build-up of ethylene, causing plant strangulation, has led to crop failure
4
. Many 

other problems involving the transport of water and oxygen through porous soil media remain 

unresolved
5
. 

The mechanisms behind a plant’s ability to sense gravity are still poorly understood with 

various cells and structures suspected of being the cause
6
. What is known is that plants are 

able to detect minute changes of gravity, in the range of ~0.01g, and can respond quickly to 

these changes, within ~3hrs
 6

. However, at present no method for exploiting this high 

sensitivity has been reported in the literature, nor has experimentation into the development of 

plants which are “gravity-insensitive” or which are optimised for growth in a microgravity 

environment been presented. 

It is unfortunate that within the documentation explored there has not been an attempt to 

classify the acceptable ranges of gravity-like loading which is required by plants in order to 

allow for normal, or close to normal, growth in a reduced gravity environment. This is an 

important area of research that will need to be studied in detail prior to a planetary base being 

deployed, as the gravity on both the Lunar and Martian surfaces is significantly less than on 

Earth – 0.165g and 0.376g, respectively. If plants are able to grow normally at the reduced 

levels of gravity available on the Moon or Mars then much of the equipment which is 

currently required to grow plants successfully in a microgravity environment would no longer 

be necessary. Significant research into this field is recommended for the future. 
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2.1.2 Radiation Effects 

According to Townsend et al.
7
 there are only two primary categories of space radiation 

events, for missions beyond the Earth’s upper atmosphere, which must be designed for when 

planning the shielding of a spacecraft and limiting the effect on humans, plants, and animals 

within the spacecraft. Solar flare events expose over a period of hours and days, high levels of 

energetic protons which could be potentially lethal to the inhabitants of an unprotected or 

inadequately shielded spacecraft. Galactic Cosmic Rays (GCR’s) on the other hand are a 

persistent, chronic threat, providing low fluences of extremely high energy heavy ion 

components which can quickly provide excessive exposure levels to crews on long duration 

missions. 

The limiting levels of radiation for humans in space come in three categories
7
 – 30-day limits, 

annual limits, and career limits. The values of the allowable dose in Sieverts for Skin, Eye, 

and Blood Forming Organs are shown in Table 1 below: 

Table 1 – Human Radiation Allowable Exposure Limits
7
 

Limit Type 
30 Day Limit 

(Sv) 

Annual Limit 

(Sv) 

Career Limit 

(Sv) 

Skin 1.5 3.0 6.0 

Eye 1.0 2.0 4.0 

Blood Forming 

Organs (BFO) 

(assumed 5cm 

depth) 

0.25 0.5 1.0-4.0* 

* The career limit to the Blood Forming Organs is variable and depends upon gender and age at the start of 

exposure
7 

 

For a greenhouse environment, the sensitivity of the plant inhabitants must also be taken into 

account. However, Schwartzkopf
8
 showed that plants are one to two orders of magnitude less 

sensitive to radiation than humans (data recreated in Table 2 below). Therefore, a shielding 

design optimised for the greenhouse module’s human workers will also provide suitable 

protection for the plants within the chamber. 

Table 2 – Radiosensitivity of Man and Living Components of a LCELSS  

(1 REM = 0.01Sv; recreated from Schwartzkopf
8
) 

Radiosensitivity of Man and Living Components of a LCELSS 

(Acute Radiation Exposures) 

Organism Observable Effects 
Death  

LD100 

Man 25 REM 450 REM 

Onion 377 REM 1491 REM 

Wheat 1017 REM 4022 REM 

Corn 1061 REM 4197 REM 

Potato 3187 REM 12,608 REM 

Rice 4974 REM 19,677 REM 

Kidney Bean 9137 REM 36,149 REM 
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In addition to the radiation coming from space sources, it has been observed that the Lunar 

surface is slightly radioactive as well, due to the heavy bombardment of the surface with 

ionising particles
9
. Therefore, any planetary modules to be deployed to the surface of the 

Moon will also require radiation protection from below as well as above. This should be taken 

into account in the design of the DLR Greenhouse Chamber. 

 

2.1.2.1 Radiation Shielding Using Water 

Effective radiation protection depends entirely on the energy of the particle to be shielded 

against. For lower energy particles and photons, the use of materials with a high 

atomic/molecular mass is more effective at absorbing or deflecting the incoming radiation. 

Alternatively, as the radiation energy increases, materials with a low atomic mass, or more 

specifically a high concentration of electrons in the shielding volume, are more effective as 

they remove the energy of the impacting particle through ionisation. The exact mechanisms 

involved in radiation shielding are complex and the design of the shielding must be analysed 

carefully, as poor shielding design can actually increase the radiation levels experienced 

behind the shield through the propagation of secondary particles. 

Experimentation with various materials has shown
10

 that the optimal radiation protection 

against high energy GCR’s is offered by products high in Hydrogen, such as liquid Hydrogen, 

liquid Methane, Lithium Hydride, and liquid Water (H2O). All of these materials show 

significant improvements over Aluminium for this protection, as shown in Figure 1. Heavy 

elements such as Lead, Copper, and Iron are in fact worse than Aluminium for GCR 

protection, and, in some cases, these materials may actually increase the danger to occupants 

compared to an unshielded design case. In Figure 1, the x-axis represents the width of 

shielding in g/cm
2
, whilst the y-axis represents radiation dose equivalent (H(x)/H(0)) and cell 

transformation equivalent (T(x)/T(0)) respectively. These values represent the proportion of 

radiation dose, or cell damage, received by a subject behind the shielding material in 

comparison to an unshielded subject. A figure of less than 1.0 represents a decrease in the 

received radiation dosage/damage, whilst a figure greater than 1.0 represents an increase in 

received dosage/damage. 

 

Figure 1 – Comparison of Different Shielding Materials
10 
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Despite its relatively low performance against high energy GCR’s, the most common form of 

spacecraft shielding is Aluminium, due to its relatively light weight and high atomic number 

and subsequent good attenuation of relatively low energy particles and photons. However, 

shielding with water has been shown to provide a decrease in weight over Aluminium of 

between 15-50% depending on the radiation conditions designed for
7
. It should be noted that 

whilst Water provides a weight decrease over Aluminium, the volume required by the 

shielding is nominally larger due to the reduced density of Water (1000kg/m
3
) compared to 

Aluminium (2700kg/m
3
).  

A combination of Water and Aluminium, or Water and one of the variety of polyethylene or 

polymer fabrics currently being explored for radiation protection
10

 may provide the optimum 

solution for radiation protection of the DLR Greenhouse Chamber. The incorporation of the 

water tanks against the walls or roof of the greenhouse chambers would allow for excellent 

use of the water as both a system resource and a radiation protection mechanism. 

 

2.1.3 Micrometeoroid and Orbital Debris Effects 

On the surface of the Earth, the threat of micrometeoroid impacts is non-existent, with such 

minor particles burning up in the Earths heavy atmosphere before reaching the surface. 

Additionally, the threat posed by larger meteoroid impacts to the surface of the Earth is 

considered low, due to the scarcity of suitably sized debris in our local space environment.  

On Mars, the penetration hazard from micrometeoroid impacts is also believed to be 

negligible due to the red planet’s atmosphere
11

. However, the hazard from secondary ejected 

particles, which are the particles ejected from the craters caused by meteoroids which manage 

to penetrate through to the Martian surface, may be highly dangerous
11

. This danger is further 

compounded by the fact that the use of “Bumper shielding” as is common (and very effective) 

for spacecraft whilst travelling in space, is considerably less effective against the lower speed 

secondary particles encountered on the Martian surface
11

. Therefore, shielding capable of 

blocking both high speed impacts (as will be experienced on the journey to Mars) as well as 

low speed particles (as will be experienced on the surface of Mars) need to be incorporated to 

produce a Mars worthy shield design.  

On the Lunar surface and in space (even in Low Earth Orbit (LEO)) the threat of 

micrometeoroids is highly significant. According to Tamponnet
1
 (and detailed in Table 3), 

30,000 particles capable of creating a crater greater than 0.1mm hit every square metre of the 

lunar surface each year. Of these particles, 300 are capable of creating a crater greater then 

10mm, with 0.6 per year per square metre capable of creating a crater greater then 100mm. In 

addition, the material ejected from these craters presents an almost equal hazard, being ejected 

at similarly high velocities to the original particle
11

. It must therefore be assumed that any 

lunar base will find itself bombarded with a steady stream of high kinetic energy particles and 

must therefore be heavily shielded. 

In the space environment beyond LEO, a similar bombardment to that which is experienced 

on the lunar surface must be expected and designed for. In LEO, the impact of 

micrometeoroids is reduced over that of the lunar surface, due to the Earth’s magnetic field 

and the remaining thin layer of the Earth’s atmosphere. However, the increasing incidence of 

orbital debris, and the extensive increase that is projected for the future
12

, means that no 

appreciable reduction in micrometeoroid impact can be surmised. Damage caused by such 

micrometeoroid impacts has been documented on the ISS
13

 and other orbiting spacecraft
14

 as 

shown in Figure 2.  
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Table 3 – Micrometeoroid Fluxes on the Moon
9
 

Crater Diameter  

(mm) 

Craters number  

(m
-2

yr
-1

) 

>0.1 30,000.000 

>1.0 1,200.000 

>10 300.000 

>100 0.600 

>1000 0.001 

 

 

Figure 2 –Damage to the NASA Long Duration Exposure Facility from Microparticle Impacts
14

 

Left: Image of Crater on LDEF Copper Sample (Diameter is 110µm); Right: The Regular 

Pattern of Microcracks covering LDEF Thermal Blankets 

 

2.1.4 Humans in the Space Environment 

According to Duke et al.
15

 “Russian experience in long-duration spaceflight has revealed that 

among the most critical problems facing humans in long-duration spaceflight, after the 

biomedical, are the psychological and psychosocial”. In order to investigate this, Schlacht et 

al.
16

 surveyed a number of astronauts in regard to the colour and visual stimuli experience in 

current and past space habitats and found that interior design and colours are generally rated 

as being highly important to the crew. The majority of the astronauts surveyed found that the 

ISS was not optimally designed from a visual perspective, being described as visually 

“chaotic” and in “need of improvement”, with specific mention of cabling and storage 

systems as being particularly poor. 

The benefits of a greenhouse environment and the effect that the presence of plants has on the 

crew of an isolated base should not be underestimated. The Mars Habitability Project at the 

Mars Desert Research Station (MDRS)
17

 in Utah conducted sensory perception and creativity 

tests of isolated crews over a two week period. The results showed that the presence of plants 

had a positive effect on the alertness of the crew members, as well as causing a significant 

increase in crew happiness. In fact, over 80% of the subjects reported feeling “happy” after 

spending time interacting with the plants in the experiment. Anecdotal evidence supporting 

this research (excluding quantifying tests) has been acknowledged (Giacomelli, G. 

unpublished personal correspondence)
18

 for the University of Arizona South Pole Food 

Growth Chamber located at the US Amundsen-Scott South Pole Station.  



 

- 8 - 

The DLR Greenhouse Chamber, whilst not specifically a living space like the ISS, must still 

utilise best practice in providing acceptable module design and visual stimuli, in order to 

facilitate both the psychological health of the astronauts as well as their physical health. The 

module should be designed to be visually pleasing to the future crew of the planetary habitat, 

with the design being visually stimulating, whilst avoiding becoming “chaotic”. Specific care 

should be taken with cabling and pipework, whilst storage systems should be designed to be 

functional and easily understandable. Additionally, interaction with the plants, beyond that 

necessary for growth of the plants, should be encouraged for the entire crew by allowing the 

utilisation of workbenches within the greenhouse chamber for tasks outside of the specific 

needs of the module. The possible inclusion of an area for crew recreation within the 

greenhouse chamber could be considered, however, such space would necessitate a reduction 

in growing area, and subsequently chamber yield, and as such would require a detailed cost-

benefit analysis. The inclusion of crew recreation areas within the current chamber design 

have not been considered at this point, however, as the design progresses this proposal should 

be revisited. 

 

2.2 Plant Research 

2.2.1 Plants in Space 

A number of studies have been conducted into the growing of plants in the space environment 

(Figure 3), dating back to the Russian Salyut-1 Space Station launched in April 1971. 

However, it was not until 1997 aboard the Mir Space Station that plants were able to be 

grown through two successive generations in the space environment.  

Since the breakthrough on Mir, a wide variety of plants have been grown through multiple 

generations on a variety of space missions, including on the ISS and multiple Space Shuttle 

flights. However, many missions during this time have still failed and the understanding of 

the cause of these failures is far from complete. Whilst the effect of ethylene strangulation of 

the plants is believed to have been the cause of many of the original growing failures 

experienced in early missions
4
, the complexities involved in water and air migration through 

soil in a microgravity environment are an area suspected of being the cause of many of the 

remaining problems. Air quality, lighting, radiation, and the effect of microgravity itself on 

plant growth are all areas which may also have contributed to the difficulties experienced in 

growing vegetation in space. 

 

Figure 3 – Pictures of Plants in Space
4 

Left: Dwarf Wheat Shoots aboard ISS in April 2002; Centre: A Flower is grown during the 

Russian Rasteniya-2 Experiment; Right: A Water Droplet adheres to the Leaf of a Plant in the 

Russian Greenhouse on the ISS in 2003. 
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2.2.2 Horticulture Comparison 

Before the detailed design of the DLR Greenhouse Chamber could be initiated, a decision on 

the type of horticulture to be utilised in this project was required. There are many types of 

horticulture – from traditional agriculture methods involving the use of soils, to more 

specialised techniques such as hydroponics and aeroponics (refer to Figure 4). Each type has 

its advantages and disadvantages, however, for this project the factors used in determining the 

choice of horticulture were those which were deemed to be the most critical for a space 

application – low weight, low resource usage, high production quantity (and quality) and the 

efficient recyclability of all aspects of the horticultural process (water, waste, air, nutrients). A 

qualitative comparison of the primary factors between soil-based agriculture, hydroponics, 

and aeroponic systems was developed during discussion at DLR, with the results shown in 

Table 4 below. 

Table 4 – Table of Comparisons of the Agriculture Types 

Primary Factors 

Agriculture Techniques 

Soil-Based Hydroponics Aeroponics 

Weight of Medium High Medium Zero 

Weight of Supporting 

Requirements (sprinklers, 

containers, etc.) 

Low Medium Medium 

Efficiency of Resource 

Utilisation 
Low Medium High 

Recyclability of Water High Medium Medium 

Recyclability of Waste High Medium Low 

 

From Table 4, it can be seen that Aeroponics is a low weight solution with highly efficient 

resource utilisation. However, it lacks the ability to process recyclable organic wastes and 

“brown” water as effectively as a soil-based agriculture. Alternatively, Soil-based Agriculture 

is heavy and uses resources less efficiently than Aeroponics, but offers superior recycling of 

waste products. Hydroponics is a compromise solution offering improved recyclability over 

Aeroponics but with additional weight and lower resource use efficiency. 

 

Figure 4 – Comparison of Agriculture Techniques 

Left: Soil-Based Agriculture
19

; Centre: Hydroponics
20

; Right: Aeroponics
21
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As discussed by Steinberg et al.
5
 “Over the last 10 years, millions of dollars have been spent  

on flight experiments with plants, with most considered only marginally successful”. The 

primary reason given for this assertion is that despite 20 years of plant research in the 

microgravity environment, there is still no clear understanding of how water and air are 

transported through porous media under microgravity conditions. Additionally, this critical 

information is far from clarification and requires many more years of experimentation and 

research. In comparison to this, the action of mist/spray environments is a relatively well 

understood phenomenon which can be modelled using Computational Fluid Dynamics (CFD) 

software. This allows for a higher degree of certainty in designing an aeroponic system for the 

delivery of water and nutrients to the plants in a microgravity environment. 

Based on the above comparison, the aeroponics methodology was acknowledged as the prime 

candidate for the agriculture method to be used in the DLR Greenhouse Chamber design. 

However, the final deciding factor on the choice of horticulture was to be based on a 

preliminary literature investigation into the plant yields of the various agriculture methods. 

The investigation into yield found that according to Muro et al.
22

 the production of potato 

minitubers was increased significantly in hydroponic systems as opposed to a peat/sand soil-

based culture. This was supported by previous research from Boersing & Wagner for potatoes 

(cited in Muro et al.
22

) and by Steiner for lettuces and tomatoes (cited in Muro et al.
22

). 

Additional research by Gysi and von Allmen
23

 for tomatoes produced similar results.  

A further study by Ritter et al.
24

 found that aeroponically grown minituber yield was almost 

70% higher than with a hydroponic system. The number of tubers produced by the 

aeroponically grown plants was 250% greater than the hydroponically grown plants, although 

with a reduction in average tuber weight of 33%. Additionally, it was noted in Ritter et al.
24 

that “Cho et al. (1996) observed in cherry tomatoes a growth and yield increase in aeroponics 

compared with classical hydroponics”. 

The information obtained from the preliminary literature investigation into yield, combined 

with the qualitative comparison of Table 4, show that aeroponic agriculture is an ideal choice 

for space based missions where optimisation of weight, resource usage, and production yield 

are priorities. However, it should not be forgotten that the other systems do offer potential 

benefits beyond those discussed previously (e.g. the possibility of black water recycling in 

soil based agricultures or the potential to reuse plant waste in the form of compost or mulch). 

However, these secondary benefits have been determined as being of lesser importance for the 

DLR Greenhouse Chamber then the benefits previously described above. 

 

2.2.3 Aeroponic System Description 

Aeroponic systems, as per Figure 5, are a relatively new form of agriculture that have 

developed over the past 25 years. Aeroponics, in its simplest form, involves the growing of 

plants without the use of any supporting medium (e.g. soil, clay, water). The plants are grown 

with their roots suspended in air (refer to Figure 6) and receive all of their required nutrients 

through a spray or mist delivery system. This style of agriculture has been found to be an 

extremely effective growing method in comparison to other forms of agriculture (as discussed 

in Section 2.2.2), due primarily to the higher nutrient uptake of plants in a mist environment. 

The mist environment allows for the optimum mixture of water, nutrients, and oxygen to be 

delivered to the root zones, which leads to efficient mineral absorption by the plants and 

increased growth. Additionally, the higher efficiency of nutrient intake of an aeroponics 

system means that the quantities of water and nutrients required are significantly reduced 

compared to either a hydroponic or soil-based system.   
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Figure 5 – AeroFarms Aeroponic Setup
25

 

 

The aeroponic system to be used in the DLR Greenhouse Chamber will involve a plant 

container, a series of spray nozzles and connecting pipework, and the associated moisture 

collectors, filters, pumps, and lights as required. The choice of each of these systems will be 

designed to optimise the growth of the plants in the system whilst consuming the minimum 

amount of resources. The detail design of these systems has been conducted in Chapter 0. 

 

Figure 6 – Example of an Aeroponic Tomato Farm
26

 

 

2.2.4 Plant Growth Requirements 

The design of any plant growth chamber requires a detailed understanding of the specific 

requirements needed to accomplish the maximum yields possible for the selected plant 

species. Firstly, the method of agriculture to be used, in combination with the plants selected 

for growing, determines the overall physical constraints of the system, such as system volume 

and architecture design. Whilst for individual systems, the photoperiod and temperature 

requirements of the plants determine the lighting and heating/cooling design. The water and 

nutrient requirements determine the water delivery mechanisms and nutrient concentration 

solutions, whilst the CO2 levels required to obtain optimal yields decide whether additional 

CO2 should be provided. Additionally, the requirement to actively control plant harming 

pathogens requires the use of active monitoring of the plants. 
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Furthermore, plants pass through a number of life stages which require different levels of 

water and nutrients. Figure 7 below shows visually the life cycle and feedback loop for plants 

within a closed environment greenhouse module. A brief description of the requirements of 

each life cycle stage is outlined below: 

 The germination phase requires a warm, high humidity environment with minimal 

nutrients, whilst certain plant species also require periods of illumination to initiate 

germination.  

 The juvenile vegetative phase follows the germination phase and is defined as beginning 

when the first leaves of the plant have formed and are ready for photosynthesis. The 

juvenile vegetative phase requires high levels of air humidity, and the addition of low 

concentrations of nutrients.  

 The adult vegetative phase follows the juvenile phase and involves the development of the 

plants branch and leaf system. During this phase, the requirement for nutrients increases, 

whilst the requirement for air humidity decreases.  

 The generative phase, where the first fruiting bodies are developed, requires similar 

concentrations of nutrient solution to the adult vegetative phase, but often a change in the 

mixture of nutrients is necessary.  

 The final phase, harvest, is where the fruits of the plant are collected. This phase can be 

short or long depending on whether all crops are harvested at the same time, or whether 

the fruit is harvested incrementally (i.e. when the individual fruit has ripened).  

 

 

Figure 7 – Life Cycle and Feedback Loop for Plants within a Closed Environment Greenhouse 

Module
2
 

 

The DLR Greenhouse Chamber is designed to utilise the aeroponic agriculture technique. The 

choice of this method, which utilises a fine spray of nutrient rich solution to the root zone of 

the plants, means that the overall chamber architecture must be designed with a highly reliable 

level of power and pump support. Aeroponic systems, whilst providing a high yield for 

minimal resource usage, are vulnerable to a loss of power. If plants are denied access to their 

nutrient rich mist for only a few hours, crop failure can occur. Therefore, backup power 

systems and highly reliable, redundant pumping systems are a necessary requirement to 

ensure that whole crops are not lost due to failures in power supply and/or pumps. 
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The choice of crops to be employed affects the overall system through such parameters as 

plant height, root zone depth, growing time, and resource requirements. For this project, plant 

choices were subdivided into one of six categories in order to assist in the development of the 

chamber’s growing systems. The preliminary list of plants explored for this chamber is 

outlined in Chapter 2.2.5. The six plants categories explored in this thesis were: 

 Fruit Vegetables (e.g. cauliflower, soybeans) 

 Grains (e.g. wheat, rice) 

 Herbs (e.g. basil, thyme) 

 Leaf Vegetables (e.g. lettuce, cabbage) 

 Root Vegetables (e.g. potatoes, carrots) 

 Trees and Perennial Plants (e.g. dwarf trees, tomatoes) 

 

Individual crops require different periods of illumination to achieve the greatest yield. Whilst 

some crops grow best under a 24 hour photoperiod, others are better suited to 12 hour 

photoperiods or some level in between. The design of the lighting system must therefore be 

highly customisable, allowing for some growing areas to be illuminated for a full 24 hour 

photoperiod without affecting surrounding areas requiring periods of darkness. Overall 

greenhouse lighting must also be designed with this factor in mind. Additionally, research has 

determined that during different periods of a plant’s life, the utilisation of higher quantities of 

red or blue light greatly helps in the development and flowering of the plants
27

. Figure 8 

(Left) shows an LED lighting setup utilising red lights to supplement crop growth. Figure 8 

(Right) shows the wavelengths to which plants are sensitive and which are absorbed by plants 

during photosynthesis. Red light has been found to be most effective in assisting during early 

development and growth periods, whilst blue light has been found to be greatly effective in 

helping growth in the flowering stage of a plant
27

. Incorporating a lighting system able to 

effectively work in these additional lighting frequencies will help to optimise the yields and 

increase the efficiency of the greenhouse chambers. 

  

Figure 8 – (Left) Example of Red and Blue Lighting System
28

 and (Right) Graph of Plant 

Photosynthetic Response
29

 

 

Temperature requirements vary per crop and as such must be controllable to a certain extent. 

Whilst system wide temperature should be maintained at the most comfortable temperature 

for the human occupants (usually ~25°C), where other temperatures are required for 

individual crops efforts must be made to cool (or heat) these plants to the desired 

temperatures. The best method of ensuring system harmony in this respect is in the selection 

of crops or crop varieties which have similar growing condition requirements. Additionally, 

the lighting design should be accomplished so that no additional heat is added to the system. 
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The optimisation of the nutrient solutions to meet the plant requirements is a difficult task to 

coordinate. Firstly, each crop requires a different nutrient solution containing varying levels 

of Nitrogen, Phosphorus, Potassium, and a variety of other secondary nutrients. Complicating 

matters further, the nutrient solution required by an individual crop changes during the 

different phases of the plant’s growth cycle, for example, more Nitrogen and Phosphorus 

during growth periods and more Potassium during flowering
30

. The effective delivery and 

absorption of the nutrient solutions, with a focus on minimising wasted water or nutrients, 

will be a major factor in the design of the greenhouse chambers as optimal management of 

these resources will greatly reduce the need for resupply. 

The addition of supplemental CO2 to plants has been found to be highly effective in 

encouraging plant growth and increasing yields
31

.
 
However, this increase in yield must be 

balanced against the additional weight of CO2 storage and piping and the potential dangers 

associated with using high concentrations of CO2 in an enclosed environment. Additionally, 

excessive concentrations of CO2 (greater than approximately 1000-1200ppm) have been 

shown to be detrimental to crop growth
31

. Therefore, careful monitoring of the chamber to 

ensure that overall CO2 concentrations in the atmosphere remain at both optimal and safe 

levels must be undertaken at all times. 

In microgravity environments (e.g. the ISS) it has been found that a variety of pathogens, 

including common types of bacteria and fungi, can grow at much higher rates compared to 

their terrestrially bred counterparts
32,33

, whilst others have been shown to become 

significantly more virulent and deadly
34

. For this reason, extreme care must be taken to ensure 

that the cleanliness of the systems is maintained, and therefore, the inclusion of medical grade 

sterilisers and other cleaning equipment is a significant requirement of the chamber. In 

addition, due to the speed with which pathogens can affect plants in the space environment, 

active monitoring of the plants to identify infections before they become problematic must be 

installed. The use of photographic monitoring of the plants in combination with image 

processing has been investigated by Ghent University
35

 in Belgium (see Figure 9) with 

excellent initial results. Alternatively, a study involving Ethylene output monitoring by 

Dresden University of Applied Sciences has also achieved interesting results (Domurath, N. 

unpublished personal correspondence)
36

. Similar systems should be implemented in the DLR 

Greenhouse Chamber in order to facilitate plant health monitoring in near to real time. 

As illustrated above, plant growth requirements are a major driver for the design of a 

controlled environment greenhouse. A detailed analysis of the requirements of the plants for 

the DLR Greenhouse Chamber is being conducted as part of a separate thesis (discussed in 

Chapter 2.2.5), however, with the current module being designed to be as flexible as possible, 

the modification of the design in order to suit new or unexpected plant requirements should be 

possible with a minimum of effort. 

 

Figure 9 – Ghent University Photographic Monitoring System
35
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2.2.5 Preliminary Plant Selection 

The selection of plants recommended for a manned mission has been extensively 

discussed
37,38,39

. However, due to the unique design of the DLR Greenhouse Chamber, the 

selection of a broader variety of plants than previously envisioned is possible. The chamber 

design should allow for the catering to standard crops and herbs, as well as longer life plants 

such as perennials and dwarf trees (Figure 10). 

 

Figure 10 – Example of Specially Bred Dwarf Trees
2
 

 

The research and selection of the plants for the DLR Greenhouse Chamber is being conducted 

by Markus Dorn from the Dresden University of Applied Sciences, and will be presented in 

the thesis paper “Analysis of Crops and Cultivation Methods for Greenhouse Applications in 

Space Habitats”
40

. However, a preliminary list of the plants, herbs, and dwarf trees planned to 

be catered for by the DLR Greenhouse Chamber is shown in Table 5 below. 

Table 5 – DLR Greenhouse Chamber Preliminary Plant List 

Vegetable Type 

Fruit Vegetables Leaf Vegetables Root Vegetables Grains Herbs Trees 

Broccoli Cabbage Beet Corn Basil Apple Tree 

Bean Lettuce Carrot Rice Dill Banana 

Cauliflower Spinach Garlic Wheat Mint Cherry Tree 

Chilli Pepper   Onion   Parsley   

Cucumber   Potato   Thyme   

Pea   Radish       

Soybean   Sweet Potato       

Strawberry   
 

      

Tomato           
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2.3 Closed Environment Life Support Systems 

The current research into Closed Environment Life Support Systems (CELSS) can be divided 

into two broad categories – Space Concepts and Earth Testing Sites. A brief description of 

each of these categories is provided below. 

 

2.3.1 Space Concepts 

There have been many proposals over the years for designs of Lunar or Martian bases. Many 

of these involve novel techniques or specialised locations (e.g. polar craters on the Moon, 

canyons on Mars), with each attempting to solve the problems encountered on such a difficult 

mission. Due to the very nature of the missions to be undertaken, each of these habitats must 

be considered as CELSS systems, requiring the production of necessary resources from the 

recycling of system wastes. 

The DLR Greenhouse Chamber is an attempt to create a dedicated greenhouse facility for a 

manned Lunar or Martian habitat, which utilises the latest in manufacturing methods to 

provide optimal food production for the habitat. Whilst the definitive planetary base design, 

which the DLR Greenhouse Chamber could be included within, has not been identified at this 

stage, the module is planned to be as flexible as possible allowing for its use with a wide 

variety of habitat proposals. A selection of existing Lunar or Martian base designs are shown 

in Figure 11 below. 

 

 

Figure 11 – Various Lunar/Martian Base Designs 

Top Left: ESA Lunar Base Study
41

; Top Right: NASA Martian Base Study
42

; Bottom Left: 

Artist’s Concept of Future Colonies on Mars
43

; Bottom Right: An Artist’s Concept of 

Greenhouses on Mars
44
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2.3.2 Earth Testing Sites 

The category of Earth testing sites covers a variety of facilities, from permanent bases to 

temporary outposts, which exist in numerous locations around the world. Research stations 

and analogue test sites have been utilised extensively to test various CELSS habitat designs 

and technologies, as well as carrying out human isolation studies. The studies performed at 

these test facilities vary greatly, from the full scale simulation of a journey to Mars (e.g. the 

MARS 500 Study in Russia
45

) to the testing of individual components and modules (e.g. the 

University of Arizona South Pole Food Growth Chamber
46

).  

Figure 12 displays a selection of these facilities – from an Antarctic research base to Mars 

surface simulation facilities. A variety of major CELSS systems (both past and present) is 

included below
47

: 

 Aquarius and NASA Extreme Environment Mission Operations (NASA & NOAA, USA) 

 BIO-Plex (NASA, USA)  

 BIOS-1, BIOS-2, BIOS-3 (Russia)  

 Biosphere-2 (USA) 

 Closed Ecology Experiment Facilities (Institute for Environmental Sciences, Japan) 

 Concordia (ESA, IPEV, PNRA) 

 Controlled Environment Agriculture Center (USA) 

 Experimental Campaign for the European Manned Space Infrastructure (ESA) 

 Mars Desert Research Station (Mars Society) 

 Regenerative Life Support Study (NASA, USA) 

 

 

Figure 12 – Various Earth Testing Sites 

Top Left: Aquarius Underwater Laboratory
48

; Top Right: NASA Desert RATS Test Site
49

; 

Bottom Left: Mars Desert Research Station
50

; Bottom Right: Concordia Station, Antarctica
51
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A number of Earth testing sites across the globe have operated CELSS greenhouse modules. 

Each of these modules has attempted to find solutions to the various problems associated with 

the production of fresh fruit and vegetables in an enclosed environment. For many of these 

projects, the explicit purpose of the mission has been to discover effective and efficient means 

of maintaining human crew within a closed environment, similar to a spacecraft or space 

station. A number of these modules have also attempted to solve the challenges involved in 

recycling atmospheric and hydrodynamic wastes.  

The DLR Greenhouse Module, whilst being designed for a planetary base, will most likely be 

initially deployed as an Earth based test facility. The deployment of the module in this way 

will allow for extensive testing to be conducted of the systems and subsystems of the design, 

ensuring optimal functioning of the chamber prior to any future space launch. Additionally, 

the test facility deployment will encourage greater research into plant growth optimisation, the 

selection of the optimum combinations of plants for future manned planetary missions, as 

well as the recycling of the waste products of the greenhouse.  

 

 

Figure 13 – Various Closed Environment Life Support Systems 

Top Left: Controlled Environment Agriculture Centre Lunar Greenhouse
52

; Top Right: 

Greenhouse at the MARS 500 Study, Russia
53

; Bottom Left: Biosphere II
54

; Bottom Right:  

NASA Ames Closed Environment Life Support Complex
55 
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3 CHAMBER CONFIGURATION CONCEPTS 

 

"A society grows great when old men plant trees whose shade they 

know they shall never sit in." 

– Greek Proverb 

 

3.1 Configuration Concept Selection – Trade Study 

There are many factors that need to be considered in determining the configuration layout for 

a planned planetary greenhouse module. Volume and weight are primary considerations; 

however other factors such as radiation and micrometeoroid protection must also be taken into 

account in assessing the best possible configuration to be launched. The DLR Greenhouse 

Chamber provides a number of opportunities and challenges in this regard.  

In its simplest terms, the Greenhouse Chamber should provide the largest possible growing 

area, whilst utilising the maximum payload volume within the launch rocket. It shall do this 

whilst also achieving at least the minimum requirements in all other desirable characteristics 

for the Greenhouse Chamber, such as safety, ease of deployment and cost. 

In order to explore the possibilities for configuration design of the Greenhouse Chamber, 11 

different designs were created. These designs were explored and a comparison of the benefits 

and problems associated with each was created (refer to Chapter 3.3). The trade study for the 

different options was undertaken using the Analytical Hierarchy Process (see Appendix A for 

more details on this method) and focused on 10 separate variables for comparison, which are 

discussed in Section 3.2 below. 

 

3.2 Trade Study Variables 

In order to compare the various module designs, the Trade Study 2.0 program created by 

Christian Grimm
56

 was used. This program utilises the Analytical Hierarchy Process (refer to 

Appendix A for more details on this method). The process compares a weighted set of 

variables to determine the strongest alternative (the calculation process can be found in 

Appendix B). 

The variables used in this trade study, and the weighting assigned to each, are discussed in 

detail in the section below. The 10 variables considered were: 

 Growing area 

 Complexity 

 Likely need to require an Extra Vehicular Activity (EVA) 

 Susceptibility to damage 

 Radiation and micrometeoroid protection 

 Anticipated development cost 

 Flexibility of landing zone requirements 

 Time for full deployment (to plant growing stage) 

 Ability to carry all equipment within launch volume 

 Estimated launch mass 
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Each variable was assigned a weighting value between 1-10, where 10 was defined as being a 

variable of extreme importance, whilst 1 was a variable of minimal importance. The table 

identifying the weighting for of each of the 10 variables is shown below. 

Table 6 – Variable Weighting Table 

Variable Weighting Variable Weighting 

Growing Area 10 
Likely Need to Require 

an Extra Vehicular 

Activity (EVA) 

6 

Anticipated 

Development Cost 
8 

Estimated Launch Mass 

per Growing Area 
6 

Susceptibility to Damage 8 
Flexibility of Landing 

Zone Requirements 
4 

Complexity 6 

Ability to Carry All 

Equipment within 

Launch Volume 

4 

Radiation and 

Micrometeoroid 

Protection 

6 

Time for Full 

Deployment (to Plant 

Growing Stage) 

2 

 

3.2.1 Growing Area 

The growing area was considered the most important variable in the study, as the quantity of 

food able to be produced would be a primary factor in determining whether the DLR 

Greenhouse Chamber could be successfully utilised in a future space mission. A failure to 

achieve a certain quantity of output from the greenhouse would see the mission cancelled, and 

as such the highest possible weighting factor was applied to this variable. 

Based on hand calculations of growing area (refer to Appendix D for more details), values of 

between 1 and 10 were assigned to each chamber, as shown in Table 7 below. 

Table 7 – Growing Area Normalized Rating Scale 

Normalized Rating 1 2 3 4 5 6 7 8 9 10 

Growing Area (m2) 75 100 125 150 175 200 225 250 275 300 
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3.2.2 Anticipated Development Cost 

Anticipated development costs are a highly important consideration in determining the 

likelihood of a project going ahead. In this analysis, the anticipated development costs were 

only those associated with the module itself and not the growing units and their associated 

systems and subsystems. The reason for this is that the grow units are being developed to be 

modular and available for use in any greenhouse module design.  

The costs in this analysis were qualitatively predicted by examining the required technologies 

for each module (skins, fabrics, folding mechanisms, etc.), comparing them to the currently 

available technologies, and estimating the amount of effort still required to achieve the 

necessary outcome for the module (this analysis can be found in Appendix E). According to 

this research, most technologies require only a low amount of effort to be developed. Only the 

technology behind a strong, flexible skin, able to protect against radiation and 

micrometeoroids, is still to be developed. For this reason, the modules requiring this skin 

receive a lower value compared to the fully rigid modules. 

Anticipated development costs were rated qualitatively between Extremely Low and 

Infeasible using the values obtained in Appendix E. The values were assigned as per Table 8 

below: 

Table 8 – Anticipated Development Costs Normalized Rating Scale 

Normalized Rating 1 2 3 4 5 

Anticipated 

Development Costs 

Infeasible 

(73-80) 

Extremely 
High 

(65-72) 

Very High 

(57-64) 

High 

(49-56) 

Medium-
High 

(41-48) 

Normalized Rating 6 7 8 9 10 

Anticipated 

Development Costs 

Medium  

(33-40) 

Medium-

Low  
(25-32) 

Low  

(17-24) 

Very Low  

(9-16) 

Extremely 

Low 
(1-8) 

 

3.2.3 Susceptibility to Damage 

Susceptibility to damage is a very important consideration in the selection of the greenhouse 

module. It takes into account crew safety, as well as the risks associated with the landing and 

deployment of the greenhouse on the planetary surface. Additional risks considered in this 

variable included damage caused by local terrain, landing forces, and punctures occurring 

during deployment. 

Susceptibility to damage was rated qualitatively between Extremely Low and Infeasible as 

shown in Table 9 below. 

Table 9 – Damage Susceptibility Normalized Rating Scale 

Normalized Rating 1 2 3 4 5 

Susceptibility to 

Damage 
Infeasible 

Extremely 

High 
Very High High 

Medium-

High 

Normalized Rating 6 7 8 9 10 

Susceptibility to 

Damage 
Medium 

Medium-

Low 
Low Very Low 

Extremely 

Low 
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3.2.4 Complexity 

Complexity is considered a moderately important variable, as the more complex a design, the 

higher the risk of failure. This factor would certainly play an important part in the 

determination of which module is best placed to achieve the mission, but would be unlikely to 

cause cancellation of the mission in general. 

Complexity was rated qualitatively between Extremely Low and Infeasible. The values of 1-

10 were assigned according to Table 10: 

Table 10 – Complexity Normalized Rating Scale 

Normalized Rating 1 2 3 4 5 

Complexity Infeasible 
Extremely 

High 
Very High High 

Medium-

High 

Normalized Rating 6 7 8 9 10 

Complexity Medium 
Medium-

Low 
Low Very Low 

Extremely 

Low 

 

3.2.5 Radiation and Micrometeoroid Protection 

Radiation and micrometeoroid protection is a variable that needs to be consideration in the 

design of a planetary greenhouse module. However, it has been provided with only a 

moderately high weighting factor here, as there are potential mitigating strategies which could 

be taken to render even the design with the least protection prospects safe from all radiation 

and micrometeoroid protection. These mitigating strategies include special selection of base 

locations, and the partial or complete burial of the modules beneath the local regolith. 

Radiation and Micrometeoroid protection was rated qualitatively between Extremely High 

and Non-Existent, and is based on the module design, not taking into account the potential 

mitigating strategies described above. The values of 1-10 were assigned according to Table 11 

below: 

Table 11 – Radiation and Micrometeoroid Protection Normalized Rating Scale 

Normalized Rating 1 2 3 4 5 

Radiation and 

Micrometeoroid 
Protection 

Extremely 
High 

Very High High 
Medium-

High 
Medium 

Normalized Rating 6 7 8 9 10 

Radiation and 

Micrometeoroid 

Protection 

Medium-

Low 
Low Very Low 

Extremely 

Low 
Non-Existent 
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3.2.6 Likely Need to Require an Extra Vehicular Activity (EVA)  

The likely need to require an EVA to finalise the construction of the module was considered a 

moderately important variable, as it would be likely to be a deciding factor in the choice of 

module design, however, it was unlikely to be a determinant on the viability of the project 

itself.  

A design requiring an EVA would be far less popular then one without this need. EVA’s 

increase the risk to astronaut safety and require significant resources, which are unlikely to be 

readily available at the earliest stages of planetary base building.  

For the modules covered in this trade study, it was assumed that the chances of an EVA being 

required were highly unlikely unless problems were encountered during setup. The values 

from 1-10 were assigned according to Table 12 below: 

Table 12 – EVA Requirement Normalized Rating Scale 

Normalized Rating 1 2 3 4 5 

Likely Need to 

Require an EVA 

More than 

One EVA 

Required 

Certainty Highly Likely Likely 

Possible (even 

without 

problems) 

Normalized Rating 6 7 8 9 10 

Likely Need to 

Require an EVA 

Minor 
Possibility 

(even without 

problems) 

High 
Possibility  

(if problems 

encountered) 

Possibility  
(if problems 

encountered) 

Minor 
Possibility  

(if problems 

encountered) 

Highly 

Unlikely 

 

3.2.7 Estimated Launch Mass per Growing Area 

The estimated system mass at launch per growing area is important in determining the 

selection of the optimum greenhouse module. The use of this variable, as opposed to the 

estimated launch mass on its own, is considered of higher relevance as this variable provides a 

much clearer picture of the efficiency of the module. It is possible to design a greenhouse 

module to have a very low weight, however, if it then produces an insignificant quantity of 

food, it has not fulfilled its mission. Alternatively, it is possible to design a greenhouse 

module that could produce as much food as the astronauts could possibly desire, but with a 

module weight that is too excessive to be considered feasible to launch. Neither of these 

solutions is acceptable and therefore a trade-off must be made. The use of the estimated 

launch mass per growing area allows for a comparative value to be used to determine the 

production efficiency of the modules studied. 

At this early stage it is difficult to predict a quantitative value for the launch mass within any 

real certainty, as material selection, wall and shielding thicknesses, and similar design 

considerations prevent values from being obtained. Accordingly, the weighting for this 

variable is relatively low due to the uncertainty associated with these figures. However, a 

preliminary calculation has been completed in order to obtain an initial quantitative value for 

this report, the results of which can be found in Appendix H.  

Estimated launch mass was rated comparatively based on the results of Appendix H with the 

values of 1-10 assigned according to Table 13 below: 
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Table 13 – Estimated Launch Mass Normalized Rating Scale 

Normalized Rating 1 2 3 4 5 

Estimated Launch 

Mass per Growing 

Area 

>300kg/m2 
275kg/m2-

300kg/m2 

250kg/m2-

275kg/m2 

225kg/m2-

250kg/m2 

200kg/m2-

225kg/m2 

Normalized Rating 6 7 8 9 10 

Estimated Launch 

Mass per Growing 

Area 

175kg/m2-

200kg/m2 

150kg/m2-

175kg/m2 

125kg/m2-

150kg/m2 

100kg/m2-

125kg/m2 
<100kg/m2 

 

3.2.8 Flexibility of Landing Zone Requirements 

The variable covering the flexibility of the design in relation to the requirements for any pre- 

or post-launch landing zone work is discussed in Table 14. A highly flexible design is one 

which is able to be located anywhere and which requires minimal pre- or post-launch landing 

zone work. A lack of flexibility in this regard would require either special site selections, or 

significant pre- or post-launch attention which increases mission cost and complexity. 

The delineation for this variable foresees site selection as being less arduous then pre- or post-

launch work (i.e. a higher score is possible with site selection alone), and for pre-launch work 

to be less arduous then post-launch work. This is because pre-launch work could be carried 

out many months in advance, potentially by robotic means, and any problems encountered 

could be dealt with prior to the launch of the greenhouse. Whereas, post-launch work 

problems could lead to the endangerment of the greenhouse (e.g. penetration of the skin of the 

greenhouse by mechanical means or micrometeoroid strike), or if problems were encountered 

(e.g. the inability to cover the greenhouse due to bulldozer failure) leave the greenhouse 

offline and unable to be used for a significant period of time. 

The flexibility requirements were rated qualitatively (refer to Table 14) to take into account 

the protection and possible mitigation tasks required by the module design. 

Table 14 – Flexibility of Landing Zone Requirements Normalized Rating Scale 

Normalized Rating 1 2 3 4 5 

Flexibility of 
Landing Zone 

Requirements 

Significant Pre-
Launch and 

Post-Landing 

Work Required 

Significant Pre-

Launch (or 

Post-Landing) 

Work Required 
and Minor or 

Moderate  

Post-Landing 

(or Pre-

Launch) Work 

Required 

Significant Pre-
Launch (or 

Post-Landing) 

Work Required 

Moderate 

Levels of Pre-
Launch and 

Post-Landing 

Work Required 

Moderate Pre-

Launch Work 
Required and 

Minimal Post-

Landing Work 

Required 

Normalized Rating 6 7 8 9 10 

Flexibility of 

Landing Zone 

Requirements 

Moderate Pre-

Launch Work 

Required 

Minimal Pre-
Launch Work 

Required and 

Special Site 

Selection 

Required 

Minimal Pre-
Launch Work 

Required, but 

No Special Site 

Selection 

Required 

No Pre-Launch 
Work 

Required, but 

Special Site 

Selection 

Required 

No Pre-Launch 
Work or 

Special 

Selection 

Needs 

Required 
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3.2.9 Ability to Carry All Equipment within the Launch Volume 

The ability to carry all equipment within the launch volume is a consideration when 

determining the expected costs of the entire project. Those modules unable to carry all of the 

expected equipment and systems will require secondary launches significantly increasing 

costs and, depending on the missing equipment, either delaying the setup of the greenhouse or 

resulting in a reduction of the initial output of the module. In cases where only small, non-

vital components are missing from the launch, this shortfall may be able to be made up on 

regular supply shipments to the planetary base with little additional costs, and hence, 

relatively high values were still obtainable in this analysis with less than 100% of equipment 

being able to be carried within the module. 

For this preliminary analysis, launch mass was not considered with only space and volume 

requirements taken into account. This variable was rated quantitatively based on a preliminary 

calculation of expected unit volumes versus the volume of the undeployed module. Where 

possible, all units were “compacted” to a smaller size, if this was considered justifiable by the 

design (such as for the grow units). These calculations are shown in Appendix G. Due to the 

preliminary nature of this calculation and its high level of uncertainty, this variable has been 

given a relatively low weighting. 

The values of 1-10 for the ability to carry all equipment within the launch volume were 

assigned according to Table 15 below: 

Table 15 – Equipment Launch Volume Normalized Rating Scale 

Normalized Rating 1 2 3 4 5 

Ability to Carry All 

Equipment within 

Launch Volume 

<20% 20-30% 30-40% 40-50% 50-60% 

Normalized Rating 6 7 8 9 10 

Ability to Carry All 

Equipment within 

Launch Volume 

60-70% 70-80% 80-90% 90-100% >100% 

 

3.2.10 Time for Full Deployment 

The time to full deployment of the module is based on the complexity of the module and the 

state in which it is delivered to the planetary surface.  

The fully rigid modules have only minimal assembly requirements mainly involved with 

removing straps used to hold items in place during launch and connecting electrical, water, 

and similar systems. The octagonal and square modules take extra time to setup due to the 

time necessary for deployment, followed by the time required for assembly of the growing 

units within the greenhouse module. In general, the larger the module (with more growing 

units), the more time required to setup the system for full deployment. Where multiple levels 

exist in a design, an additional period of time is associated with the manoeuvring of systems 

and components to the upper levels. The concertina module also requires a significant period 

of time for setup as it is not envisioned that it would be able to carry its systems within the 

deploying module and would therefore have to await a second launch. After obtaining this 

second launch, the systems would still need to be transferred to the deployed concertina 

greenhouse module and installed all of which accrues a delay. 
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Time to full deployment was rated quantitatively based on an assessment of the number of 

systems per module, as well as the state and location of the systems during launch compared 

to their final destinations within the module. This analysis is shown in Appendix F with the 

ratings shown in Table 16 below. 

Table 16 – Time for Full Deployment Normalized Rating Scale 

Normalized Rating 1 2 3 4 5 

Time for Full 

Deployment (To 

Plant Growing 

Stage) 

60 Days 45 Days 30 Days 20 Days 15 Days 

Normalized Rating 6 7 8 9 10 

Time for Full 

Deployment (To 

Plant Growing 

Stage) 

10 Days 7 Days 5 Days 2 Days 

Immediate 

Plant Growth 

Able to be 

Initiated 

After 

Landing 

 

3.3 Proposed Greenhouse Modules 

The 11 modules that were proposed in this trade study are listed below: 

 The Fully Rigid Rectangular Module (RR1) 

 The Fully Rigid Cylindrical Module (RC1) 

 The Inflatable Concertina Style Module (CC1) 

 The Semi-Rigid, Square Based Module with Rigid Floor Only (SQ1) 

 The Semi-Rigid, Square Based Module with Rigid Floor and Roof (SQ2) 

 The Semi-Rigid, Square Based Module with Rigid Floor, Roof, and Two Side Walls 

(SQ3) 

 The Semi-Rigid, Square Based Module with Two Levels (SQ4) 

 The Semi-Rigid, Octagonal Based Module with Rigid Floor Only (OCT1) 

 The Semi-Rigid, Octagonal Based Module with Rigid Floor and Roof (OCT2) 

 The Semi-Rigid, Octagonal Based Module with Rigid Floor, Roof, and Two Side Walls 

(OCT3) 

 The Semi-Rigid, Octagonal Based Module with Two Levels (OCT4) 

 

It should be noted that the primary difference between the semi-rigid square and semi-rigid 

octagonal based modules is in the undeployed shape taken by the module within the launch 

vehicle. The square based modules have a smaller volume but are less complex then the 

octagonal modules, whilst the octagonal modules make better use of the available launch 

volume but at the expense of increased complexity. This is covered in more detail in the 

module descriptions below. 

Additionally, all modules are designed to be contained, whilst in undeployed form (where 

appropriate), within the cylindrical section of the payload bay of an Ariane 5 rocket. The nose 

area of the Ariane 5 payload volume is ignored for this analysis as it is assumed to house the 

attitude, control, and landing systems for the modules. Therefore, the allowable dimensions 
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that the DLR Greenhouse Chamber has been designed for are Ø4.5m x 10m. The full Ariane 5 

launcher payload dimensions can be found in Appendix C.  

The 11 modules detailed in this section are described qualitatively through a series of module 

characteristics, including shape, growing area, and complexity. A brief description of each of 

these characteristics is described below:  

 Undeployed shape – a description of the module shape taken within the Ariane 5 payload 

launch volume. 

 Deployed shape – a description of the module shape taken upon deployment. 

 Growing area – a qualitative description of the growing area within the module (refer to 

Chapter 3.2.1). 

 Estimated launch mass per growing area – a qualitative description of the mass of the 

module compared to the growing area within (refer to Chapter 3.2.7). 

 Complexity – a qualitative description of the complexity associated with the module (refer 

to Chapter 3.2.4). 

 Anticipated Development Cost – a qualitative description of the anticipated development 

costs expected for the module (refer to Chapter 3.2.2). 

 Launch volume utilisation – a quantitative value describing the percentage of the Ariane 5 

payload bay utilised by the module (only considering the cylindrical volume of the Ariane 

5 payload bay). 

 Structural Resistance – a qualitative measure of the expected structural resistance against 

stresses induced by a low external ambient pressure, as can be expected on a planetary 

surface. Cylindrical shapes are optimal, with hemi-cylindrical shapes being acceptable, 

whilst rectangular designs are not recommended 

 Fully rigid and semi-rigid designs (e.g. RR1, SQ2) receive a bonus to their value 

as they are able to mitigate against poor resistance through the design of 

stronger/thicker walls. 

 Radiation and micrometeoroid protection – a qualitative measure of the radiation and 

micrometeoroid protection expected to be offered by the module (refer to Chapter 3.2.5).  

 Where necessary, the mitigations required to enhance the protection of the 

modules are described next to the original value. 

 The upper floor of two floor modules offers some protection to those plants 

located on the lower floor, however, this has not been considered significant and 

has been ignored for this analysis. 

 Landing and planetary radiation protection – a qualitative description of the protection 

offered by the module against landing damage caused by the descent to the planetary 

surface. Additionally, it is known that some planetary surfaces (e.g. the Moon) are slightly 

radioactive (as discussed in Chapter 2.1.2) and this value takes into account the protection 

offered by the base of the module against this radiation. 

 Time to deployment – a qualitative description of the time required for the module to be 

fully operational (refer to Chapter 3.2.10). 

 Additional comments – Any additional comments describing benefits or problems 

associated with the module. 
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3.3.1 The Fully Rigid Rectangular Module (RR1) 

The RR1 module (shown in Figure 14) is the simplest design proposed in this study, and is a 

fully rigid design featuring the following characteristics:  

 Shape – A rectangular prism of dimensions 3.18m x 3.18m x 10m. 

 Growing area – Very small. 

 Estimated launch mass per growing area – Extremely high. 

 Complexity – Low. 

 Anticipated development cost – Low. 

 Launch volume utilisation – Poor (~63.5%). 

 Structural resistance – Poor. (Medium with suitably thickened walls). 

 Radiation and micrometeoroid protection – Excellent. 

 Landing and planetary radiation protection – Excellent. 

 Time to deployment – Low. 

 Additional comments – Easily tested on Earth prior to space applications. 

 

 

Figure 14 – The Fully Rigid Rectangular Module 

 

3.3.2 The Fully Rigid Cylindrical Module (RC1) 

The RC1 module is a simple fully rigid design, as shown in Figure 15 below. The design 

features the following characteristics:  

 Shape – A cylinder of dimensions Ø4.48m x 10m. 

 Growing area –Small. 

 Estimated launch mass per growing area – Very high. 

 Complexity – Low. 

 Anticipated development cost – Low. 

 Launch volume utilisation – Optimal (~100%). 

 Structural resistance – High. 

 Radiation and micrometeoroid protection – Excellent. 

 Landing and planetary radiation protection – Excellent. 

 Time to deployment – Low. 

 Additional comments – Easily tested on Earth prior to space applications. 
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Figure 15 – The Fully Rigid Cylindrical Module 

 

3.3.3 The Inflatable Concertina Style Module (CC1) 

The CC1 module (refer to Figure 16) is comprised of a series of circular ribs connected by 

reinforcing struts, with a flexible high strength fabric skin covering. When undeployed, the 

reinforcing struts fold inwards to fit within the confines of the Ariane 5 payload bay, whilst 

upon deployment, the reinforcing struts expand and are locked in place creating an internal 

length of 30m. The CC1 module features the following characteristics:  

 Undeployed shape – A cylinder of dimensions Ø4.48m x 10m. 

 Deployed shape – A cylinder of dimensions Ø4.48m x 30m. 

 Growing area – Very large. 

 Estimated launch mass per growing area – Low. 

 Complexity – Very high. 

 Anticipated development cost – Medium. 

 Launch volume utilisation – Optimal (~100%). 

 Structural resistance – High. 

 Radiation and micrometeoroid protection – Poor. 

 Potential mitigation – Burial of the module beneath the local regolith. 

 Landing and planetary radiation protection – Poor. 

 Time to deployment – High. 

 Additional comments – High flexibility in regards to deployment location. 

 

 

Figure 16 – The Inflatable Concertina Style Module 

Left: Undeployed (folding of skin not shown); Right: Deployed 

Flexible Skin 

Rigid Frame Flexible Skin 

Rigid Frame  

Rigid End 

Rigid End 
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3.3.4 The Semi-Rigid, Square Based Module with Rigid Floor Only (SQ1) 

The SQ1 module is a semi-rigid structure featuring a rigid folding floor made up of three 

panels, combined with an inflatable roof made from a flexible high strength fabric skin. The 

SQ1 module (Figure 17) features the following characteristics:  

 Undeployed shape – An open topped rectangular prism of dimensions 3.18m x 3.18m x 

10m. 

 Deployed shape – A hemi-cylindrical shape with floor area 9.55m x 10m and a maximum 

height of 3.5m. 

 Growing area – Medium. 

 Estimated launch mass per growing area – Low. 

 Complexity – Moderate. 

 Anticipated development cost – Medium-low. 

 Launch volume utilisation – Poor (~63.5%). 

 Structural resistance – Medium. 

 Radiation and micrometeoroid protection – Poor. 

 Potential mitigation – Burial of the module beneath the local regolith. 

 Landing and planetary radiation protection – High. 

 Time to deployment – Medium. 

 

 

Figure 17 – The Semi-Rigid, Square Based Module with Rigid Floor Only 

Left: Undeployed (skin not shown); Right: Deployed 

 

3.3.5 The Semi-Rigid, Square Based Module with Rigid Floor and Roof 

(SQ2) 

The SQ2 module is a semi-rigid structure featuring a rigid folding floor combined with a rigid 

folding roof and a flexible high strength fabric skin for the side walls. Both the rigid floor and 

the roof are made from 3 panels, although they vary in dimensions. The SQ2 module is 

displayed in Figure 18, and features the following characteristics:  

 Undeployed shape – A rectangular prism of dimensions 3.18m x 3.18m x 10m. 

 Deployed shape – A trapezoidal prism with floor area 9.55m x 10m, a roof of 9.0m x 10m 

and a height of 2.55m. 

 Growing area – Medium. 

 Estimated launch mass per growing area – Low-medium. 

 Complexity – Moderate. 

 Anticipated development cost – Medium. 
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 Launch volume utilisation – Poor (~63.5%). 

 Structural resistance – Poor. (Medium with suitably thickened walls). 

 Radiation and micrometeoroid protection – Medium. 

 Potential mitigation – Partial burial of the module beneath the local regolith. 

 Landing and planetary radiation protection – High. 

 Time to deployment – Medium. 

 

 

Figure 18 – The Semi-Rigid, Square Based Module with Rigid Floor and Roof 

Left: Undeployed (skin not shown); Right: Deployed 

 

3.3.6 The Semi-Rigid, Square Based Module with Rigid Floor, Roof, and 

Two Side Walls (SQ3) 

The SQ3 module (Figure 19) is a semi-rigid structure featuring a rigid folding floor combined 

with a rigid folding roof and a flexible high strength fabric skin for two of the side walls. The 

final two walls are also rigid and connect the floor rigidly to the roof. The rigid floor is made 

from three panels, whilst the roof is also made from three panels. The two rigid side walls are 

constructed from a single panel. The SQ3 module features the following characteristics:  

 Undeployed shape – A rectangular prism of dimensions 3.18m x 3.18m x 10m. 

 Deployed shape – A trapezoidal prism with floor area 9.55m x 10m, a roof of 9.0m x 10m 

and a height of 2.55m. 

 Growing area – Medium. 

 Estimated launch mass per growing area –Medium. 

 Complexity – Moderate. 

 Anticipated development cost – Medium. 

 Launch volume utilisation – Poor (~63.5%). 

 Structural resistance – Poor. (Medium with suitably thickened walls). 

 Radiation and micrometeoroid protection – High. 

 Potential mitigation – Effective base design should be able to mitigate the risk 

from the two flexible side walls. 

 Landing and planetary radiation protection – High. 

 Time to deployment – Medium. 
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Figure 19 – The Semi-Rigid, Square Based Module with Rigid Floor, Roof, and Two Side Walls 

Left: Undeployed (skin not shown); Right: Deployed 

 

3.3.7 The Semi-Rigid, Square Based Module with Two Levels (SQ4) 

The SQ4 module is a semi-rigid structure featuring a rigid folding floor in addition to a rigid 

secondary folding structure which forms the floor of the upper level of this module. A flexible 

high strength fabric skin is used for the roof and side walls. Both the lower and upper floors 

are made from three panels. The SQ4 module (Figure 20) features the following 

characteristics:  

 Undeployed shape – A rectangular prism of dimensions 3.18m x 3.18m x 10m. 

 Deployed shape – A hemi-cylindrical shape with lower floor area 9.55m x 10m and an 

upper floor area of 9.0m x 10m. The height of the ground level is 2.55m whilst the upper 

level has a maximum height of 2.62m. 

 Growing area – Large. 

 Estimated launch mass per growing area –Very low. 

 Complexity – High. 

 Anticipated development cost – Medium-low. 

 Launch volume utilisation – Poor (~63.5%). 

 Structural resistance – Medium. 

 Radiation and micrometeoroid protection – Poor. 

 Potential mitigation – Burial of the module beneath the local regolith. 

 Landing and planetary radiation protection – High. 

 Time to deployment – High. 

 

 

Figure 20 – The Semi-Rigid, Square Based Module with Two Levels 

Left: Undeployed (skin not shown); Right: Deployed  
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3.3.8 The Semi-Rigid, Octagonal Based Module with Rigid Floor Only 

(OCT1) 

The OCT1 module is a semi-rigid structure featuring a rigid folding floor combined with an 

inflatable roof made from a flexible high strength fabric skin, similar to the SQ1 module. The 

floor is made from seven rigid panels. The OCT1 module, as shown in Figure 21, contains the 

following features:  

 Undeployed shape – An open topped octagonal prism of sides 1.72m x 10m. 

 Deployed shape – A hemi-cylindrical shape with floor area 12.05m x 10m and a 

maximum height of 3.73m. 

 Growing area – Medium-large. 

 Estimated launch mass per growing area – Low. 

 Complexity – Moderate. 

 Anticipated development cost – Medium-low. 

 Launch volume utilisation – High (~90%). 

 Structural resistance – Medium. 

 Radiation and micrometeoroid protection – Poor. 

 Potential mitigation – Burial of the module beneath the local regolith. 

 Landing and planetary radiation protection – High. 

 Time to deployment – Medium. 

 

 

Figure 21 – The Semi-Rigid, Octagonal Based Module with Rigid Floor Only 

Left: Undeployed (skin not shown); Right: Deployed 

 

3.3.9 The Semi-Rigid, Octagonal Based Module with Rigid Floor and Roof 

(OCT2) 

The OCT2 module (refer to Figure 22) is a semi-rigid structure featuring a rigid folding floor 

combined with a rigid folding roof and a flexible high strength fabric skin for the side walls, 

similar to the SQ2. The rigid floor is made from seven panels, whilst the roof is made from 

seven slightly smaller panels. The OCT2 module features the following characteristics:  

 Undeployed shape – An octagonal prism of sides 1.72m x 10m. 

 Deployed shape – A trapezoidal prism with floor area 12.05m x 10m, a roof of 11.55m x 

10m and a height of 2.55m. 

 Growing area – Medium-large. 

 Estimated launch mass per growing area – Low-medium. 

 Complexity – Moderate. 

 Anticipated development cost – Medium. 

 Launch volume utilisation – High (~90%). 

Flexible 

Roof 

Flexible 

Side Wall 

Rigid 

Floor  

Rigid 

Door 

Frame 

Rigid 

Door 

Frame 

Stored 

System

s  



 

- 34 - 

 Structural resistance – Poor. (Medium with suitably thickened walls). 

 Radiation and micrometeoroid protection – Medium. 

 Potential mitigation – Partial burial of the module beneath the local regolith. 

 Landing and planetary radiation protection – High. 

 Time to deployment – Medium. 

 

 

Figure 22 – The Semi-Rigid, Octagonal Based Module with Rigid Floor and Roof 

Left: Undeployed (skin not shown); Right: Deployed 

 

3.3.10 The Semi-Rigid, Octagonal Based Module with Rigid Floor, Roof, 

and Two Side Walls (OCT3) 

The OCT3 module is a semi-rigid structure featuring a rigid folding floor combined with a 

rigid folding roof and a flexible high strength fabric skin for two of the side walls, similar to 

the SQ3 module. The final two walls are also rigid and connect the floor to the roof. The rigid 

floor is made from seven panels, whilst the roof is made from seven slightly smaller panels. 

The two rigid side walls are each constructed from two plates. The OCT3 module (Figure 23 

below) features the following characteristics:  

 Undeployed shape – An octagonal prism of sides 1.72m x 10m. 

 Deployed shape – A trapezoidal prism with floor area 12.05m x 10m, a roof of 11.55m x 

10m and a height of 2.55m. 

 Growing area – Medium-large. 

 Estimated launch mass per growing area –Medium. 

 Complexity – Moderate. 

 Anticipated development cost – Medium. 

 Launch volume utilisation – High (~90%). 

 Structural resistance – Poor. (Medium with suitably thickened walls). 

 Radiation and micrometeoroid protection – High. 

 Potential mitigation – Effective base design should be able to mitigate the risk 

from the two flexible side walls. 

 Landing and planetary radiation protection – High. 

 Time to deployment – Medium. 
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Figure 23 – The Semi-Rigid, Octagonal Based Module with Rigid Floor, Roof, and Side Walls 

Left: Undeployed (skin not shown); Right: Deployed 

 

3.3.11 The Semi-Rigid, Octagonal Based Module with Two Levels (OCT4) 

The OCT4 module is a semi-rigid structure featuring a rigid folding floor in addition to a rigid 

secondary folding structure which forms the floor of the upper level of this module, similar to 

the SQ4 module. A flexible high strength fabric skin is used for the roof and side walls. The 

lower floor is made from seven rigid panels, whilst the upper floor is made from five panels. 

The OCT4 module (Figure 24) contains the following features:  

 Undeployed shape – An octagonal prism of sides 1.72m x 10m. 

 Deployed shape – A hemi-cylindrical shape with lower floor area 12.05m x 10m and an 

upper floor area of 10.40m x 10m. The height of the ground level is 2.55m whilst the 

upper level has a maximum height of 3.03m. 

 Growing area – Very large. 

 Estimated launch mass per growing area –Very low. 

 Complexity – Very high. 

 Anticipated development cost – Medium-low. 

 Launch volume utilisation – High (~90%). 

 Structural resistance – Medium. 

 Radiation and micrometeoroid protection – Poor. 

 Potential mitigation – Burial of the module beneath the local regolith. 

 Landing and planetary radiation protection – High. 

 Time to deployment – High. 

 

 

Figure 24 – The Semi-Rigid, Octagonal Based Module with Two Levels 

Left: Undeployed (skin not shown); Right: Deployed 
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3.4 Trade Study Results 

The output of the Trade Study 2.0 program was used to produce the results shown in Table 17 

below. The method used by the program and the full calculation spreadsheets can be found in 

Appendix A and Appendix B, respectively. From this table it is clear that there are four 

modules which stand out as the best choices and which are almost inseparable on points 

(6.72-6.75).  

These four modules, also shown in Figure 25, are: 

 The Fully Rigid Cylindrical Module (RC1) – 6.75 

 The Semi-Rigid, Octagonal Based Module with Rigid Floor, Roof, and Two Side Walls 

(OCT3) – 6.74 

 The Inflatable Concertina Style Module (CC1) – 6.73 

 The Semi-Rigid, Octagonal Based Module with Two Levels (OCT4) – 6.72 

 

All four of these final designs offer unique opportunities.  

 The RC1 design offers the best results in protection as well as the ability to deliver a 

chamber ready to begin operations almost immediately once delivered to the desired 

location.  

 The OCT3 module offers a solid combination of protection and growing area. 

 The CC1 design offers a very large growing area and flexibility of location choice, whilst 

sacrificing protection, complexity, and an ability to carry systems internally during 

transport. This lack of protection could be mitigated through burying the expanded design 

under the planet surface, although this would require significant post-landing external 

operations.  

 The OCT4 module offers a large growing area, whilst sacrificing some protection and 

increasing complexity. 

 

These four designs will now be analysed in greater detail in Chapter 5.2. For this evaluation, 

full system integration models have been created in CATIA V5. The reason for the creation of 

these models was to allow for an increase in confidence levels into the quantitative values 

awarded to each design in the trade study, and to allow further investigation into the designs 

from a systems integration standpoint. The four designs were also explored to ensure that 

there were no “showstoppers” identified, which would rule them out of further development 

in the future. 



- 37 - 

 

Figure 25 – The Four Selected Modules for the Final Trade Study 

 

  

The Fully Rigid Cylindrical Module (RC1) 

The Semi-Rigid, Octagonal Based Module with 

Rigid Floor, Roof, & Two Side Walls (OCT3) 

The Semi-Rigid, Octagonal Based Module with Two Levels (OCT4) 
The Inflatable Concertina Style Module 

(CC1) 
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Table 17 – Final Results of Trade Study 

  

T9 Requirements 

Alternatives 

Rigid 

Rectangle 

(RR1) 

Rigid Cylinder  

(RC1) 

Concertina 

(CC1) 

Square – Floor  

(SQ1) 

Square – 

Floor/Roof 

(SQ2) 

Square – 

Floor/Roof/ 

Walls  

(SQ3) 

Square –  

2 Levels (SQ4) 

Octagon –

Floor  

(OCT1) 

Octagon – 

Floor/Roof 

(OCT2) 

Octagon – 

Floor/Roof/ 

Walls  

(OCT3) 

Octagon –  

2 Levels 

(OCT4) 

Norm 

Rating 
Total 

Norm 

Rating 
Total 

Norm 

Rating 
Total 

Norm 

Rating 
Total 

Norm 

Rating 
Total 

Norm 

Rating 
Total 

Norm 

Rating 
Total 

Norm 

Rating 
Total 

Norm 

Rating 
Total 

Norm 

Rating 
Total 

Norm 

Rating 
Total 

1 Growing area 1 0,31 2 0,62 10 3,11 4 1,24 3 0,93 3 0,93 7 2,18 6 1,87 5 1,55 5 1,55 9 2,80 

2 Complexity 9 0,64 9 0,64 3 0,21 7 0,50 6 0,43 5 0,36 4 0,28 7 0,50 6 0,43 5 0,36 4 0,28 

3 
Likely need to require 

an EVA 
10 0,71 10 0,71 7 0,50 8 0,57 8 0,57 8 0,57 7 0,50 7 0,50 7 0,50 7 0,50 6 0,43 

4 
Susceptibility to 

damage 
9 1,46 10 1,62 3 0,49 5 0,81 8 1,30 9 1,46 5 0,81 5 0,81 8 1,30 9 1,46 5 0,81 

5 

Radiation and 

micrometeoroid 

protection 

10 0,71 10 0,71 2 0,14 3 0,21 7 0,50 9 0,64 5 0,36 3 0,21 7 0,50 9 0,64 5 0,36 

6 
Anticipated 

development cost 
9 1,46 9 1,46 8 1,30 7 1,14 8 1,30 8 1,30 7 1,14 7 1,14 8 1,30 8 1,30 7 1,14 

7 
Flexibility of landing 

zone requirements 
5 0,16 5 0,16 8 0,25 5 0,16 5 0,16 5 0,16 5 0,16 5 0,16 5 0,16 5 0,16 5 0,16 

8 

Time for full 

deployment (to plant 

growing stage) 

9 0,15 9 0,15 4 0,07 6 0,10 6 0,10 6 0,10 4 0,07 6 0,10 6 0,10 6 0,10 3 0,05 

9 

Ability to carry all 

equipment within 

launch volume 

10 0,32 10 0,32 3 0,09 8 0,25 8 0,25 8 0,25 5 0,16 10 0,32 10 0,32 10 0,32 4 0,13 

10 
Estimated launch mass 

per growing area 
6 0,43 5 0,36 8 0,57 8 0,57 6 0,43 5 0,36 7 0,50 8 0,57 6 0,43 5 0,36 8 0,57 

GRAND TOTAL  6,35  6,75  6,73  5,55  5,96  6,12  6,14  6,17  6,58  6,74  6,72 
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3.5 Chamber Configuration Concepts Summary 

In this chapter a comparison of 11 different potential designs for the DLR Greenhouse 

Chamber was undertaken in order to identify the chamber that will provide the greatest 

benefits for a future manned planetary base. To accomplish this task, a trade study was 

performed utilising the Trade Study 2.0 program based upon the Analytical Hierarchy Process 

method. For this trade study, 10 objectives were identified as being of importance and each 

greenhouse design was rated according to these variables.  

The results identified four potential chambers as providing excellent possibilities for use in 

future missions. These four models were: 

 The Fully Rigid Cylindrical Module (RC1) 

 The Inflatable Concertina Style Module (CC1)  

 The Semi-Rigid, Octagonal Based Module with Rigid Floor, Roof, and Two Side Walls 

(OCT3)  

 The Semi-Rigid, Octagonal Based Module with Two Levels (OCT4)  

 

Each of these four models was rated almost equally by the trade study and each offers 

potential benefits as well as potential drawbacks. Further narrowing of the field of possible 

greenhouses to a single contender is a task for a future project. However, a final determination 

of the precise DLR Greenhouse module will not be possible until the exact mission for which 

the greenhouse is to be utilised is identified in detail. 
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4 PHASE A DESIGN 

 

"Simplicity is the ultimate sophistication." 

– Leonardo Da Vinci 

 

4.1 Overview of Required Systems 

At Phase A (also known as Maturity Level B) of a design project, the aim is to identify all of 

the major components required for the system, the basic system parameters, and to locate and 

size each component to a pre-detail design level. For the DLR Greenhouse Chamber, four 

separate growing systems were identified, as well as eight subsystems, which are outlined in 

the Figure 26 below. 

 

Figure 26 – Systems (Above) and Subsystems (Below) of the DLR Greenhouse Chamber
2
 

 

The four systems shown in Figure 26 each fulfil a niche in the overall growing capabilities of 

the Greenhouse Chamber, either through initiating the growing cycle (the Germination Unit), 

providing the bulk of the crop harvest (Standard Grow Unit), allowing for the production of 

perennial crops and dwarf trees (Single Grow Unit – Type A), or by utilising previously 

unused space for the production of small and minimal quantity crops (Single Grow Unit – 

Type B). All four of these systems have been designed to be modular and interchangeable, 

allowing for their use in any chamber configuration, such as those identified in Chapter 3. 

Each of these units plays a pivotal role in the effectiveness of the chamber as a potential food 

source for a planetary base. 

The eight subsystems identified in this project are both part of, and separate from, the four 

individual systems of the greenhouse chamber. Each undertakes a significant task within the 

chamber and helps to optimise production in order to ensure the highest yields are achieved. 

This project has attempted to allow, where possible, for the subsystems (and consequently the 

four primary systems) to achieve as high a level of customisation as possible. This high level 

of customisation allows for the tailoring of conditions for each plant so as to achieve optimum 

yield results. A description of the various conditions required by the plants can be found in 

Chapter 2.2.4. The level of customisation and control of each subsystem is described in detail 

in the following sections.  

A brief description of the purpose of each subsystem and a list of example components for 

that system are shown in Table 18 below.  
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Table 18 – Subsystem Breakdown
2
 

No. Subsystem Name Purpose Components 

1 
Structure and 

Mechanisms 

Various structures to enable the cultivation of the 

crops and to provide support for the other 

subsystems 

e.g. Primary and secondary structural elements, 

shielding, interfaces, walkways, access ladder, 

conveying system 

2 Air Management 

Transportation of O2 and CO2 to the plants, 

dehumidification of waste air, extraction and 

removal of trace gases, and thermal control of air 

temperatures 

e.g. Fans, H2O recovery system, temperature 

control system, trace gas removal system, piping, 

CO2 injection system 

3 Light and Power 

Illumination of the plants with fully adaptive 

wave spectrum and intensity mix for each life-

cycle phase 

e.g. LEDs, cooling system, electrical harnesses, 

PCU 

4 Thermal 
Removal of thermal loads from the system (e.g. 

Light S/S, Air Management) 

e.g. Thermal air and light exchange system, 

piping, radiator system 

5 
Nutrient Delivery 

(Sub)System 

Storage, mixing, and transportation of H2O and 

fertilizer to the plants. Ability to create 

individual mixtures for each Grow Pallet 

e.g. H2O tank, mix computer, mix tanks, 

distribution control system, fertilizer tanks 

(N,P,K), acid regulation tank, trace elements tank, 

piping 

6 
Grow Pallet 

Subsystem 

Containment of the root zone, as well as 

providing support for the plant. Primary 

dispenser of the NDS mixtures through dedicated 

aeroponic system 

e.g. Adjustable height root box, grow lid, 

aeroponic dispensers, microcontroller, controlled 

shutter valves, plant support structure, various 

sensors 

7 
Harvest and Cleaning 

Unit 

Workstation for separation of edible and non-

edible plant material, as well as cleaning and 

sterilization of used grow pallets 

e.g. Washing sink, piping, sterilisation unit, 

various harvest tools, initial storage locations for 

edible and non-edible materials 

8 
Data and Control 

Management 

Sensor system (to monitor the health of the 

plants), general data handling and control system 

e.g. Sensors (air flow, pH, EC, temperature, water 

mass flow, humidity, trace gases), electrical 

harnesses, cameras, data handling and control 

system 

 

4.2 Phase A Design of Systems  

4.2.1 The Standard Grow Unit 

The Standard Grow Unit (GU) is the primary location where plant growth is facilitated within 

the DLR Greenhouse Chamber. For this reason it is required to be as efficient as possible, in 

terms of space usage, resource requirements, and production output, as it will be the driving 

component behind the design of the overall Greenhouse Chamber. It is also required to be 

highly customisable in order to allow for the optimal growth of a wide array of plants. 

Additional requirements for the GU include minimising system mass and utilising simplicity 

of design to minimise maintenance downtime. The Standard GU, designed during this thesis, 

has been developed in order to meet these requirements through the utilisation of a highly 

versatile and compact design. 

The Standard GU is 4m long by 1m wide, with a height between 2.5-3.5m (based on the 

greenhouse module it is to be located within). Each GU comprises a number of racks (known 

as Primary Units (PUs)) which house the individual Grow Pallets (GPs) which carry the 

plants. The GPs proceed along the PU in a production line fashion, and are individually 

controlled by a range of in-built sensors. Each GP receives a specially tailored mixture of 

nutrients from the Nutrient Delivery System (NDS) depending on the plant type it contains 

and the specific growth stage of the plants.  
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Each GU contains between 3-6 PUs, which are positioned in a “ramped” configuration and 

which are individually height adjustable. This configuration allows for the optimum use of 

available space within the GU itself. The angles of the ramps are determined by the height of 

the plants and the speed with which they grow. GPs are placed upon the PU at the “shallow” 

end of the ramp so that the leaves are as close to the lighting system as possible. As the plants 

grow, they progress down the conveyor belt. This increase in height of the plants, which when 

combined with the increase in distance between the PUs (as the angle opens up), means that 

the canopies of the plants are always maintained at the optimum height from the lighting 

system, and that space is utilised as effectively as possible. 

The GU, as shown in Figure 27, consists of a frame, a fixed set of lighting for the top-most 

PU, a small waste tank (and associated pipework), and the distribution piping for the NDS and 

the CO2 system. Electrical cabling for the PUs is also provided. 

 

Figure 27 – The Standard Grow Unit 

 

4.2.1.1 The Primary Unit 

The Primary Unit (PU) consists of a mixture of systems required for the cultivation of plants 

in the aeroponic system. Each PU carries 9 Grow Pallets (GPs) within its 3.95m length.  

The PU consists of a frame of dimensions 3.82m x 1.0m, a conveyor belt system utilising 4 

rollers (to reduce the space requirements of the belt), and a small, efficient electrical motor. 

Mechanical means, in the form of a removable crank handle, are also included for movement 

of the belt in case of motor failure (this is not shown on the model). A series of drains around 

the outside of the conveyor belt collect water escaping from the GPs, whilst on the underside 

of the PU, the lighting system for the PU below is installed (as shown in Figure 28 below). A 

system of sensors for monitoring the canopy zones of the plants, as well as fans to stimulate 

air flow, are also incorporated in the underside of the PU alongside the lighting system. 
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Figure 28 – The Primary Unit (Viewed from Above and Below) 

 

The unique “ramped” configuration of the PUs within the GUs requires the adjustment in 

length of the PU to maintain a strong contact with the GU’s structure. To accomplish this, a 

spring loaded locking mechanism is included in the frame (refer to Figure 29). This works by 

pushing a gear attached to the end of the frame against the toothed edge of the GU frame 

(Figure 30). The locking mechanism maintains the position of the gear once the PU has been 

located correctly within the GU. It is envisioned that the PU will operate nominally at an 

angle of 0° ±7.5°, but will have an operational range of 0° ±15°. This range will allow for the 

widest selection of crops to be accommodated in the PU, whilst limiting the chance that the 

GP’s might slide on the conveyor belt due to high slope angles. This degree of freedom 

requires the length of the frame to be extendable from 3.8m to ~3.935m. 

 

Figure 29 – The Extended Arm Mechanism (Section View) 
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Figure 30 – The Locking Mechanism 

 

The conveyor belt (Figure 31) utilises a high-grip, moulded plastic belt to maintain the 

position of the GPs within the PU. The small, yet efficient electric motor will be expected to 

draw zero power when not in use, and to consume as little power as possible when in 

operation. This will be accomplished by utilising a motor with a low power output, yet high 

torque. This helps to achieve a smooth and slow operation of the conveyor belt in order to 

cause the least amount of shudder of the GPs. The selection of this motor, its power 

requirements, and operational outputs are considered outside the scope of this thesis. The 

system will also incorporate mechanical connections, in the form of a removable crank 

handle, in order to allow manual movement of the conveyor belt in the event of failure of the 

motor. 

 

Figure 31 – The Conveyor Belt Mechanism 

 

Drainage channels are located around the outside of the conveyor belt. These channels are 

open gutters into which any escaping, spilled or condensed moisture or liquids from the GPs 

are collected. The gutters, by collecting this waste water, help to protect the electrical wiring 

for the lighting system and the conveyor belt motors. The drains on the sides of the PU extend 

~10mm below the conveyor belt edge in order to ensure complete collection of the water. The 

drains at the end of the conveyor belt collect any moisture that should happen to slide off the 

end of the belt, as well as collecting the liquids from the side drains (Figure 32). From the end 

drainage channels a flexible hose connects the PU to the drain lines on the GU. 
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Figure 32 – Close-Up View of the Drainage Channels 

 

The underside of the PU incorporates a variety of systems. Beside the lighting system for the 

PU beneath, secondary systems that are attached include a series of fans to facilitate air 

movement through and above the canopy, and a monitoring system for analysing the plant 

canopy to analyse plant health. 

The lighting system (discussed in detail in Chapter 4.2.8) consists of a series of LED “Blade” 

lights, which extend across the system laterally. Each LED provides a cone of light specially 

tailored for operation at a distance of ~25-50mm above the plant canopy. Each “blade” is 

made up of a blend of white, blue, red, and ultraviolet-A (UV-A) LED’s, with their 

combination and output strengths being fully customisable. The lights shall be automated such 

that they are fully tailorable to each plant and their life stage requirements, including 

photoperiod, absorbed light strength (also known as Photosynthetic Photon Flux (PPF)), and 

white/blue/red/UV-A light percentage. The high degree of customisation available with the 

lighting system of the PU shall allow for optimal lighting conditions in the greenhouse 

chamber to be achieved. The use of LED’s also assists greatly in reducing the amount of heat 

output to the point that additional cooling of the lighting should not be required. A detailed 

design of the lighting system for the DLR Greenhouse Chamber shall be conducted in a future 

thesis
57

. 

The plant monitoring system to be incorporated is yet to be determined, however, two 

different, yet highly effective systems have recently been demonstrated by Ghent University, 

Belgium
35

 and Dresden University of Applied Sciences, Germany (Domurath, N. unpublished 

personal correspondence)
36

. Both of these systems seem likely to be contenders for this role. 

Ghent University has demonstrated a system utilising 3 cameras (infra-red, visual, and ultra-

violet) and image processing methods which are capable of monitoring the health and 

wellbeing of plants. The system takes regular images of plants and is able to identify at very 

early stages bacterial infections, fungi, and diseases affecting the leaves of the plants. 

Alternatively, Dresden University of Applied Sciences has demonstrated a system which 

involves the monitoring of Ethylene levels produced by the plants to identify signs of early 

stress. Both systems could potentially be incorporated into the DLR Greenhouse Chamber 

PUs. 
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4.2.2 The Grow Pallet 

The Grow Pallets (GPs) are the basic individual units of the DLR Greenhouse Chamber 

growing system. Within each GP, a single plant species is grown, with all plants coming from 

the same planting and being at the same stage in their life cycle. The GPs carry the plants 

from the first growth stage (after germination) through to harvest. The individual GPs, as 

shown in Figure 33 below, are made from a modular collection of three primary components: 

 The Base 

 The Middle Section 

 The Lid 

 

 

Figure 33 – The Grow Pallet 

Left: Section View (with Lid Removed); Right: Normal View 

 

Due to the differing nature of the plant species being investigated for this project (refer to 

2.2.5), the GPs were designed to accommodate three different sizes of plants as presented in 

Figure 34. To accomplish the change of plant species within the GP, only the lid is required to 

be exchanged, with the base and the middle section remaining the same for all plant types. 

 

Figure 34 – The Three Grow Pallet Options 
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The base is the primary component of the GP, and is detailed in Figure 35 below. The base 

contains the aeroponic misters and their associated piping, a nutrient solution reservoir, the 

nutrient delivery pipe and control valves (both between the delivery pipes and the nutrient 

reservoir and between adjacent GPs), an electronic control unit, and a series of sensors to 

monitor humidity, temperature, reservoir levels, water moisture, and potentially other values 

such as pH, electrical conductivity (EC) and trace gas quantities.  

 

Figure 35 – The Grow Pallet Base 

Left: Section View; Right: Normal View 

 

The middle section is a relatively simple, stackable component that is used for height 

adjustment purposes. Figure 36 shows the middle section from both above and below. The 

middle sections are each 10cm in height and can be stacked on top of each other to allow for 

increasing root zone dimensions (Figure 37). Additionally, finer levels of height adjustment 

can be achieved by the “toothed” tabs that run down the outside of the middle section, which 

when aligned with similar tabs on the inside of the base allow for adjustment to 5mm 

accuracy. The middle section also provides the base for the lid.  

In addition, the carbon dioxide delivery pipes are located along the edges of the middle 

section. The CO2 pipes within the GPs are removable pipes which are fitted to the middle 

section and feature numerous branches that penetrate through small holes in the middle 

section. The branches of the CO2 piping are punctuated at their tip by small holes which are 

angled to direct the CO2 into the plant leaf mass to help encourage plant growth. The carbon 

dioxide piping is connected via spring loaded locking mechanisms which join the GPs 

together, and to hoses which connect to the CO2 supply lines at each end of the GU. For 

reasons of maintaining simplicity and cleanliness of the model, the external CO2 piping and 

the locking mechanisms for the CO2 lines between the GPs have not been modelled. It should 

also be noted that the CO2 piping is only included on the upper middle section when in a 

stacked configuration and that CO2 is not supplied to the root zone under normal operation. 

At present, the CO2 supply is designed to be piped directly to the plants. However, a future 

study will be required to determine whether this method provides an advantage in terms of 

yield over maintaining the entire chamber at a raised CO2 concentration of between  

1000-1200ppm to justify the additional weight and complexity of the direct supply method. 
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Figure 36 – The Grow Pallet Middle Section (Viewed from Above and Below) 

 

 

Figure 37 – The Grow Pallet Middle Section Stacked Configuration 

Left: Section View; Right: Normal View 

 

The lid is a modular component which comes in multiple designs, depending on the crop to be 

produced. For this thesis three lids have been created, as shown in Figure 38, one for grain 

style plants (e.g. Wheat), one for middle sized plants (e.g. Beans), and one for large diameter 

plants (e.g. Lettuce). Each lid is placed freely on top of a middle section and can be removed 

without removing the rest of the GP. This allows for quick access to the root zone of the 

plants (for example, to allow for the periodic harvesting of root vegetables) and for 

maintenance of the GPs without the need for disassembly of the complete system. 

CO2 Piping 
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Figure 38 – The Grow Pallet Lids 

 

When a new crop is planned, a lid of the correct design is chosen and the seeds planted within 

(using a cotton matting to hold the seeds in place for the larger designs). The lid is then placed 

within the Germination Unit (GeU) until the germination stage is complete and the first plant 

leaves have developed. At this point, the lid is relocated from the GeU and placed upon a GP 

which is then inserted into a PU. When the crop reaches harvest, the lid is removed, the crop 

harvested, the entire pallet is thoroughly cleaned and sanitised, and the PU is advanced one 

stop. The GP is returned to the first position on the PU with a new lid fresh from the GeU. 

The old lid is reseeded and placed within the GeU ready for the next cycle. The planning and 

timing of this process is outside of the scope of this thesis, but will be the topic of a future 

project. 

The functioning of the aeroponic system incorporated in the GPs, and within the GU as a 

whole, is as follows: 

 The Nutrient Delivery System (NDS) delivers the correct nutrient solution to the GP as 

described in Section 4.2.6. The volume of nutrient solution maintained within the 

reservoir of the GP should be between 2-6 litres of solution (dependent on the plants) in 

order to allow approximately 2 days worth of continuous operation without refilling. It is 

envisioned, however, that the GPs will be refilled by the NDS each day. This buffer is to 

accommodate potential failures or problems with the NDS system. 

 The reservoir is pressurised by either a pneumatic supply system or a mini pump (to be 

determined during the detail design phase of the system which is beyond the scope of this 

thesis). 

 The high pressure nutrient solution is delivered to the plants via the aeroponic misters at 

regular intervals as required by the plants. An ordinary program as described in Ritter et 

al.
24

, would see the misters operating for 3 seconds in every 10 minutes at a rate of 4 litres 

per hour. 

 Once every hour, the pressure within the nutrient reservoir is gently released, and a drain 

hole between the reservoir and the primary chamber within the GP is opened, allowing the 

condensed water and nutrients from the GP to drain back into the reservoir replenishing 

the chamber.  

 The chamber is then re-pressurised and misting begins again. 
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The sensors within the GP continuously monitor the root zone of the plants to ensure 

optimum growing conditions. The readings of these sensors are fed wirelessly to the primary 

system control computer by the GPs individual control unit. As a result of this, the units can 

be controlled in near real time, permitting the adjustment of the quantity and constituents of 

the nutrient solution delivered each day. Additionally, the pressure, quantity, timing, length of 

operation, and drop size delivered by the aeroponic misters, and the identification of problems 

(sensor failures, low reservoir levels, etc.) can all be monitored and controlled in similar 

fashion. 

   

Figure 39 – Sensors for Grow Pallet Monitoring 

Left: 5TE Soil Moisture, Temperature, and Electrical Conductivity Sensor from Decagon 

Devices
58

; Right: Humidity/Temperature Transmitter Assembly from Minco
59

 

 

4.2.3 The Single Grow Unit – Type A 

The Type A Single Grow Units (SGU-As), as shown in Figure 40 below, are secondary 

growing units incorporated in the DLR Greenhouse Chamber which are optimised for the 

growth of longer term plants such as perennials (e.g. Tomatoes, Cucumbers) or dwarf trees 

(e.g. dwarf Apple trees). The SGU-As utilises many of the same technologies as the standard 

GU, although they are not designed for the same production line style of harvesting. 

 

Figure 40 – The Single Grow Unit – Type A 
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The enclosed root zone chamber (1m x 1m x 0.5m in size) features a large empty space for the 

root zone, a nutrient reservoir, a series of aeroponic misters, and a number of sensors to 

monitor temperature, humidity, and water levels within the chamber. The aeroponic misters 

for the SGU-A are located along the walls of the root zone chamber to avoid entanglement 

with the roots of the larger plants (see Figure 41). The roof of the root zone chamber is 

constructed of a series of removable tiles which allow the chamber to cater for different 

numbers of plants as well as varying plant stem sizes. 

Above the root zone chamber, the growing area is surrounded on three sides by LED blade 

lights to a height of between 1.5-2.25m (depending on chamber configuration). These blades 

are designed to illuminate progressively along their length and as such will allow optimal 

lighting as the plant grows, whilst minimising the amount of light “wasted” within the unit.  

 

Figure 41 – The Single Grow Unit – Type A – Section View, Standard View, and Roof Underside 

View 

 

The roof of the chamber is height adjustable (see Figure 42) and contains further LED blade 

lights, a large fan to stimulate air flow, and a health monitoring system for the plants, similar 

to that which is envisioned for inclusion on the PUs. The height adjustable nature of the roof 

allows for optimum air flow of the plants and the optimum use of lighting to the plant canopy. 

Operation of the SGU-A is envisioned to be similar to that of the standard GUs, with the 

exceptions that the SGU-As grow their plants or trees through multiple seasons and do not 

operate on a lean manufacturing style production line. 

 

Figure 42 – The Single Grow Unit – Type A – Example of Roof Height Adjustment  
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4.2.4 The Single Grow Unit – Type B 

The Type B Single Grow Units (SGU-Bs), detailed in Figure 43, are the third type of growing 

unit incorporated in the DLR Greenhouse Chamber. They are optimised for the growth of 

smaller crops, where only a limited quantity of biomass is required to be harvested (e.g. herbs 

or strawberries). The SGU-Bs are designed to be located in areas where space would 

otherwise not be utilised, such as under the standard GU support structure in the RC1 

Greenhouse Chamber design (refer to Chapters 3.3.2 and 4.2.11) or next to the highly curved 

surfaces of the semi-rigid and inflatable designs (refer to Chapter 3.3). 

 

Figure 43 – The Single Grow Units – Type B (With Lid and Without) 

 

The SGU-Bs operate in a similar fashion to the GPs, utilising many of the same technologies. 

However, the SGU-B units are smaller in dimension than the GPs, being only 480mm x 

480mm x 150mm in size. Additionally, they are constructed from only two moulded 

components, the base and the lid, and as such do not possess a height adjustment feature. In 

contrast to the standard GU, the SGU-Bs are not designed for a production line style of 

harvesting, but remain in a single location within the chamber. Lastly, the LED lighting 

system for the SGU-B units are located on a series of trays above the unit which are fixed in 

place and are not adjustable depending on the height of the plants. The setup of a series of 

SGU-Bs and their associated light trays is shown in Figure 44 below. 

 

Figure 44 – The Single Grow Unit – Type B with Light Tray 
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4.2.5 The Germination Unit 

The Germination Unit (GeU), Figure 45 below, is a stand-alone unit which is used to 

germinate the seeds to first growth prior to their placement within the GUs. The unit operates 

by placing a series of trays (the lids of the GPs and SGU-Bs, as discussed later), that are 

placed in a sealed, high humidity, warm temperature environment. The trays are seeded prior 

to placement within the GeU and are removed after the germination phase (identified as the 

point where the first leaves have formed on the plant).  

 

Figure 45 – The Germination Unit (Section, Front, and Rear Views) 

 

The GeU is an enclosed chamber of dimensions 0.5m x 1m x 1.5m. Within the GeU, 

aeroponic misters spray a fine mist of spray from the back wall of the unit into the gap 

between trays, maintaining a high humidity environment. LED blade lighting on each side of 

the unit are located in the gaps between lids, allowing for an individual tray to be illuminated 

as required, without other trays being inadvertently exposed to light. This is an important 

design feature as seeds vary in the amount of light they require to achieve germination.  

The system has been designed so that each rack takes a single GP lid or two SGU-B lids. The 

system can be monitored through a tinted glass door which allows the user on the outside to 

look into the chamber without excess light entering the unit and affecting plant germination. 

Figure 46 below shows a comparison between the designed GeU and an illuminated growth 

chamber which currently exists on the market. Whilst the two designs are similar, the GeU’s 

ability to customise conditions for each seed rack makes it highly desirable compared to 

currently available systems.  
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Figure 46 – The Germination Unit and the Al-Tar LI15 Illuminated Growth Chamber
60

 

 

4.2.6 The Nutrient Delivery System 

The Nutrient Delivery System (NDS) is an important subsystem of the DLR Greenhouse 

Chamber and is described in Figure 47 below. The highly innovative and unique design of the 

NDS allows the system to be specifically tailored to provide the optimum flexibility within 

the system, allowing each individual GP to be supplied with a specially prepared nutrient 

solution containing exactly the right amount of nutrients, at the correct concentrations, each 

day as required by the plants at their specific life cycle stage. Additionally, the water 

subsystem, which incorporates the large water reservoir for the module, as well as various 

distribution piping, is included in the NDS system and is described in detail in Chapter 

4.2.6.1. The waste subsystem is also considered as part of the NDS system and is described in 

Chapter 4.2.6.2. 

 

Figure 47 – The Nutrient Delivery System (Section View) 
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The NDS is a 0.5m x 1m x 1.5m tall cabinet, containing three large storage tanks of 

dimensions 0.15m x 0.95m x 0.5m (71.25L capacity) each holding a high concentration 

solution of either Nitrogen, Phosphorus or Potassium (the three primary components of plant 

nutrient solutions). Two additional small storage tanks (0.2m x 0.4m x 0.2m – capacity 16L) 

hold concentrated mixtures of the secondary nutrients, micronutrients, and acid solutions 

required for plant health (e.g. Calcium, Magnesium, Sulphur, Iron, Manganese). Below these 

tanks, two mixing tanks (0.45m x 0.4m x 0.1m – capacity 18L) are located.  

The mixing tanks are connected to each of the solution tanks and the primary water tank 

through specialised control valves which allow specific quantities of solution and water into 

the mixing tanks. The solutions are mixed together with agitators inside the tanks before being 

pumped to the specific GP that the mixture was created for. Additionally, filters are located at 

the entrance to the mixing tanks to ensure that no solid debris contaminates the system.  A 

pump is included in the NDS system to provide the pressure to transport the mixed solutions 

to the GPs. 

The NDS is controlled from a central computer, which contains a database of optimal 

solutions for each plant at each stage in its growing cycle. This data is then combined during 

operation with the feedback from sensors in the GPs and GUs in order to calibrate the nutrient 

solutions so that the plants are supplied at all times with the optimum solution. A flowchart 

outlining in detail the steps in the operation of the NDS is shown in Figure 48. 

The functioning of the NDS within the GPs, and the GUs as a whole, is as follows: 

 The NDS creates the nutrient solution specifically required by a particular GP based 

on the predetermined requirements of the system computer, combined with the 

feedback from the GP’s sensors.  

 The nutrient solution is delivered to the specific GP, via the NDS delivery pipework 

running through each pallet. Each GP upstream of the target GP shuts the valve 

connecting their reservoir to the delivery piping, whilst opening the valve connecting 

the GP to its neighbour. In this way, the nutrient solution has a direct uninterrupted 

journey to its target GP. The targeted GP closes its valve connecting to its downstream 

neighbour and opens the valve connecting to its reservoir, thus allowing its reservoir 

to be refilled. 

 When the nutrient solution is finished being delivered to the specific GP, the NDS 

creates the nutrient solution for the next GP and the process repeats. 

 

The NDS is designed for complete redundancy, in that each Greenhouse Chamber will be 

equipped with at least two NDS units. To accomplish the complete redundancy of the system, 

each unit will be able to perform the actions of both NDS units. Should one NDS unit fail or 

be taken down for maintenance, the other unit will be able to supply all of the nutrient 

solutions normally supplied by both units. 

A comparison of the designed NDS and an existing NDS system currently on the market are 

shown in Figure 49. Whilst both systems have potential, the DLR Greenhouse Chamber NDS 

is designed to mix numerous solutions to exacting quantities, and deliver these solutions 

according to preset instructions. An NDS with this level of sophistication is currently 

unavailable on the market, and as such the proposed NDS design would provide an advantage 

when utilised within the DLR Greenhouse Chamber. 
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Figure 48 – Flowchart of NDS Operation 
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Figure 49 – The DLR Greenhouse Chamber NDS and the Netafim Fertikit PD NDS
61

 

 

4.2.6.1 The Water Subsystem 

The water subsystem is a relatively simple system within the DLR Greenhouse Chamber, 

however, it is one of the largest as water usage within the Greenhouse environment is 

expected to be significant. As an example of expected water usage, the University of Arizona 

Prototype Bioregenerative Life Support System (BLSS) Lunar Greenhouse
62

 project used on 

average 17.4kg of Water per day to feed a “cable culture” hydroponics setup of 111 plants 

consisting of Lettuce, Strawberry, and Sweet Potato. However, of this 17.4kg per day of water 

used by the plants, 15.7kg per day was able to be reclaimed from the atmosphere due to plant 

transpiration. From this example, it can be seen that water usage, control, and conservation 

are an exceptionally important part of the greenhouse module. 

The water subsystem comprises a large pure water reservoir (an example of which is shown in 

Figure 50 below), which is connected to the NDS. A second connection is established to the 

dehumidifier unit which helps refill the reservoir with water collected from plant 

transpiration. The exact size and location of the water reservoir are dependent on the choice of 

greenhouse architecture. However, it is envisioned that the reservoir will be located against 

the roof of the chamber for two reasons: 1) water provides excellent radiation protection (as 

discussed in Chapter 2.1.2.1); and 2) the location above the NDS provides gravity assistance 

to the system reducing pumping requirements.  

 

Figure 50 – The Water Reservoir (for the RC1 Module) 
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The piping of the water subsystem has not been modelled in this thesis but it is envisioned 

that potable water grade composite piping would be used to reduce system weight. For similar 

weight reasons, it is also envisioned that the reservoir would be constructed from lightweight 

polyurethane materials. 

The water subsystem is designed to hold approximately 10m
3
 of pure water. This size has 

been calculated (see Appendix I) such that with a full tank of water, under normal operating 

conditions (defined as complete usage of the GUs and with similar percentages of water 

condensed by the dehumidifier unit as shown in Sadler et al.
62

), operation will continue 

without the need for refilling of the water reservoir for a period of 2.5 years. Alternatively, 

under failure conditions (defined as complete usage of the GUs combined with complete 

failure of the dehumidifier unit, resulting in no water condensate refill) that 3 months of 

operation are possible. These values also take into account expected losses from waste, 

leakage, spillage, etc. 

 

4.2.6.2 The Waste Subsystem 

The waste subsystem comprises a large waste tank (an example of which is shown in Figure 

51 below) located to the base or side of the chamber (depending on module configuration), 

and various pipes connecting the GUs and other systems to the waste tank (not modelled). 

Although the GPs and other systems are designed so as to not generate waste water, occasions 

will occur where waste is generated (e.g. from spills or mechanical breakdowns). The waste 

tank is designed to collect the results of these occurrences.  

For this thesis, the detailed design of the waste subsystem is considered beyond the scope of 

the project. However, it is envisioned at this time that the small quantity of waste water 

produced by the chamber will be collected and then periodically discarded, either to the 

system wide recycling centre or externally from the planetary base. An alternative option 

requiring further investigation is whether it is beneficial to the system to include recycling 

systems within the Greenhouse Chamber itself.  

 

Figure 51 – The Waste Tank (for the RC1 Module) 
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4.2.7 The Air Management System 

The Air Management System (AMS) within the DLR Greenhouse Chamber, shown in Figure 

52, consists of a number of subsystems designed to monitor, regulate, and control the air 

quality of the chamber at an optimal level both for human habitation and for plant growth.  

The AMS comprises a series of extraction ducting located either behind or above the GUs 

(depending on the Greenhouse Chamber configuration), a series of trace gas filters, a 

dehumidifier, a collection of CO2 tanks and their associated pipework, and a variety of 

sensors for real time monitoring of air quality.  

 

Figure 52 – The Air Management System 

 

The primary subsystem of the AMS operates by extracting chamber air from around the GUs 

through the extraction ducting, and passing this air through a series of trace gas filters and the 

dehumidifier, before returning the now clean and dry air back to the chamber. The trace gas 

filters remove gases which are produced by either the plants (e.g. ethylene and various 

volatile organic compounds) or the chamber (e.g. outgassed chemicals). The removal of these 

compounds improves the health of the air for both the human and plant occupants. 

The dehumidifier is of particular importance within the AMS as it facilitates the greatest 

amount of resource recycling within the entire Greenhouse Chamber system and is essential in 

minimising the loss of water resources. It has been shown in Sadler et al.
62

 that plants 

transpirate into the atmosphere as much as 95% of the water they absorb through their roots, 

making water recovery a priority in an enclosed greenhouse environment. This phenomenon 

was detailed in
62

, where over two 14-day test periods in the University of Arizona Prototype 

BLSS Lunar Greenhouse an average of approximately 250kg of water was consumed by the 

plants, whilst some 230kg of water was able to be recovered per test from the air by the 

dehumidifier system. As such the choice of dehumidifier will require careful selection as the 

correct choice could see water loss of the overall system reduced to minimal levels. The exact 

selection of the dehumidifier is beyond the scope of this project, however a variety of 

dehumidifiers exist on the market today, with one potentially acceptable unit for the chamber 

shown in Figure 53.  
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Figure 53 – The Modelled Dehumidifier Unit and the FD-360 Fixed Type Dehumidifier Unit 

from KlimaPro
63

 

 

The CO2 system is designed to take pressurised CO2 from tanks (Figure 54 (Left)) located 

either under the chamber floor, or mounted on the roof or side walls, to the plants via 

distribution piping to output holes located in the GPs (Figure 54 (Right)). The system has 

been preliminarily designed to increase the overall CO2 level of the Fully Rigid Cylindrical 

Module (RC1) to between 1000-1200ppm (approximately 2.5-4 times the values currently 

found in nature). The value of 1000-1200ppm has been chosen as the majority of plants 

investigated for this project produce optimum yields in this range or slightly below
40

. Higher 

values are not recommended as they have been found
31

 to lead to a significant decrease in 

crop yields. Advice from the US Department of Labour
64

 provides an 8 hour weighted 

average exposure limit for humans of 5000ppm or levels of 30,000ppm for short-term 

exposure. As such, maintaining this higher level of CO2 will not be detrimental to the health 

of the human workers within the DLR Greenhouse Chamber. 

Whilst the current design allows for the CO2 to be piped directly to the plants, the alternative 

is to maintain the overall chamber at the 1000-1200ppm mark. This would reduce the 

complexity and weight of the system but would not be as optimised for the plants. 

Maintaining the entire system at an increased CO2 concentration would, in addition, require 

an airlock to be installed between the DLR Greenhouse Chamber and the rest of the habitat. 

Although, this may be a potential design requirement of the entire habitat for reasons of crew 

safety and protection. 

 

Figure 54 – The CO2 System  

Left: CO2 Tanks in Support Cage; Right: Grow Pallet CO2 Piping 
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A number of sensors exist on the market today which can monitor air quality, including fixed 

sensors (e.g. the Greenhouse Gas System 1 from Li-Cor
65

 – Figure 55 (Left)) or handheld 

sensors (e.g. the DirectSense TVOC PID Monitor from Enviro Technology Services
66

 – 

Figure 55 (Right)). The AMS will incorporate multiple air sensors to ensure that the overall 

habitat environment (including air quality, temperature, and humidity) is maintained at an 

acceptable level for both the plant and human inhabitants. A decision at a later date is required 

as to whether fixed or hand held sensors would provide better monitoring of the chamber, as 

both have advantages and disadvantages. The final solution will therefore most likely involve 

a combination of the two sensor types. 

  

Figure 55 – Air Monitor Sensors 

Left: Fixed Air Monitoring Sensor – Greenhouse Gas System 1 from Li-Cor
65

; Right: Handheld 

Air Monitoring Sensor – Direct Sense TVOC PID Monitor from Enviro Technology Services
66

 

 

4.2.8 The Lighting System 

The Lighting System (LS) comprises the overall unit lighting as well as the lighting for the 

individual units. This subsystem will be designed in detail in a future thesis
57

 and as such has 

only been examined to a Phase A level of detail. However, at this point a number of design 

guidelines for the detailed design of the system can be recommended and are listed below. 

 The LS will operate in DC mode. This is to reduce system weight by excluding the need 

for a DC/AC inverter, as it is considered most likely that power for the planetary base will 

be supplied in DC form from solar panels or fuel cells.  

 The LS will utilise Light Emitting Diode (LED) lighting, because of the low power 

consumption, low cost, high reliability (~100,000hrs)
67

, low heat output, high 

controllability, and high customisability of LED systems. 

 The LED’s of the LS will consist of a combination of blue LED’s, red LED’s, white 

LED’s, and UV-A LED’s, so that the light spectra provided to the plants can be tailored to 

the specific growing stage of the plants. The percentages of different coloured LED’s in 

operation at any time and their power levels will be fully customisable. 

 The cone of light produced by the LED’s will be tightly controlled to prevent light 

pollution from affecting other GUs which may be on different light photoperiods or light 

spectra. 

 The LS will be tailored to provide optimum lighting at an approximate distance of 

between 25-50mm from the plant canopy. 

 The LS will introduce minimal heat into the system. 

 The LS for all units will be controlled centrally. Connections between the control 

computer and the individual LS units will be conducted wirelessly. 
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 Where possible, standardisation and modularity shall be employed, in order to reduce 

costs, improve efficiencies, and to allow replacement of system components by simple 

“plug and play” methodologies. 

 Overall system lighting (not directly related to plant growth) shall be designed such that it 

does not adversely affect plant growth through the reduction of plant “dark” photoperiods 

or similar. This may involve the use of personal lights (“miner’s lamps”) or carefully 

arranged strip lighting. 

 

The currently modelled LED Blade lights for the DLR Greenhouse Chamber (Figure 56) are 

based on the “Lightsicle” Reconfigurable LED Lighting Array (see Figure 57)
67

 demonstrated 

by NASA Specialized Center of Research and Training in Advanced Life Support in 

collaboration with Orbital Technologies Corporation. This lighting model would appear to 

fulfil a large number of the above requirements, although further refinement would be 

required for the Greenhouse Chamber installation.  

The LS covers components in the standard GUs, SGU-As, SGU-Bs, GeUs, and overall system 

lighting. Detailed design of these components will not be discussed further in this thesis. 

 

Figure 56 – The Light Tray (from the Grow Unit) 

 

 

Figure 57 – “Lightsicle” Reconfigurable LED Lighting Array
67
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4.2.9 The Harvest and Cleaning Unit 

The Harvest and Cleaning Unit (HCU), shown in Figure 58, is a multi-function workstation 

that serves as the location for seeding, harvesting, cleaning, and maintenance of the 

greenhouse system. The HCU consists of a sink connected to a water reservoir and filter 

system operating as a semi-closed loop system, where fresh water injections would be 

supplied at regular intervals and the complete system flushed on an annual basis. Above the 

sink a “fold down” panel is locked open when the sink is in use, and is then closed down over 

the sink when a flat, stable platform for working tasks is required. Behind this slate, mounted 

on a backing board, are all the tools that would be required for seeding, harvesting, and 

maintenance of the chamber. 

 

Figure 58 – The Harvest and Cleaning Unit  

Left: Cleaning Mode; Right: Desktop Mode 

 

Separate to the HCU, but considered as part of the HCU system, is a stand-alone medical 

grade UV Sterilisation Unit (Figure 59 (Left)). This unit would be large enough to take 

individual GP components. The requirement for a medical grade Sterilisation Unit, similar to 

Figure 59 (Right), comes from the fact that certain bacterial and fungal colonies in a 

microgravity environment grow at a significantly increased rate, or become significantly more 

virulent, when compared to Earth-based colonies
32,33,34

. Whilst the DLR Greenhouse Chamber 

is not being designed for a microgravity environment, the reduced gravity of the Moon or 

Mars is likely to see bacterial or fungal growth rates that are greater than that found on Earth. 

As such an effective means to remove these from plant growth areas is required in order to 

prevent crop failures due to disease. 

  

Figure 59 – The Modelled Sterilisation Unit and the ATT 09-UVS UV Steriliser
68
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4.2.10 The Data Management and Control System 

The purpose of the Data Management and Control System (DMCS) for the DLR Greenhouse 

Chamber is two-fold. First, a power control unit will provide a central monitoring setup that 

will be able to control power outputs for the entire chamber. Secondly, a data management 

unit will provide a central computer able to connect to all sensors within the chamber, in order 

to collect, monitor, and control, in real time, the environmental values of the chamber within 

predefined limits. Additionally, these systems shall allow for variables (both global and 

individually within GPs) to be manually adjusted by the crew of the greenhouse. All system 

variables and sensor readings will be stored locally and will be accessible as required by the 

crew in an easy to read format. 

The detailed design of the DMCS for the DLR Greenhouse Chamber is considered outside of 

the scope of this thesis and as such two “black box” systems of dimensions 0.5m x 0.5m x 1m 

have been modelled (Figure 60) to represent a power control unit and a data management unit. 

The sole purpose of these models was to provide space allocation models for integration in the 

CATIA V5 assembly models. No further information about these components will be 

discussed in this thesis. 

It should also be noted that it is the intention of this project that power generation will be 

provided by the overall planetary base and will not be generated or regulated (beyond that 

required for individual system use) within the DLR Greenhouse Chamber. 

 

Figure 60 – The Power Control and Data Management Units 

 

4.2.11 The Structure and Mechanisms System 

The Structure and Mechanisms System (SMS) of the DLR Greenhouse Chamber provides 

support structure for the module systems, and, where necessary, walkways for the crew. 

Additionally, depending on the module design, stairwells, support for non-rigid wall 

components, and other items of a structural nature fall under this category. Mechanical lifting 

devices providing support to the crew for the lifting of heavy items within the chamber are 

incorporated as a subsystem within the SMS. Autonomous assistance devices for performing 

repetitive tasks within the chamber are also included as a subsystem. 
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It is envisioned that the primary internal structure within the chambers will be constructed 

from Aluminium or high strength composite materials, except in locations where high loads 

must be carried for which Titanium will be utilised instead. The exact internal structure to be 

designed for depends on the specific requirements of the final module selected. Detailed 

design, stress analysis, and optimisation of these structures will be conducted in a future 

thesis. 

Two examples of chamber internal structures (a stairwell from the OCT4 chamber and the GU 

support structure from the RC1 unit) are shown in Figure 61 below: 

 

Figure 61 – Examples of Chamber Internal Structures  

Left: Stairwell from OCT4 Unit; Right: Walkway and Grow Unit Supports from RC1 Unit 

 

4.2.11.1 Mechanical Lifting Devices 

The mechanical lifting devices are a series of optional items that have only been partially 

explored in this thesis. The mechanical lifting devices are designed to assist the astronauts in 

the task of lifting various items within the chamber. Fully grown potato plants can have a 

mass as high as 4.3kg
69

 and a full GP complete with a full complement of potato plants could 

easily exceed 24 kg in mass making them unsuitable for manual lifting by the crew of the 

planetary base. Additionally, due to the design of the GUs and their positioning within the 

chamber, certain GPs will require excessive reaching or bending which could potentially 

cause injuries to the astronauts.  

In order to prevent injury to the crew, the implementation of mechanical lifting devices in the 

form of overhead cranes or hand lift devices would be highly beneficial and help to reduce the 

strain on the crew. For this project, an overhead crane within the Fully Rigid Cylindrical 

Chamber (RC1) was modelled as an example of a mechanical lifting device (Figure 62 

(Left)), with an existing overhead crane shown in Figure 62 (Right) for comparison. A future 

thesis will be required to determine the specific needs of the crew in relation to mechanical 

assistance and the optimal way of providing this help within the DLR Greenhouse Chamber. 
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Figure 62 – Mechanical Lifting Device Example – Overhead Crane 

Left: Modelled Crane; Right: Space X Vehicle Integration Overhead Crane
70

 

 

4.2.11.2 Autonomous Assistance Devices 

The use of automation is expected to play a large role in the DLR Greenhouse Chamber, and 

as such the SMS is expected to contain a variety of autonomous assistance devices. These 

devices, most commonly in the form of robots, are envisioned for such repetitive manual tasks 

as plant monitoring, harvesting, collection, and transportation. It is possible that these robots 

will be combined with the mechanical lifting devices discussed above, such as the overhead 

crane, in order to facilitate their movement throughout the system. However, the design of the 

autonomous assistance devices for the DLR Greenhouse Chamber is considered beyond the 

scope of this thesis. 

  

Figure 63 – Autonomous Assistance Devices 

Left: Strawberry Harvest Robot
71

; Right: Kawasaki RS10L Multi-Purpose 6-Axis Robot
72
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4.2.12 Systems Not Studied in Detail in this Thesis 

It should be noted that a number of systems and subsystems have been considered outside of 

the scope of this project. The reasons for their exclusion from detailed analyses at this point 

are covered below: 

 Micrometeoroid and Orbital Debris Shielding – The development of an effective non-rigid 

fabric capable of being folded and compacted whilst also offering excellent 

micrometeoroid, orbital debris, radiation, and thermal shielding is an extremely complex 

task requiring significant detail design and testing beyond the scope of a Phase A design 

project. The development of fabrics of this nature are currently, or previously have been, 

under development by teams involved in the NASA Transhab project
73

 and the ASI 

(Italian Space Agency) sponsored Multipurpose Expandable Module (FLECS) Project
74

.  

 External Thermal and Radiation Protection – For the same reasons identified above for 

Micrometeoroid and Orbital Debris Shielding, this system was considered outside of the 

scope of this project. A detailed thermal analysis would be expected as a following thesis 

project once specific items that are likely to constitute the majority of the heat input into 

the systems (e.g. the Lighting System) are identified in detail. 

 Planetary Landing, Orientation and Positioning Systems – The design of a planetary 

landing system for an object as large as the DLR Greenhouse Chamber requires a 

significant amount of detailed design work. This task can only begin once the layout of 

the module has been identified to a medium-to-high level of detail.  

 Electricity Generation – For the purpose of this initial study it has been assumed that all 

electrical requirements will be provided by the overall base habitat.  

 Airlocks and Structural Connection Mechanisms – For the purposes of this initial study it 

has been assumed that all airlocks and connections between units within the overall 

habitat would be of the same design. Thus, the overall habitat architect should be the 

person to identify the best style of connections for the entire base. For this project, only a 

generic connection has been modelled for each of the units. 

 Communications – For this project it has been assumed that communications within the 

chamber will be carried out wirelessly, however, the selection of which wireless 

technology is to be used (WiFi, Bluetooth, WiMax, etc.) has not been considered. 

Additionally, the method for connections between the Greenhouse Chamber and the rest 

of the habitat is still to be determined. 

 Fire Detection and Extinguishing System – The design of a fire detection and 

extinguishing system for an enclosed chamber is an important aspect of the design. 

However, it requires detailed knowledge of the systems within the chamber, the layout of 

the systems and the available resources for fire detection and extinguishing in order to 

prove effective. The design of the fire detection system requires detailed Computational 

Fluid Dynamics (CFD) analysis of the chamber layout in order to ensure that the smoke 

detectors are placed in the appropriate locations to detect a fire at an early stage. This 

analysis is beyond the scope of this thesis.  

For a planetary habitat, it is expected that the overall habitat architect will define the fire 

extinguishing system to be used and as such this has also been considered beyond the 

scope of this thesis. However, should a habitat wide system not be introduced, the use of 

the large overhead water reservoir with an appropriate sprinkler system may be the most 

efficient way to deal with the threat of fire within the greenhouse module, although this 

could potentially disrupt the ability to grow plants in the future due to the reduction in 

water reserves. 

For an orbital chamber, detailed analysis is required to account for the particulars of fire in 

a microgravity environment. A dedicated system of nozzles and suppressors would be 

required, and is again considered beyond the scope of this thesis. 
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4.3 Phase A Design Summary 

The Phase A design of the DLR Greenhouse Chamber systems and subsystems was conducted 

in this chapter. Each of the systems and subsystems required by the chamber was identified, 

explained in detail, and modelled within CATIA V5. The relationship between systems and 

subsystems was identified and explored, and the parameters preliminarily defined. The 

systems that were not explored in this thesis were identified and the reasons for their 

exclusion explained in detail. 

The results of the work conducted in this chapter allowed a number of Systems Integration 

Models to be created in which each of the systems and subsystems is installed within one of 

the four selected configuration models from Chapter 3. Figure 64 below shows a Systems 

Integration Model of the Fully Rigid Cylindrical Module (RC1) with each of the systems and 

subsystems identified. These Systems Integration Models are utilised in Chapter 5 for the 

evaluation of the project.  

The detailed system designs created in this chapter provide a basis for the future Phase B 

design work for the DLR Greenhouse Chamber systems and subsystems. This basis will help 

shape the future direction of the project, whilst remaining flexible enough to be modified and 

amended in the future.  

 

 

Figure 64 – RC1 Chamber Section View with Systems and Subsystems Identified 

Top: Left Side of Chamber; Bottom: Right Side of Chamber   
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5 PROJECT EVALUATION 

 

“Perfection is achieved, not when there is nothing more to add, but 

when there is nothing left to take away.” 

– Antoine de Saint-Exupery 

 

5.1 Agriculture Evaluation 

A detailed evaluation of the effectiveness of the aeroponic agriculture technique, as well as 

the proposed DLR Greenhouse Chambers, in terms of efficiency and plant yield will be 

undertaken as part of a future project. As such, detailed evaluation of the appropriateness of 

this technology for the DLR Greenhouse Chamber is considered beyond the scope of this 

thesis.  

Aeroponic agriculture has been investigated in this paper (refer to Chapter 2.2.3), with the 

research showing that aeroponics is an advanced and efficient growing medium with a high 

level of relevance for space-based agriculture. However, the system in practice has not been 

explored in detail in this thesis, nor has it been tested in the “designed-for” configurations. 

Therefore, further analysis of the literature is required, followed by testing (both small-scale 

and large) to ensure that the aeroponics method is the most suitable for the DLR Greenhouse 

Chamber Project. 

The effectiveness of the module designs created in Chapter 3.3 for encouraging plant growth 

have not been studied in detail. However, each chamber configuration, and all of the systems 

within, have been designed to be both modular and flexible. This allows for design 

improvements or upgrades to be easily implemented, as may be required in order to achieve 

optimal yields from the plants. As the modules and the systems progress to higher levels of 

maturity, future developments must continue to be accounted for. The designers should 

therefore strive to maintain a highly flexible, preferably modular, design environment which 

can continue to allow for the easy upgrading of parts and components within the chambers. 

The standard Grow Unit (GU) concept developed for the DLR Greenhouse Chamber is unique 

amongst greenhouses in its utilisation of industrial processes. In particular the Lean 

Manufacturing and Just-In-Time Methodologies offer unique advantages when implemented 

in an environment where space and storage is at a premium. A deeper evaluation of the 

concepts behind the GU (“ramped” vs. “straight” configuration and batch production vs. 

continuous production) are covered in Chapter 5.3. 

The Nutrient Delivery System (NDS) designed for this project has its basis in modern 

hydroponic nutrient solution delivery systems. However, the degree of flexibility offered by 

the NDS design is unparalleled amongst currently explored systems. Whilst it is still to be 

evaluated whether the level of optimisation desired can be achieved with the current system 

design, this evaluation will only be able to be considered during the Phase B level of design of 

the system. 
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5.2 Configuration Concept Selection – Secondary Evaluation 

The trade study performed in Chapter 3.4 narrowed the field from 11 possible module designs 

to a final four concepts. Whilst it may have been possible to narrow this field further in order 

to identify a final principal design, the decision was taken to maintain all four options as 

potential solutions. The reason for this decision was that due to the preliminary nature of the 

project, and the lack of a detailed mission specification, the limiting of the configuration 

options at this stage would not be beneficial to the long term future of the project. Each of the 

four designs has advantages and disadvantages, and the decision as to which is the most 

preferable design for a particular mission will depend on the individual requirements of that 

mission.  

In order to carry forward the four designs selected from the trade study, and to allow further 

analysis to be conducted, each module concept was modelled in detail in CATIA V5 as a 

systems integration model. Each concept’s model was created as an assembly featuring details 

of the internal systems of the greenhouse (as described in Chapter 4.2). The four greenhouse 

modules, complete with systems installed, are shown in Figure 65. 

 

5.2.1 Proposed Greenhouse Modules – Secondary Evaluation 

The four modules investigated in this evaluation were:  

 The Fully Rigid Cylindrical Module (RC1) 

 The Inflatable Concertina Style Module (CC1) 

 The Semi-Rigid, Octagonal Based Module with Rigid Floor, Roof, and Two Side Walls 

(OCT3) 

 The Semi-Rigid, Octagonal Based Module with Two Levels (OCT4) 

 

Detailed descriptions of each module layout, and the systems to be included within, are 

explored below. The RC1 module and the OCT3 module are both expected to be able to carry 

all systems described in the following sections within their launch volume, whilst the OCT4 

module is expected to be able to accommodate approximately half of the envisioned systems. 

The CC1 module is not expected to be able to carry any of the systems within the module’s 

launch volume. As such, the OCT4 and CC1 modules will require secondary launches to 

completely obtain the layouts described below. 

It should be noted, that the system layouts described in the following chapters are example 

layouts only, and that alternative layouts are possible. The layouts shown herein are those 

which are envisioned as providing the most balanced greenhouse experience, however, 

depending on the mission requirements for the greenhouse, an alternative solution may be 

preferable. 
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Figure 65 – The Four Selected Modules for the Secondary Evaluation (with Systems Integrated) 

The Fully Rigid Cylindrical Module (RC1) 

The Semi-Rigid, Octagonal Based Module with Rigid 

Floor, Roof, & Two Side Walls (OCT3) 

The Semi-Rigid, Octagonal Based Module with Two Levels (OCT4) 

The Inflatable Concertina Style Module 

(CC1) 
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5.2.1.1 The Fully Rigid Cylindrical Module (RC1) 

The RC1 module (refer to section 3.3.2 for a detailed description) allows for a relatively 

simple internal layout. The currently envisioned layout, shown in Figure 66 below, 

incorporates the following systems (refer to Chapter 0 for more details of the individual 

systems): 

 3 Standard Grow Units (GUs) with up to 6 Primary Units (PUs) each; 

 5 Type A Single Grow Units (SGU-As); 

 Up to 6 banks of Type B Single Grow Units (SGU-Bs); 

 2 Nutrient Delivery Systems (NDSs); 

 2 Air Management Systems (AMSs) (including 2 separate dehumidifiers); 

 1 instance of each of the other systems (Germination Unit (GeU), The Harvest and 

Cleaning Unit (HCU), Data Management and Control System (DMCS), Structures and 

Mechanisms Subsystem (SMS), etc.). 

 

This layout for the RC1 module provides a small yet area-intensive growing facility with a 

good combination of GU types, effective system redundancy, and an ability to begin operation 

almost immediately upon deployment. 

 

Figure 66 – The RC1 Chamber Standard Layout 

 

An alternative layout (Figure 67) that is envisioned for the system would incorporate the 

following systems: 

 4 Standard Grow Units with up to 6 Primary Units each; 

 Up to 6 banks of Type B Single Grow Units; 

 2 Nutrient Delivery Systems; 

 2 Air Management Systems (including 2 separate dehumidifiers); 

 1 instance of each of the other systems (GeU, HCU, DMCS, SMS, etc.); 

 1 Type A Single Grow Unit or an additional system for redundancy as required.  
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This layout for the RC1 module provides even greater area-intensive growing space at the 

cost of a wider selection of plants (specifically those requiring SGU-A units). There is space 

for one SGU-A within this layout, although, this unit may be replaced with a secondary 

system if greater redundancy is deemed to be a higher priority. 

 

Figure 67 – The RC1 Chamber Alternative Layout 

 

5.2.1.2 The Inflatable Concertina Style Module (CC1) 

The CC1 module is similar to the RC1 module in internal layout except that it is three times 

longer allowing for significantly more systems, as well as multiple redundancies of each 

system to be incorporated. For a description of the CC1 module refer to section 3.3.3. Whilst 

there has been some discussion in the initial trade study that the CC1 module may be able to 

accommodate slope or direction changes in local geography, this ability has not been taken 

into account during this study for simplicity reasons. 

A potential layout for the CC1 module, as identified in Figure 68, would incorporate the 

following systems: 

 11 Standard Grow Units with up to 6 Primary Units each; 

 5 Type A Single Grow Units; 

 Up to 18 banks of Type B Single Grow Units; 

 6 Nutrient Delivery Systems; 

 6 Air Management Systems (including 6 separate dehumidifiers); 

 2-3 instance of each of the other systems (GeU, HCU, DMCS, SMS, etc.). 

 

 

Figure 68 – The CC1 Chamber Standard Layout  

Note: Chamber layout is mirrored on opposite side 
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5.2.1.3 The Semi-Rigid, Octagonal Based Module with Rigid Floor, Roof, and 

Two Side Walls (OCT3) 

The OCT3 module follows a multi-aisle layout with access to the aisles from one end only. 

The central units are currently designed to finish prior to the end of the chamber, as it has 

been assumed that for a planetary base a number of Greenhouse Chambers may be connected 

in series along the central axis. However, should future requirements change this assumption 

then additional units could be added, extending the central aisles to the back wall of the 

chamber and allowing for additional growing space or system redundancies. For a description 

of this module refer to section 3.3.10.  

The planned layout for the OCT3 module, as illustrated in Figure 69 below, would 

incorporate the following systems: 

 8 Standard Grow Units with up to 5 Primary Units each; 

 10 Type A Single Grow Units; 

 Up to 4 banks of Type B Single Grow Units; 

 6 Nutrient Delivery Systems; 

 5 Air Management Systems (including 5 separate dehumidifiers); 

 2 instance of each of the other systems (GeU, HCU, DMCS, SMS, etc.). 

 

 

Figure 69 – The OCT3 Chamber Standard Layout 

 

5.2.1.4 The Semi-Rigid, Octagonal Based Module with Two Levels (OCT4) 

The OCT4 module (refer to section 3.3.11) utilises a similar multi-aisle setup to the OCT3 

module, however, it is spread over the two levels of the chamber. The central aisles of the 

lower floor do not extend to the back wall for two reasons. On the one side, the stairwell to 

the second level is located in this position, whilst on the other side (beneath the stairwell) 

access to an adjoining chamber is provided. If this access is not required after future 

development, then additional units or systems could be placed in the space beneath the stairs. 

  



 

- 77 - 

The envisioned layout for the OCT4 module, as shown in Figure 70, would incorporate the 

following systems: 

 12 Standard Grow Units with up to 5 Primary Units each; 

 20 Type A Single Grow Units; 

 Up to 12 banks of Type B Single Grow Units; 

 10 Nutrient Delivery Systems; 

 8 Air Management Systems (including 8 separate dehumidifiers); 

 Between 2-4 instances of each of the other systems (GeU, HCU, DMCS, SMS, etc.) with 

at least 1 instance per level. 

 

 

 

Figure 70 – The OCT4 Chamber Standard Layout 

Top: Front View; Bottom: Rear View 

 

  



 

- 78 - 

5.2.2 Configuration Concepts Summary – Secondary Evaluation 

The basic evaluation carried out in this section has not identified any major problems or issues 

with any of the four selected configurations which would be deemed as “showstoppers”. Nor 

have the module designs proven to be inflexible, or difficult to modify or upgrade as may be 

required to cater for future missions requirements. 

Each module has been designed to be fully interconnectable with the other greenhouse 

modules, allowing for the possibility that a future mission could be envisioned which utilises 

a combination of the above four designs. In order to facilitate this flexibility, all of the 

included systems have been designed, where possible, to be interchangeable between the 

different chamber designs. An example of a combined mission may see the deployment of an 

RC1 module to provide a safe and immediate supply of fresh fruit and vegetables for an initial 

deployment of astronaut crew, with the later deployment of one of the larger chambers to 

provide a significant increase in food to cater for an increasing size of planetary base. 

From the detailed modelling of the four selected greenhouse modules, it can be seen that each 

has excellent potential to fulfil the needs of a planetary greenhouse for a future manned 

mission to the Moon or Mars, and as such can be evaluated as having met the requirements of 

this initial Phase A design project. 

 

5.3 Standard Grow Unit Evaluation  

The standard GU design described in Section 4.2.1 is the result of a detailed analysis of the 

benefits and problems associated with optimising the available space in an enclosed 

environment. Two potential arrangements were proposed for the GU – a “ramped” 

configuration where the PUs are positioned at an angle from the horizontal, forming 

expanding channels into which the plants are able to grow (refer to Figure 71), or alternatively 

a “straight” configuration where the PUs remain positioned horizontally, but with the entire 

PU being repositioned up or down as the plants grow, thus providing the necessary growing 

space (Figure 72). 

 

Figure 71 – Grow Unit in “Ramped” Configuration 
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Figure 72 – Grow Unit in “Straight” Configuration 

 

It should be noted that the largest distance between PUs in Figure 71 is the same as the gap 

between PUs in Figure 72. This represents the expected maximum height of the plants in this 

configuration.  

5.3.1 “Ramped” vs. “Straight” Configuration Comparison 

For this analysis, a list of advantages and disadvantages was developed in order to determine 

whether the unique “ramped” configuration proposed for the greenhouse chambers offers the 

optimal space utilisation that was originally predicted, or whether the “straight” 

configuration’s simplicity would provide greater advantages. Table 19 details the comparison 

of advantages and disadvantages: 

Table 19 – Standard Grow Unit Comparison – “Ramped” vs. “Straight” Configuration 

Advantages of “Ramped” Configuration Advantages of “Straight” Configuration 

 Greater space optimisation 

 Continuous Production (see comparison below) 

 Single set of tools required for harvesting and 

planting as only one crew member required 

 Some gravity assistance from sloped channels 

(for hydraulically based systems – e.g. Nutrient 

Delivery System) 

 Less complex Nutrient Delivery System 

 Less complex Lighting System 

 Simple structure 

Disadvantages of “Ramped” Configuration Disadvantages of “Straight” Configuration 

 Greater complexity of Nutrient Delivery System 

 Higher complexity Lighting System 

 Complex structure 

 Less space optimisation 

 Batch Production (see comparison below) 

 Multiple sets of tools required for harvesting and 

planting as multiple crew members involved 

(NOTE: Only advantages or disadvantages that do not affect both systems are detailed above). 
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5.3.1.1 Crop Yield Comparison 

In order to determine the degree of space optimisation provided by the “ramped” 

configuration over the “straight” configuration, calculations were performed to determine the 

number of PUs that could be accommodated by both configurations for a variety of crops. The 

results of this comparison for Carrots, Potatoes, Lettuce, and Wheat are shown in Table 20 

below. The full calculation tables can be found in Appendix J. In general, the “ramped” 

configuration is able to accommodate between 1-2 additional PUs over the “straight” 

configuration, providing an increase of between 116-150% in yield per GU. This additional 

plant yield is essential for optimising the performance of the greenhouse chamber. 

Table 20 – Crop Yield Comparison 

Plant 
No. of Primary Units – 

“Standard” Configuration  

No. of Primary Units – 

“Ramped” Configuration  

% increase Yield per Grow Unit 

(“Ramped” over “Straight”) 

Carrot 5,35 7,02 140 

Potatoes 2,56 3,57 150 

Lettuce 6,37 7,84 116,67 

Wheat 4,20 5,65 125 

 

5.3.1.2 Continuous vs. Batch Production Comparison 

An offshoot discussion instigated by the comparison of the “ramped” and “straight” 

configurations involved deciding which method of production was more optimal for a space 

based closed environment system – Batch Production or Continuous Production. Batch 

production involves planting all of the crops in a PU at the same time and then harvesting 

these crops together when they are ready. Alternatively, continuous production involves the 

staged planting of crops within a PU (at the level of the individual GP) and involves 

harvesting at regular intervals (weekly/monthly) a small quantity of crops. This small quantity 

harvest is enough to cover the food requirements for the period until the next harvesting. The 

comparison of these two production methods is shown in Table 21 below: 

Table 21 – Standard Grow Unit Comparison – Continuous vs. Batch Production 

Advantages of Continuous Production Advantages of Batch Production 

 Reduction in storage requirements 

 Continual scheduled crew time requirements 
 No requirement for freezing or other processing 

of excess food production 

 Higher time efficiency in harvesting procedures 
 Higher time efficiency in preparation procedures 

Disadvantages of Continuous Production Disadvantages of Batch Production 

 Time intensive over longer periods of time 

 Increased chance of diseases crossing from 

mature to seedling batches 

 Difficult to correct for variations in demand 

 

 Increase in storage requirements 
 Requires multiple crew to be utilised for short 

intense periods of time for planting/harvesting 

operations 

 Requirement for freezing or other processing of 

excess food production 

 Increased risk of losing an entire batch due to 

disease or failure 

(NOTE: Only advantages or disadvantages that do not affect both systems are detailed above). 
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5.3.2 Standard Grow Unit Evaluation Summary 

The comparison between the “ramped” and “straight” configurations discussed in this chapter, 

has shown that whilst both have benefits and drawbacks, for the specific case of the DLR 

Greenhouse Chamber, the “ramped” configuration with its utilisation of continuous 

production is the better option. Specifically, the optimisation of growing space, reduction in 

the need for storage and processing, and potential increase in yield, outweigh the increases in 

complexity associated with this configuration. For these reasons, the “ramped” configuration 

has been selected for utilisation in this project. 

 

5.4 Risk Analysis 

Whilst it is still very early in the DLR Greenhouse Chamber’s development, the monitoring of 

risks from the beginning of a project is good practice. The monitoring and control of risks 

from the Phase A design allows for the later stage designs to actively account for, and 

mitigate against, identified potential risks. This active involvement helps avoid expensive 

reworks and delays later in the project. 

As part of the review of this project, an initial risk analysis associated with the DLR 

Greenhouse Project was undertaken. This analysis was divided into two parts – “risk of death 

or significant injury to the crew” and “risk of loss of production”. The reason for this 

delineation is that whilst the loss of production is undesirable, the risk of death or injury to the 

crew is of much greater significance. When taking these issues into account, the risks 

associated with death or injury to the crew must be designed to be unable to occur from a 

single cause of failure, under any circumstance. The loss of production risks should be 

designed so as not to occur from a single cause of failure, or only from a single cause of 

failure with a likelihood of occurrence rated as extremely low. Table 22 and Table 23 on the 

following pages list the risks identified. 
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Table 22 – Risk of Death or Significant Injury to Crew 

Risk Potential Causes Likely Result Mitigation 

Breach of greenhouse 

wall/skin 

 Micrometeoroid strike 

 Internal damage to wall/skin 

 Loss of pressurisation to chamber  

 Loss of structural integrity 

(Concertina and Inflatable designs)  

 Loss of crops  

 Possible death 

 Strong testing of greenhouse wall/skin materials  

 Pressure locks on chamber entrance to prevent entire habitat pressure 

loss  

 Bury chamber beneath regolith 

Dangerous levels of 

CO2 in chamber 

atmosphere 

 Damage to CO2 tanks 

 Failure to regulate chamber CO2 levels 

 Failure of CO2 sensors and shut off 

valves 

 Failure of crops  

 Possible death 

 Strong testing of CO2 tanks  

 Multiple redundancies in CO2 sensors, regulators, and shut off valves 

Dangerous levels of 

trace gases in chamber 

atmosphere 

 Failure of trace gas removal system  

 Failure of trace gas sensors 

 Failure of crops  

 Possible death 

 Multiple redundancies in trace gas removal system  

 Multiple redundancies in trace gas sensors 

Collapse or 

catastrophic failure of 

equipment 

 Over stressing of structural 

components  

 Running system components outside of 

design limits  

 Undetected manufacturing defects 

leading to early failure of components 

 Failure of systems  

 Failure of structures  

 Failure of crops  

 Possible death 

 Maintaining high margins of safety on all components  

 Running systems within allowable design limits only  

 Testing all systems rigorously and for longer than expected usage life  

 Maintaining high levels of product inspection, quality control, and 

testing at all stages of the manufacturing process 

Electrocution of crew 
 Poor wiring  

 Faulty electrical equipment 

 Failure of systems  

 Possible death 

 Using high quality accredited wiring for all electrical components  

 Locating wiring within safety cages and other conduits to prevent 
accidental damage and wear  

 Using safety cut-off switches  

 Testing all systems rigorously and for longer than expected usage life  

 Maintaining high levels of product inspection, quality control, and 

testing at all stages of the manufacturing process 

Fire hazards 

 Poor wiring  

 Electrical fires  

 Excessive temperatures at plant surface 

 Loss of crops  

 Loss of systems  

 Possible death 

 Using high quality accredited wiring for all electrical components  

 Locating wiring within safety cages and other conduits to prevent 

accidental damage and wear  

 Use of LED lighting  

 Multiple redundancies in temperature sensors  

 Incorporation of fire extinguishing systems 

 Maintaining minimum acceptable distances between plants and heat 

sources 

Collapse of secondary 

structure (e.g. upper 

floor for OCT4 

module, or grow unit 

support structure for 

RC1 designs) 

 Over stressing of structural 

components  

 Undetected manufacturing defects 

leading to early failure of components 

 Damage to greenhouse structure  

 Damage to systems  

 Loss of access to upper floors  

 Loss of crops  

 Possible death 

 Maintaining high margins of safety on all components  

 Adhering to strict allowable load limits on all structure  

 Testing all components rigorously and for longer than expected usage 

life  

 Maintaining high levels of product inspection, quality control, and 

testing at all stages of the manufacturing process 
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Table 23 – Risk of Loss of Production 

Risk Potential Causes Likely Result Mitigation 

Failure of power 

supply 

 Loss of power supply  

 Failure of connectors between the 

greenhouse chamber and the base 

station  

 Failure of power control unit 

 Loss of crew time for other tasks 

in resetting and correcting systems  

 Failure of partial or entire crops (if 

outage is longer than a few hours) 

 Multiple redundancies in power systems  

 Multiple redundancies in connections between the greenhouse chamber 

and the base station  

 Multiple redundancies within the power control unit  

 Robust testing and quality control of all power system components 

Failure of nutrient 

delivery system 

 Loss of power supply  

 Lack of resources (water and/or 

nutrients) 

 Failure of nutrient delivery system 

 Failure of nutrient delivery system 

control unit  

 Burst pipes 

 Loss of crew time for other tasks 

in resetting and correcting systems  

 Failure of partial or entire crops (if 

outage is longer than a few hours 

with no supply being delivered to 

plants, or longer than 1-2 days if 
only water is being delivered to the 

plants) 

 Multiple redundancies in power systems  

 Multiple nutrient delivery systems each capable of handling the entire 

chamber’s nutrient delivery requirements  

 Multiple redundancies in nutrient delivery system control units 

 Resource management warning systems to warn against low resource 

levels  

 Robust testing and quality control of all nutrient delivery system 

components 

Failure of water 

system 

 Loss of power supply  

 Lack of water  

 Failure of pumps  

 Burst pipes 

 Loss of crew time for other tasks 

in repairing and correcting systems  

 Failure of partial or entire crops (if 

outage is longer than a few hours) 

 Water damage to other systems 

 Multiple redundancies in power systems  

 Multiple redundancies in water system pumps, pipes, valves, and other 

components  

 Resource management warning systems to warn against low water levels 

(with sufficient time frames to allow corrective actions to be taken)  

 Robust testing and quality control of all water system components 

Failure of 

dehumidifier unit 

 Loss of power supply  

 Failure of dehumidifier components 

 Burst pipes  

 Loss of crew time for other tasks 

in repairing and correcting systems  

 Large reduction in available water 

resources 

 High humidity levels in chamber 

 Multiple redundancies in power systems  

 Multiple redundancies in dehumidifier system  

 Robust testing and quality control of all dehumidifier system components 

Failure of 

germination unit 

 Loss of power supply  

 Failure of germination unit 

components  

 Lack of seed stocks 

 Fungal outbreaks inside the unit 

 Failure of germinating crops and 

seeds 

 Delay in planting of new crops 

 Medium term reduction in 

chamber yield 

 Multiple redundancies in power systems  

 Multiple redundancies in germination unit  

 Robust testing and quality control of all germination unit system 

components  

 Resource management warning systems to warn against low seed stock 

levels  

 Multiple locations for seed storage 

 Regular and thorough disinfection procedures 

Failure of harvesting 
tools 

 Poor quality tooling  

 Excess wear  

 Over stressing of components 

 Partial production losses 

 Maintaining high margins of safety on all components  

 Using components within allowable design limits only  

 Testing all components rigorously and for longer than expected usage 
life  

 Maintaining high levels of product inspection, quality control, and 

testing at all stages of the manufacturing process 
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5.5 Evaluation Summary 

Within this chapter a series of brief analyses have been conducted. These analyses have dealt 

with a variety of issues that developed during the course of this thesis, and which were deemed 

important enough to require a separate side review. 

Chapter 5.1 discusses in brief the aeroponic method and its relevance for this project. 

Additionally, Chapter 5.1 discusses some of the systems, subsystems, and methodologies used in 

this project and their relevance to space agriculture and agriculture in general.  

A series of system integration models were generated for the four modules identified by the trade 

study conducted in Chapter 3.4. These models are outlined and displayed in Chapter 5.2. 

Additionally, this chapter also identifies potential chamber layouts including the location and 

positioning of the systems and subsystems that were identified and modelled in Chapter 4.2.  

Chapter 5.3 provides a qualitative comparison between the utilisation of a “ramped” 

configuration and that of a “straight” configuration for the GUs. Additionally, a comparison 

between “continuous production” and “batch production” methodologies was discussed. 

Calculations into the yield available with each configuration were detailed, concluding with the 

decision to continue development with the “ramped” configuration due to its advantages of 

increased yield, optimisation of growing space, and reduction in the need for storage and 

processing. 

An initial analysis of the risk factors involved in the project was undertaken in Chapter 5.4, with 

a number of risks associated with either “the risk of death or injury to the crew” or “the risk of 

loss of production” identified.  

These evaluations provide a baseline review of the Phase A design of the project and open up a 

number of topics which should be considered as the project progresses through Phase B and 

onwards to manufacture. 

 



 

- 85 - 

6 FURTHER WORK 

 

"Judge a man by his questions rather than by his answers." 

– Voltaire 

 

6.1 DLR Greenhouse Chamber 

6.1.1 Mission Determination 

Before further work can be conducted on the exact selection of the DLR Greenhouse 

Chamber configuration, the mission for the chamber must be defined in detail in order to 

allow for the selection of the correct chamber to suit the mission. Each of the four chambers 

covered in detail in Chapters 3.4 and 5.2 offer unique characteristics and as such, the 

determination of the precise mission will allow the best chamber to be selected and the design 

advanced to a higher level of maturity. Four potential missions, one for each chamber design, 

are suggested below: 

 A potential mission for the RC1 module would be as the greenhouse for a first exploratory 

mission to a planetary body. This mission would accept lower quantities of food 

production, in exchange for simplicity and the immediate initiation of plant growth. This 

mission would provide an excellent test bed for plant production in space, whilst 

providing a supplement of fresh fruit and vegetable for the crew’s diet. 

 The CC1 module is optimally suited to an established habitat with good base preparation 

facilities already in place. The lack of micrometeoroid and radiation protection of the CC1 

chamber (due to its flexible skin) would require the module to be buried beneath the local 

regolith in order to provide the necessary protection. Such requirements need extensive 

preparation, as well as post landing activities. Therefore, only the most advanced base 

would be recommended for this module. However, the CC1 chamber offers significant 

benefits in terms of the quantity of food production and the flexibility of the module, 

which would make it the prime choice for the fruit and vegetable supply of an advanced 

planetary habitat. 

 The optimal mission for the OCT3 module would be in an early stage planetary habitat as 

the high micrometeoroid and radiation protection provided by the module require only 

relatively small amounts of preparation and post landing activities. The OCT3 modules 

output is considerably more than the RC1 module, but with only a minor increase in 

complexity and preparation activities. Hence it is optimally suited to the secondary stage 

of base formation where additional food production resources are required with only 

minor increases in complexity. 

 The OCT4 module, with its increased yield and complexity, is another module that is 

aimed for a planetary base with an already established situation. Due to the reduced 

surface footprint compared to the CC1 mission, this habitat is able to be located in a much 

smaller area, with less preliminary work being required, and with similar quantities of 

food production as the CC1 module. However, the relatively large size and flexible skin 

require this module to be buried beneath the local regolith, which may cause additional 

problems to arise. Therefore, the OCT4 module is best suited to an advanced base where 

space utilisation and the base footprint are important considerations. 
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As has been discussed in Chapter 5.2.2, each of these chambers has been designed to be 

interconnectable, and as such a mission can be envisioned which will see the use of two or 

more of the greenhouse chambers in series within one planetary base. Such an example might 

see the deployment of an RC1 module during the initial deployment of the base, followed by 

an OCT3 module as the base slowly develops. When the base is more advanced, the 

deployment of an OCT4 or CC1 module could allow for an increase in production providing 

for additional crew or a decrease in reliance on Earth based supplies. 

 

6.1.2 Phase B Design 

Before the Greenhouse Chamber can be considered for manufacture, the design must be 

reviewed and advanced to a higher level of detail. The next step in the maturity of the design 

of the chamber is the Phase B design study.  

Phase B incorporates the design, identification, evaluation, and modelling of each individual 

component within each system of the greenhouse. Complete 3D models, 2D drawings, Bills 

of Materials (including individual nuts and bolts), and installation guidelines must be 

developed as part of this phase. Additionally, a number of design reviews must be undertaken 

and passed during this period to evaluate the progress of the Phase B design, before 

permission for manufacture can be granted. These reviews include the Preliminary Design 

Review (PDR), Critical Design Review (CDR), and the Manufacturing Readiness Review 

(MRR).
75

 

Within the DLR Greenhouse Chamber, each of the units and subsystems must be developed to 

a higher level of detail, ready for implementation. The tasks involved include the selection of 

product materials, the sourcing of electronic components, and the modelling and 

programming of automated systems. This level of detail will require a significant quantity of 

work, and will require the DLR Greenhouse team to expand accordingly. The integration of 

aerospace, electrical, mechanical, and software engineers into the team will be a necessity to 

accomplish the design of the components, whilst input from biologists, horticulturists, 

ergonomists, and manufacturing engineers will continue to be a necessity for an optimal 

design to be achieved. 

As part of the Phase B design work, specific additional tasks will be required in the design of 

each system and subsystem. A selection of these specific tasks is listed below, however, it 

should be noted that this list is not exhaustive and further tasks will be required for each 

system: 

 The Grow Units (GUs) will require further planning and research into the optimum 

crop selection to ensure space utilisation within the units is optimised. 

 The Grow Pallets (GPs) will require additional research into the most effective method 

for pressurising their reservoirs to the required level for the aeroponic misters, as well 

as the reclamation of condensed nutrient solution to the reservoirs. 

 The Germination Unit (GeU) will require research into the peak growing conditions 

for the seeds. A Computational Fluid Dynamics (CFD) analysis to ensure that air flow 

throughout the entire unit is optimal for providing the necessary germination 

conditions will also be required. 

 The Nutrient Delivery System (NDS) will require the creation of a database of plant 

nutrient mixtures, as well as research into valve technology in order to ensure that 

liquid quantities are precisely created and deployed. 
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 The Air Management System (AMS) will require CFD analysis of the entire chamber 

to ensure that air extraction and processing is optimised. Dehumidifier selection will 

be very important as the losses from the water system, and hence the time between 

resupply of the chamber, will depend entirely on the dehumidifier performance. 

 The Lighting System (LS) will require careful selection and design of the LED 

accommodation, and the selection of the correct combination of red, blue, white, and 

UV-A LED’s. Additionally, the system also needs to be programmed to allow for the 

high degree of flexibility expected from the lighting. 

 The Harvest and Control Unit (HCU) will require further work on the functioning of 

the closed loop cleaning system and on designing an ergonomically comfortable 

workstation for the crew. 

 The Data Management and Control Systems (DMCS) will need to be sourced and 

programmed in order to fulfil their functions effectively, whilst remaining user 

friendly. 

 The Structural and Mechanisms System (SMS) will require stress analysis to ensure 

crew safety. 

 The systems and subsystems not covered in this thesis will need to be confirmed as 

being beyond the scope of the DLR Greenhouse Project (e.g. power generation) or 

work will need to be undertaken to begin their integration into the chamber (e.g. fire 

extinguishing system) 

 

The Phase B design of the chamber itself will firstly require the mission determination to be 

clearly identified (as discussed in Chapter 6.1.1). Following this, significant research into 

flexible materials, hermetic sealing of moving components, folding of rigid supports, and 

other technologies, may be necessary to allow for the chamber configuration selected to be 

advanced to a higher level of readiness. The Phase B design of the chambers selected in 

Chapter 3.4 is (with the possible exception of the Fully Rigid Cylindrical Module) likely to 

prove more difficult than the design of the systems and subsystems within, due to the level of 

technological readiness of the chamber designs. 

 

6.2 DLR Orbital Greenhouse Chamber 

An initial discussion was instigated at the beginning of this project as to whether the DLR 

Greenhouse Chamber could be utilised for an orbital chamber, supplying food to a space 

station or interplanetary vehicle, and if so, what modifications would be required to produce 

optimum yields in space. 

As part of this discussion, research into the effect of microgravity and other space phenomena 

on plants was undertaken (refer to Chapter 2.1.4). This was followed by a review of the 

modifications that would be required by various systems and subsystems of the chamber as 

well as areas where additional research is believed to be necessary to accomplish a working 

microgravity system. Finally, a small study into potential module chamber configurations was 

completed. These items are discussed in detail below along with the future direction that 

would be required should the development of an Orbital Greenhouse Chamber become a 

desirable entity. 
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6.2.1 System and Subsystem Review 

6.2.1.1 The Standard Grow Unit 

The standard GU has been designed to operate under as wide a range of conditions as 

possible. However, there are a number of issues that would need to be investigated to ensure 

that the system would function under microgravity conditions.  

Problems have been found to occur with crop production and flowering under microgravity 

conditions
4
. Therefore, to ensure the successful operation of the GUs it is likely that a method 

for applying a simulated gravitational force upon the plants would be required. This would 

most probably utilise a centrifugal setup with the GU “spun” around a central axis. This is not 

an ideal solution as a number of issues are associated with this setup.  

Firstly, when an object in space is spun, changes to the rotational momentum of the object 

cause an equal but opposite change in rotational momentum to the structure supporting the 

spinning object. This occurs as per Newton’s Third Law of Motion. Therefore, to counter this 

issue the operation of two contra-rotating GUs in series would be recommended. This setup 

would require the utilisation of a combination of complex control systems and gearboxes. 

Ensuring flawless operation of this system would be a difficult task and significant testing 

before deployment would be required, due to the risk of inducing unwanted reaction torques 

on to the spacecraft or space station. 

A second issue with the centrifugal setup is that objects that are closer to the neutral axis of a 

centrifuge experience less force then objects further away, as explained in the formula for a 

centripetal force shown below: 

          

 

F in this formula is the force on an object, m is the mass of the object, ω is the rotational 

velocity of the object, and r is the radius from the neutral axis of the object. This formula 

shows that if an object such as the GU were to be spun around a central axis, the plants closer 

to the neutral axis would be under a lower load then those further from the neutral axis. 

Obtaining the right design so that all plants are within an acceptable range of gravity 

simulating loading would be a complex endeavour.  

Finally, problems would exist with a rotating GU when the time comes to harvest or plant 

new crops as the units would need to be “de-spun” in order to allow access to the units, and 

then “re-spun” to return the centrifugal force to the plants to simulate gravity. These actions 

could all prove problematic due to induced reaction torques on the space station or spacecraft. 

 

6.2.1.2 The Grow Pallets 

There are two primary issues associated with the GP design in a space environment. The first, 

is the escape of moisture from the GP root zone, the second is the recollection of condensed 

moisture from within the root zone chamber to the GP reservoir. 

Excess moisture in the environment of a space station can cause significant problems due to 

the spreading of bacteria and fungi around the station, as well as the potential to cause damage 

to electronic components. To avoid this, standard practice on the ISS is for any liquid 

enclosure to be isolated against leakage. Designing a leakage prevention enclosure for the 

GPs in order to prevent moisture escaping or leakages from valves and connections would be 

a difficult task, due to the need for astronauts to have access to the root zone chamber of the 

GPs for harvesting of crops and maintenance. 
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In the planetary GP designs, the moisture condensed from the nutrient mist is periodically 

recollected in the reservoir by the action of gravity. However, in space this is not an option, 

unless a method of gravity replication is applied to the unit. If a simulated gravity force is not 

able to be applied consistently, then the ability to pressurise the root zone chamber to force 

condensed nutrient solution back into the reservoir chamber, or a similar alternative, may be 

required. 

 

6.2.1.3 The Single Grow Unit – Type A 

Experiments into the effect of microgravity on large plants and dwarf trees have yet to be 

conducted in the space environment. For this reason, it is not possible at this point to estimate 

whether other concerns may arise beyond those previously discovered for smaller crops. 

However, for this discussion it has been assumed that no additional issues exist and therefore, 

the problems that are associated with the standard GU (refer to Chapter 6.2.1.1) also exist for 

the SGU-A units. 

 

6.2.1.4 The Single Grow Unit – Type B 

The SGU-B units are designed to fill space in the planetary module which would otherwise be 

underutilised. However for an orbital chamber, the requirement to provide a simulated 

gravitational force for the plants would appear to render these units unsuitable for inclusion. 

The integration of these units would only be considered acceptable if small sized plants can be 

found which flourish without the requirement for a simulated gravity environment. If such 

plants were to be discovered, the issues with water sealing and root zone pressurisation that 

were discussed for the standard GU (refer to Chapter 6.2.1.1) would also exist for the SGU-B 

units, and would hence need to be addressed before their inclusion within the orbital chamber. 

 

6.2.1.5 The Germination Unit 

In space, the development of healthy crops is a challenge, and as such the development of a 

device that would allow healthy first growth would be particularly beneficial. The GeU is 

designed to initiate first growth of the plants from seeds, consistently and with minimal 

resource utilisation. As has been discussed with the other grow units, the lack of a simulated 

gravity environment and water sealing are significant issues for the GeU as well, and are still 

to be resolved. 

 

6.2.1.6 The Nutrient Delivery System 

The NDS would appear to be a system requiring a moderate level of modifications to become 

space-rated hardware. Additional pumping power to make up for the loss of gravity assistance 

is required, whilst the upgrading of connectors and valves to ensure complete leak-free 

operation would also be necessary. However, the primary upgrade required would be the 

installation of a means to ensure that the liquid within the tanks is able to be extracted. In 

space, liquids do not tend to rest on the bottom of their storage tanks but float in the centre 

and as such some method to ensure that the liquid remains at the extraction valves is required. 

There are a number of methods currently available to achieve this requirement, including 

pressurising the tanks, flexible membranes or two phase pumps, one of which would be 

required by the NDS in order to remain functional in the space environment.  
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6.2.1.7 The Air Management System 

The AMS requires only minimal modifications for the orbital chamber. The modifications 

required are primarily associated with increasing the amount of airflow in the chamber, as 

well as increasing the effectiveness of trace gas removal from the system. The addition of 

CO2 to the system would not be recommended for the orbital chamber until such time as the 

system has been proven operational, due to the additional risk and complexity associated with 

CO2 control in an enclosed environment. 

 

6.2.1.8 The Lighting System 

The LS for the orbital chamber would not require any changes compared to the planetary 

chamber. Power usage is potentially more critical in an orbital application because of the 

reduction in available power (being restricted at present to photovoltaic or fuel cell power 

generation), however, as the system is being designed for minimal power usage already this 

should not facilitate additional changes to be required. 

 

6.2.1.9 Data Management and Control 

It is not envisioned that there would be significant changes to the DMCS for the orbital 

chamber, apart from additional controls for the “spinning” of the GUs in order to avoid 

damaging torques being applied to the space station or spacecraft. Additional sensors (such as 

radiation sensors and force sensors) may also be required to ensure the system functions 

optimally and within safe limits at all times. 

 

6.2.1.10 Harvest and Cleaning Unit 

The HCU would be expected to be relatively unchanged from the planetary module except for 

a few modifications as are required for space use. The primary change would be the sealing of 

the unit so as to prevent water escaping the unit during the cleaning process. Additionally, 

components such as foot restraints or other devices may be required in order to hold 

astronauts in position whilst they work.  

 

6.2.1.11 The Structure and Mechanisms System 

The SMS will be entirely dependent on the chamber configuration selected. However, items 

such as airlocks would be considered compulsory structure, whilst stairs, ladders, and the 

employment of mechanical lifting devices is expected to be unnecessary. 
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6.2.2 Configuration Concept Selection 

The configuration design for the DLR Orbital Greenhouse Chamber varies from that of the 

Planetary Chamber due to the different design requirements necessitated by the orbital 

environment. Deployable, inflatable or semi-rigid structures are less desirable in the orbital 

environment then on a planetary surface because of the risk from micrometeoroids, orbital 

debris, and radiation. However research has been conducted in the US
73

 and the EU
74

 into the 

development of flexible skins for inflatable modules for the space environment which can 

protect against these dangers. 

Additional changes to the configuration of the modules are due to the requirements of the 

systems and subsystems in a microgravity environment (as discussed in Chapter 6.2.1) or due 

to the volume restrictions of the launcher. For the planetary modules, the volume in the nose 

fairing of the Ariane 5 launcher has not been utilised due to it being designated as the location 

for the planetary descent and landing equipment. Obviously, for an orbital module this 

equipment is no longer required, and this space could be utilised for other purposes. 

When contemplating possible orbital chamber configurations the use of the standard planetary 

chambers, as detailed in Chapter 3.3, remain viable options. However, in order to address 

some of the issues associated with the systems in a microgravity environment, as well as to 

make greater use of the available launch volume of the Ariane 5 launcher, three additional 

modules were envisioned. The models created in CATIA V5 for these three modules were 

simple Space Allocation Models (SAM) and are therefore only preliminary ideas. The three 

designs are detailed in the following sections. The chambers explored are: 

 The Fully Rigid Cylindrical Chamber (Side Mounted Entrances) (RCO1) 

 The Fully Rigid Symmetrical Variable Conic Chamber (RCO2) 

 The Fully Rigid Complete Ariane 5 Volume Chamber (RCO3) 

 

6.2.2.1 The Fully Rigid Cylindrical Chamber (Side Mounted Entrances) (RCO1) 

The Fully Rigid Cylindrical Chamber (Side Mounted Entrances), as shown in Figure 73, is 

similar in design to the RC1 unit (refer to Chapter 3.3.2) but contains two entrances along the 

side of the chamber. The operation of contra-rotating GUs mounted in series within the 

chamber is assumed for this module. As such, the use of two entrances is required to enable 

access to both GUs. The cylinder utilises only the cylindrical portion of the Ariane 5 volume 

providing a working volume of ~160 m
3
.  

 

Figure 73 – The Fully Rigid Cylindrical Chamber (Side Mounted Entrances) 
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6.2.2.2 The Fully Rigid Symmetrical Variable Conic Chamber (RCO2) 

The Fully Rigid Symmetrical Variable Conic Chamber (Figure 74) utilises many of the 

similar system layouts (including the use of twin side mounted entrances) as the RCO1 unit 

(refer to Chapter 6.2.2.1). However, the RCO2 module is designed to use the entire length of 

the Ariane 5 payload launch volume. It is shaped to fit the approximately conical shape of the 

nose section of the Ariane 5 payload bay, and is then mirrored around the centre point of the 

chamber in order to maintain symmetry. This design provides a working volume of ~160 m
3
. 

 

Figure 74 – The Fully Rigid Symmetrical Variable Conic Chamber 

 

6.2.2.3 The Fully Rigid Complete Ariane 5 Volume Chamber (RCO3) 

The Fully Rigid Complete Ariane 5 Volume Chamber, displayed in Figure 75, utilises a 

combination of the system layouts of the RCO1 and RCO2 units (as discussed above), 

including the use of twin side mounted entrances. The RCO3 unit is designed to use the entire 

volume of the Ariane 5 payload launch volume, and as such the module provides the highest 

possible working volume (~210 m
3
) of any fully rigid chamber, which is a significant increase 

over the other rigid chamber designs. The module attempts to mirrors the shape of the Ariane 

5 payload bay, being cylindrical at one end, and reducing to a conical section at the other.  

It should be noted that at this stage it is unclear whether this module design would suffer from 

additional kinematic, torque, vibration, shock or other control issues due to its non-

symmetrical nature. This problem would need to be investigated further before this design 

could be considered for a more detailed system integration analysis. 

 

Figure 75 – The Fully Rigid Complete Ariane 5 Volume Chamber 
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6.2.2.4 Planetary Chamber Conversion Discussion 

The conversion of the planetary DLR Greenhouse Chambers for use as potential orbital 

chambers (with appropriate modifications) is an option that should be explored in more detail, 

if further research into the design of an orbital chamber is desired. Many of the chambers 

discussed in Chapter 3.3 offer advantages in terms of working volume and could potentially 

be modified to allow rotating banks of GUs. The use of strong yet flexible materials with 

radiation and micrometeoroid protection, as are being developed separately by Badhwar et 

al.
73

 and Mileti et al.
74

, would solve many of the issues associated with inflatable habitats in 

space. Additional advantages such as the placement of solar panels onto the rigid bases of 

various deploying modules could help alleviate power supply restrictions on the system.  

However, the lack of optimisation of the designs for a space environment may lead to 

considerable modifications being required and as a result cost and weight increases. 

Significant further study into this area would be required before a decision could be reached 

on whether the planetary chambers are also suited for use in an orbital environment. 

 

6.3 Further Work Summary 

This chapter discussed the future work that needs to be completed in order to take the DLR 

Greenhouse Chamber to a level ready for manufacture and deployment. 

In Chapter 6.1.1, the requirement was discussed for a detailed mission plan to be developed 

prior to the final selection of the chamber configuration being made. A series of potential 

missions were proposed for the four chambers selected in Chapter 3.4, and discussed in more 

detail in Chapter 5.2, which would potentially make optimal use of the advantages and 

benefits of each design. 

The requirements of the Phase B design for the DLR Greenhouse Chamber and the systems 

contained therein were discussed in Chapter 6.1.2. A number of specific tasks, which are 

considered as important steps in moving the design forward, were discussed for each of the 

individual systems and subsystems in order to provide a starting point for the Phase B design 

of these components. 

Chapter 6.2 detailed the discussion that took place in this project in relation to the possible 

creation of an Orbital Greenhouse Chamber for use on a space station or spacecraft. The 

discussion identified the primary modifications required by the systems and subsystems of the 

Planetary Greenhouse Chamber in order to sanction their use for an orbital (microgravity) 

system. A brief discussion into orbital chamber design was discussed and three new rigid 

modules proposed. However, significant work remains to identify the optimum chamber 

solutions for the Orbital Greenhouse Chamber, a task which is considered beyond the scope of 

this thesis. 
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7 DISCUSSION 

 

“Do not say a little in many words but a great deal in a few.” 

– Pythagoras 

 

The DLR Greenhouse Chamber is a new concept for a Closed Environment Life Support 

System (CELSS) whose primary aim is to provide the nutritional requirements to a planetary 

base crew. Secondary to this aim is the means to provide recycling of waste products from the 

habitat back into useful products for the crew, such as air recycling, water recycling, and the 

production of edible or useful biomass from crew waste.  

Unfortunately, the prospects for utilisation of the DLR Greenhouse Chamber in a planetary 

mission in the near future are, at this stage, minimal. Neither NASA or ESA have plans for 

long duration missions to planetary bodies in the near future, and as such the DLR 

Greenhouse Chamber is a study that will potentially only form the basis for a manned mission 

in the far future, beyond 2030. 

However, a system similar to the proposed DLR Greenhouse Chamber has massive potential, 

not just for space applications but also for terrestrial “spin-offs” (refer to Figure 76). Antarctic 

research stations, long duration oceanic research vessels, and areas affected by desertification 

would all benefit from having systems which could utilise their produced waste to grow 

edible, useful or saleable products with minimal resource use. In particular, minimising water 

usage opens up possibilities for farming in areas currently considered unsuitable for primary 

agriculture, whilst the local production of fruit and vegetables in non-traditional areas holds 

significant opportunities for reducing transport costs. The development of vertical farming 

(VF) and urban agriculture will see the push for more effective agriculture technologies 

optimised for growing space, and which can be deployed within urban environments. Finally, 

research into pharmaceutical or newly derived plant species in an enclosed environment, as 

could be provided by the DLR Greenhouse Chamber, would be safe and efficient, whilst 

helping to prevent the risk of contamination, both of the crops within and the external 

environment. 

 

Figure 76 – Potential Terrestrial Uses of the DLR Greenhouse Chamber 

Left: Polarstern Arctic Research Ship
76

; Centre: Neumayer Station III, Antarctica
77

; Right: 

Proposed Vertical Farming Installation
78

 

 

Additionally, the individual systems that will be developed for the DLR Greenhouse Chamber 

may lead to advances that could be applicable for non-CELSS related tasks. The development 

of high efficiency, high output LED lighting could help reduce the energy consumption of 

regular households, whilst the development of light and portable filtration systems can assist 

in providing clean water to remote communities. The development of networked sensor arrays 
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could assist in improving efficiencies in a variety of industries from power generation to 

manufacturing. More specifically, the Germination Unit and Nutrient Delivery System 

developed for this project both hold significant opportunities in agricultural research and 

farming, and in manufacturing and chemical industries, respectively, whilst other units hold 

similar levels of potential. 

The DLR Greenhouse Chamber, whilst still in its infancy, has great potential to affect not 

only the future development of a planetary space habitat, but also to significantly alter the 

agricultural development of this planet as well. Further progress is required to achieve these 

lofty goals and to quote Benjamin Franklin, “Without continual growth and progress, such 

words as improvement, achievement, and success have no meaning”. With the support of 

DLR, the DLR Greenhouse Chamber will continue to develop and mature, and one day may 

succeed in becoming a vital component not only in Mankind’s progress into the stars, but also 

his progress closer to home.  
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8 CONCLUSION 

 

“If you can't explain it simply, you don't understand it well enough” 

– Albert Einstein 

 

The DLR Greenhouse Chamber is being developed with the aim of progressing the state-of-

the-art in Closed Environment Life Support Systems (CELSS). This thesis begins the process 

of developing the idea of a greenhouse chamber for a planetary environment into a reality.  

In order to evolve the design of the Greenhouse Chamber, a two-pronged attack was carried 

out within this thesis. Firstly, a trade study into the configuration design and selection of the 

greenhouse module was undertaken. Secondly, the mechanical Phase A design of the growing 

systems and associated subsystems was conducted. These two tasks were complimented by an 

extensive research study and evaluated using a variety of analytical techniques. 

The initial trade study into a variety of greenhouse configurations (refer to Chapter 3) 

identified four modules for further analysis. These modules are the Fully Rigid Cylindrical 

Module, the Inflatable Concertina Style Module, the Semi-Rigid, Octagonal Based Module 

with Rigid Floor, Roof, and Two Side Walls, and the Semi-Rigid, Octagonal Based Module 

with Two Levels (OCT4). Each of the four chambers provides unique opportunities, from 

larger growing areas to higher protection from the space environment. However, at this early 

stage in the project, where a specific mission for the DLR Greenhouse Chamber has yet to be 

defined, it has been concluded that narrowing the field to a single chamber would not be 

beneficial for the long-term progress of the project. When a definitive mission has been 

identified for the Greenhouse Chamber, the opportunity will exist to select a single chamber 

from the four preliminarily identified chambers to be explored in more detail. The chamber 

design selected will then be the configuration analysed as being the one providing the best 

chances of optimising the greenhouse configuration yield whilst meeting all of the 

requirements of the mission.  

The decision was taken, after the primary four modules were identified, to focus the project 

on ensuring that all systems and subsystems were designed to a Phase A level of detail. 

Consistent effort was implemented to ensure that the system designs followed a modular 

methodology, allowing for their use in any chosen chamber configuration. 

The Phase A design of the mechanical growing systems and associated subsystems (refer to 

Chapter 0) was completed following the initial configuration trade study. The aim of the 

Phase A design was to create efficient, modular designs for the greenhouse modules’ systems 

and subsystems, which would be capable of fulfilling the needs of the plants, whilst also 

conforming to the requirements of the module’s mission. The designs were created to be 

highly customisable in order to allow for each plant within a single plant tray to receive the 

optimal growing conditions for its life cycle stage. Nutrient concentrations, light intensity, 

photoperiod, and light colour were all designed to be adjustable in real time, as well as being 

able to be varied from one plant tray to the next. 

In order to allow for the greatest flexibility in plant choice, four different plant Grow Units 

were created – a Standard Grow Unit, a Single Grow Unit optimised for perennials plants and 

dwarf trees, a Single Grow Unit optimised for small plants and herbs, and a Germination Unit 

for efficiently and effectively germinating the plants from seeds until first growth. These four 

units were designed, modelled, and integrated into each of the four chamber configurations 

chosen from the initial trade study.  
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In addition to the Grow Units, the subsystems of the chamber – the Nutrient Delivery System, 

the Lighting System, the Structures and Mechanisms System, the Harvest and Cleaning Unit, 

and the Data Management and Control System – were all modelled in detail. The level of 

detail explored for each subsystem varies but is clearly defined within their respective entries 

in Chapter 4.2. 

A preliminary evaluation of the designs with respect to the optimisation of the agricultural 

yield of the modules was undertaken in Chapter 5, with positive results. Discussions into the 

benefits and drawbacks of various configurations and internal setups were explored, with the 

results driving the design of the Grow Units. A preliminary risk analysis for the greenhouse 

chamber was conducted with the goal of providing support for design decisions in later phases 

of the project. These evaluations provide a basis for discussion into the future design 

directions for the project. 

Further work for this project has been outlined in Chapter 6, including the determination of 

the greenhouse’s mission, and the Phase B design of the chambers, systems, and subsystems. 

A discussion into the potential of the DLR Greenhouse Chamber to be utilised for an orbital 

platform providing fruit and vegetable to a space station or spacecraft was initiated, with the 

expected modifications required for such a task outlined. 

This thesis has laid the groundwork for the systems and subsystems of the DLR Greenhouse 

Chamber as well as the basic configuration design. The initial operating methodology for each 

system and subsystem of the units has been identified, and as such, the detailed Phase B 

design should be able to be commenced in short order.  

The DLR Greenhouse Chamber offers a unique opportunity to create a highly customisable, 

highly flexible, and highly efficient CELSS. The chamber as developed will allow for the 

production of an optimal yield from the crops grown within, with the aim of providing a 

healthy and nutritious complement to the diets of a planetary habitat crew. With the 

completion of the Phase A design of the module’s systems and the identification of a number 

of potential configuration layouts, this thesis plants the seeds of the DLR Greenhouse 

Chamber idea and forms a solid base from which the chamber design should progress and 

flourish. With support and dedication, the DLR Greenhouse Chamber envisioned by this 

project can develop into a highly effective CELSS module optimised to provide a healthy, 

nutritional, and fresh food supply for a manned planetary habitat. 
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APPENDICES 

Appendix A Analytical Hierarchy Process Description
79

 

(An extract from Forman, E.H. and Selly, M.A., (2001), Decision by Objectives – How to 

Convince Others That You Are Right
79

). 

The Analytical Hierarchy Process (AHP) is a systematic method for comparing a list of 

objectives or alternatives. When used in the systems engineering process, AHP can be a 

powerful tool for comparing alternative design concepts. 

We begin by assuming that a set of objectives has been established (Value System Design, 

Objective Hierarchy), and that we are trying to establish a normalized set of weights to be 

used when comparing alternatives using these objectives. For simplicity, we assume that there 

are 4 objectives: O1, O2, O3, and O4. 

We form a pairwise comparison matrix A, where the number in the ith row and jth column 

gives the relative importance of Oi as compared with Oj. We use a 1–9 scale, with aij = 1 if the 

two objectives are equal in importance, aij = 3 if Oi is weakly more important than Oj, aij = 5 if 

Oi is strongly more important than Oj, aij = 7 if Oi is very strongly more important than Oj, 

and aij = 9 if Oi is absolutely more important than Oj. 

Thus we might arrive at the following matrix: 

  

[
 
 
 
  

 
 ⁄

 
 ⁄

 
 ⁄

    

  
 ⁄   

  
 ⁄

 
 ⁄  ]

 
 
 
 

 [

                    
                    
                    
                    

] 

To normalize the weights, we compute the sum of each column and then divide each column 

by the corresponding sum. Thus, using an overbar to denote normalization, we get: 

 ̅   [

                    
                    
                    
                    

] 

Notice that the numbers in the second row are generally larger than the rest of the numbers, 

except for the case of column 1. This indicates some inconsistency in the comparisons used in 

the original matrix. Ideally, the 4 normalized columns would all be identical if the pairwise 

comparisons were consistent. In practice, one can compute a consistency measure using the 

eigenvalues of the normalized comparison matrix. 

The next step is to compute the average values of each row and use these as the weights in the 

Objective Hierarchy. Thus, for this example, the weights would be: 

    [                    ] 

Note that by construction, ∑        
   . These weights would be used in summing the 

measures as required in the evaluation of the Objective Hierarchy. 
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Appendix B Trade Study 2.0 Spreadsheets 

The following serious of spreadsheets identify the process followed by the Trade Study 2.0 

program from Chris Grimm
56

 utilising the Analytical Hierarchy Process as described in 

Appendix A. 

Table 24 – Requirements/Objectives and Key Ranking Table 

T3 Requirements/Objective Rank 

O1 Growing area 10 

O2 Complexity 6 

O3 Likely need to require an EVA 6 

O4 Susceptibility to damage 8 

O5 Radiation and micrometeoroid protection 6 

O6 Anticipated development costs 8 

O7 Flexibility of landing zone requirements 4 

O8 Time for full deployment (to plant growing stage) 2 

O9 Ability to carry all equipment within launch volume 4 

O10 Estimated launch mass per growing area 6 

 

Table 25 – Alternatives Table 

T20 Alternatives 

A Concertina 

B Square - Rigid Floor Only 

C Square - Rigid Floor and Ceiling 

D Square - Rigid Floor, 2 Walls, and Ceiling 

E Square - 2 Levels 

F Octagon - Rigid Floor Only 

G Octagon - Rigid Floor and Ceiling 

H Octagon - Rigid Floor, 2 Walls, and Ceiling 

I Octagon - 2 Levels 

J Rigid Cylinder 

K Rigid Square 

 

Table 26 – Difference Between Oi and Oj 

T22 O1j O2j O3j O4j O5j O6j O7j O8j O9j O10j 

O1i 1,00 
         

O2i -4,00 1,00 
        

O3i -4,00 0,00 1,00 
       

O4i -2,00 2,00 2,00 1,00 
      

O5i -4,00 0,00 0,00 -2,00 1,00 
     

O6i -2,00 2,00 2,00 0,00 2,00 1,00 
    

O7i -6,00 -2,00 -2,00 -4,00 -2,00 -4,00 1,00 
   

O8i -8,00 -4,00 -4,00 -6,00 -4,00 -6,00 -2,00 1,00 
  

O9i -6,00 -2,00 -2,00 -4,00 -2,00 -4,00 0,00 2,00 1,00 
 

O10i -4,00 0,00 0,00 -2,00 0,00 -2,00 2,00 4,00 2,00 1,00 
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Table 27 – Transformation in Absolute and Reciprocal Values 

T23 O1j O2j O3j O4j O5j O6j O7j O8j O9j O10j 

O1i 1,00 5,00 5,00 3,00 5,00 3,00 7,00 9,00 7,00 5,00 

O2i 0,20 1,00 1,00 0,33 1,00 0,33 3,00 5,00 3,00 1,00 

O3i 0,20 1,00 1,00 0,33 1,00 0,33 3,00 5,00 3,00 1,00 

O4i 0,33 3,00 3,00 1,00 3,00 1,00 5,00 7,00 5,00 3,00 

O5i 0,20 1,00 1,00 0,33 1,00 0,33 3,00 5,00 3,00 1,00 

O6i 0,33 3,00 3,00 1,00 3,00 1,00 5,00 7,00 5,00 3,00 

O7i 0,14 0,33 0,33 0,20 0,33 0,20 1,00 3,00 1,00 0,33 

O8i 0,11 0,20 0,20 0,14 0,20 0,14 0,33 1,00 0,33 0,20 

O9i 0,14 0,33 0,33 0,20 0,33 0,20 1,00 3,00 1,00 0,33 

O10i 0,20 1,00 1,00 0,33 1,00 0,33 3,00 5,00 3,00 1,00 

 

Table 28 – Normalize Values 

T24 O1j O2j O3j O4j O5j O6j O7j O8j O9j O10j 

O1i 0,35 0,32 0,32 0,44 0,32 0,44 0,22 0,18 0,22 0,32 

O2i 0,07 0,06 0,06 0,05 0,06 0,05 0,10 0,10 0,10 0,06 

O3i 0,07 0,06 0,06 0,05 0,06 0,05 0,10 0,10 0,10 0,06 

O4i 0,12 0,19 0,19 0,15 0,19 0,15 0,16 0,14 0,16 0,19 

O5i 0,07 0,06 0,06 0,05 0,06 0,05 0,10 0,10 0,10 0,06 

O6i 0,12 0,19 0,19 0,15 0,19 0,15 0,16 0,14 0,16 0,19 

O7i 0,05 0,02 0,02 0,03 0,02 0,03 0,03 0,06 0,03 0,02 

O8i 0,04 0,01 0,01 0,02 0,01 0,02 0,01 0,02 0,01 0,01 

O9i 0,05 0,02 0,02 0,03 0,02 0,03 0,03 0,06 0,03 0,02 

O10i 0,07 0,06 0,06 0,05 0,06 0,05 0,10 0,10 0,10 0,06 

 

Table 29 – Key Table and Legend 

Diff. IF Diff. IF 
 

IF Meaning 

9,00 10 -9,00 1/10 
 

1 Oi equal to Oj 

8,00 9 -8,00 1/9 
 

2-3 Oi is weakly more important than Oj 

7,00 8 -7,00 1/8 
 

4-6 Oi is strongly more important than Oj 

6,00 7 -6,00 1/7 
 

7-8 Oi is very strongly more important than Oj 

5,00 6 -5,00 1/6 
 

9-10 Oi is absolutely more important than Oj 

4,00 5 -4,00 1/5 
 

Reciprocal values if Oj is more important than Oi (1/3, 1/5, …) 

3,00 4 -3,00 1/4 
      

2,00 3 -2,00 1/3 
 

IF Importance Factor 

1,00 2 -1,00 1/2 
 

Diff. Difference 

0,00 1 
   

NWF Normalized Weighting Factor 
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Table 30 – Normalised Weighting Factor 

T26 NWF 

O1 0,31 

O2 0,07 

O3 0,07 

O4 0,16 

O5 0,07 

O6 0,16 

O7 0,03 

O8 0,02 

O9 0,03 

O10 0,07 

(Highest Value is the most important and will have the highest impact on the alternatives) 
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Appendix C Ariane 5 Payload Bay Dimensions 

The following schematic (Figure 77) shows the allowable dimensions for payloads of the 

Ariane 5 Launch Vehicle.
80

 

 

Figure 77 – Ariane 5 Payload Bay Dimensions 
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Appendix D Growing Areas (Preliminary Estimates) 

Table 31 below shows the preliminary estimates for the growing areas of each module design. 

Table 31 – Growing Areas Table (Preliminary Estimates) 

Greenhouse 

Type 

Length 

(m) 

Width 

(m) 

Floor 

Area (m
2
) 

Number 

of 1m 

Wide 

Units 

Length of 

Growing 

Units (m) 

Growing 

Floor 

Area (m
2
) 

Minus 

Space for 

Systems 

(m
2
) 

Final 

Growing 

Floor 

Area (m
2
) 

Number 

of Units 

Available 

(based on 

height) 

3D 

Growing 

Area (m
2
) 

TOTAL 

GROWING 

AREA (m
2
) 

Rigid Square 10 3,18 31,8 2 10 20 17 15,3 5,5 84,15 84,15 

Rigid Cylinder 10 3,4 34 2 10 20 17 15,3 6 91,8 91,8 

Concertina 30 3,4 102 2 30 60 57 51,3 6 307,8 307,8 

Square  

(Floor Only) 
10 9,5 95 4 9 36 30 27 5,75 155,25 155,25 

Square  

(Floor, Roof) 
10 9,5 95 4 9 36 30 27 5 135 135 

Square  

(Floor, Roof,  

2 Walls) 

10 9,5 95 4 9 36 30 27 5 135 135 

Square  

(2 Levels - 

Lower Floor) 

10 9,5 95 4 9 36 30 27 5 135  

Square  

(2 Levels - 

Upper Floor) 

10 9 90 4 9 36 28 25,2 3,5 88,2 223,2 

Octagon  

(Floor Only) 
10 12 120 5 9 45 37,5 33,75 5,75 194,06 194,06 

Octagon  

(Floor, Roof) 
10 12 120 5 9 45 37,5 33,75 5 168,75 168,75 

Octagon  

(Floor, Roof,  

2 Walls) 

10 12 120 5 9 45 37,5 33,75 5 168,75 168,75 

Octagon  

(2 Levels - 

Lower Floor) 

10 12 120 5 9 45 37,5 33,75 5 168,75  

Octagon  

(2 Levels - 

Upper Floor) 

10 10 100 4 9 36 28 25,2 4 100,8 269,55 

 

Constants 

Systems Length (m) (Lower Floor) 1,5 

Systems Length (m) (Upper Floor) 2 

Reduction for Non-Plantable Areas in System 0,9 
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Appendix E Table of Required Technology 

The following table shows an initial estimate of the amount of required technology needed to 

develop each design module and the rating assigned for each, based on the level of 

technological development required. 

Table 32 – Table of Required Technologies 

Greenhouse 

Type 

Required Technology 

Hermetically 

Sealed 

Folding 

Internal 

Folding 

Support 

Flexible 

Skin 

Radiation 

and 

MMOD 

Proof Skin 

Landing 

Technology 

(Precise 

Location) 

Landing 

Technology 

(Precise 

Orientation) 

Landing 

Technology 

(Pre Landing 

Requirements) 

Landing 

Technology 

(Post Landing 

Requirements) 

TOTAL 

VALUE 

Rating 5 2 6 7 3 3 4 5 

Rigid Square 0 0 0 0 2 2 2 0 10 

Rigid Cylinder 0 0 0 0 2 1 2 0 8,5 

Concertina 0 2 2 2 0 0 0 2 20 

Square  

(Floor Only) 
1 2 2 2 1 2 1 2 29 

Square  

(Floor, Roof) 
1 1 1 1 1 1 1 1 17,5 

Square  

(Floor, Roof, 2 Walls) 
2 1 1 1 1 1 1 0 17,5 

Square  

(2 Levels) 
1 2 2 2 1 2 1 2 29 

Octagon  

(Floor Only) 
2 2 2 2 1 2 1 2 31,5 

Octagon  

(Floor, Roof) 
2 1 1 1 1 1 1 1 20 

Octagon  

(Floor, Roof, 2 Walls) 
2 1 1 1 1 1 1 0 17,5 

Octagon  

(2 Levels) 
2 2 2 2 1 2 1 2 31,5 

 

Ratings   

1 Minimal Effort Required 

10 New Technologies and Scientific Developments Required 

 
 

Total Value   

1-20 Minimal Effort Required, All Technologies Pre-Existing 

20-40 Some Development Work Required but Most Technologies Pre-Existing 

40-60 Significant Development Work Required. Some Technologies Still to be Created. 

60-80 New Technologies and Scientific Developments Required 
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Appendix F First Growth Preliminary Time Estimate 

Table 33 below provides a preliminary estimate of the amount of time required for each 

module to deploy, setup, and initiate plant growth within the greenhouse modules. 

Table 33 – First Growth Preliminary Time Estimate Table 

Greenhouse  

Type 

Number of 

1x4m 

Growing 

Units 

Total Time 

for 

Growing 

Unit Setup 

(days) 

Number of 

Folds (Rigid 

Panels) or 

Equivalent 

(Concertina) 

Time for 

Rigid 

Unfolding 

(days) 

Time for 

Flexible Skin 

Deployment 

(days) 

Number 

of 1x1m 

System 

Units 

Total 

Time for 

System 

Unit Setup 

(days) 

Time for 

Transfer of 

Units from 

Secondary 

Launch 

Vehicle 

(days) 

Time for 

Transfer of 

Units to 

Upper 

Levels 

(days) 

TOTAL 

TIME 

(days) 

Rigid Square 4 2 0 0 0 4 0,6 0 0 2,6 

Rigid Cylinder 4 2 0 0 0 4 0,6 0 0 2,6 

Concertina 12 6 16 4 1,5 12 1,8 10 0 23,3 

Square  

(Floor Only) 
8 4 3 0,75 3 8 1,2 0 0 8,95 

Square  

(Floor, Roof) 
8 4 6 1,5 2 8 1,2 0 0 8,7 

Square  

(Floor, Roof, 2 Walls) 
8 4 8 2 1,5 8 1,2 0 0 8,7 

Square  

(2 Levels) 
16 8 6 1,5 3 16 2,4 4 2 20,9 

Octagon  

(Floor Only) 
10 5 7 1,75 3 10 1,5 0 0 11,25 

Octagon  

(Floor, Roof) 
10 5 14 3,5 2 10 1,5 0 0 12 

Octagon  

(Floor, Roof, 2 Walls) 
10 5 16 4 1,5 10 1,5 0 0 12 

Octagon (2 Levels) 18 9 12 3 3 18 2,7 7 2 26,7 

 

Constants 

Setup Time per Growing Unit (days) 0,5 

Setup Time per Rigid Panel Folding (days) 0,25 

Setup Time per System Unit (days) 0,15 
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Appendix G Preliminary Volume Analysis  

The following table provides an analysis of each module’s ability to carry the necessary 

“black box” systems within its enclosed launch volume. 

Table 34 – Preliminary Volume Analysis Table 

Greenhouse  

Type 

Number of 

1x4m 

Growing 

Units 

Total 

Volume for 

Compacted 

Growing 

Units (m
3
) 

Number of 

1x1m 

System 

Units 

Total 

Volume for 

System 

Units (m
3
) 

Additional 

Volume for 

Ancillary 

Needs (m
3
) 

Total 

Necessary 

Volume 

(m
3
) 

Available 

Volume in 

Undeployed 

Module (m
3
) 

% of 

EQUIPMENT 

WITHIN 

LAUNCH 

VOLUME 

Rigid Square 4 24 4 8 16 48 101,25 210,94 

Rigid Cylinder 4 24 4 8 16 48 157,63 328,40 

Concertina 12 72 12 24 48 144 53,9 37,43 

Square  

(Floor Only) 
10 60 8 16 38 114 101,25 88,82 

Square  

(Floor, Roof) 
10 60 8 16 38 114 101,25 88,82 

Square  

(Floor, Roof, 2 Walls) 
10 60 8 16 38 114 101,25 88,82 

Square  

(2 Levels) 
16 96 16 32 64 192 101,25 52,73 

Octagon  

(Floor Only) 
12 72 10 20 46 138 143,17 103,75 

Octagon  

(Floor, Roof) 
12 72 10 20 46 138 143,17 103,75 

Octagon  

(Floor, Roof, 2 Walls) 
12 72 10 20 46 138 143,17 103,75 

Octagon  

(2 Levels) 
18 108 18 36 72 216 101,21 46,86 

 

Constants 

Volume of Compacted Growing Unit (m
3
) 6 

Volume of 1x1m System units (m
3
) 2 

Additional Ancillary Needs Volume (%) 0,5 
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Appendix H Preliminary Mass Estimate 

Table 35 below provides the initial mass estimate for the greenhouse modules based on using Titanium Ti-6Al-4V
81

 structure  

(density = 4428kg/m
3
) and a composite flexible skin with a density of 1934.5 kg/m

3
. The value of 1934.5kg/m

3
 was obtained by assuming a 

skin thickness of 25mm consisting of 10mm of Kevlar
82

 (for strength purposes; density = 1440kg/m
3
), 10mm of Nextel

83
 (for 

micrometeoroid protection; density = 2700kg/m
3
), and 5mm of Mylar

84
 (for thermal insulation; density = 1392.5kg/m

3
). Growing Areas 

were taken from the figures calculated in Appendix A. 

Table 35 – Preliminary Mass Estimate Table 

 

  

Greenhouse 

Type 

Volume 

of Floor 

(m
3
) 

Mass of 

Floor 

(kg) 

Volume 

of 

Roof/2nd 

Floor 

(m
3
) 

Mass of 

Roof/2nd 

Floor 

(kg) 

Volume of 

Side Walls 

(Rigid) 

Including 

Front/ 

Rear Doors 

(m
3
) 

Mass of 

Side Walls 

(Rigid)  

Including 

Front/ 

Rear Doors 

(kg) 

Volume 

of 

Internal 

Structure 

(m
3
) 

Mass of 

Internal 

Structure 

(kg) 

Volume 

of 

Flexible 

Walls/ 

Roofs 

(m
3
) 

Mass of 

Flexible 

Walls/ 

Roof (kg) 

Additional 

Mass for 

Support 

Struts for 

Flexible 

Walls/ 

Roofs (kg) 

TOTAL 

WEIGHT 

(kg) 

Growing 

Area (m
2
) 

(refer to 

Appendix 

A) 

WEIGHT 

PER 

GROWING 

AREA 

(kg/m
2
) 

Rigid Square 0.795 3520.26 0.795 3520.26 1.978 8758.584 0 0 0.000 0.000 0.000 15799.10 84.15 187.75 

Rigid Cylinder 0.11 487.08 0 0 4.245 18796.86 0 0 0.000 0.000 0.000 19283.94 91.80 210.06 

Concertina 0.33 1461.24 0 0 0.936 4144.608 3.821 16919.38 10.500 20312.25 2031.225 44868.71 307.80 145.77 

Square  

(Floor Only) 
2.388 10574.06 0 0 0.388 1718.064 0 0 4.019 7773.788 777.379 20843.30 155.25 134.26 

Square  

(Floor, Roof) 
2.388 10574.06 2.25 9963 0.388 1718.064 0 0 2.063 3991.260 399.126 26645.51 135.00 197.37 

Square  

(Floor, Roof, 2 

Walls) 

2.388 10574.06 2.25 9963 1.658 7341.624 0 0 0.806 1559.594 155.959 29594.24 135.00 219.22 

Square  

(2 Levels) 
2.388 10574.06 2.25 9963 0.388 1718.064 0 0 5.655 10940.23 1094.023 34289.38 223.20 153.63 

Octagon  

(Floor Only) 
3.017 13359.27 0 0 0.232 1027.296 0 0 4.966 9606.437 960.644 24953.65 194.06 128.59 

Octagon  

(Floor, Roof) 
3.017 13359.27 2.891 12801.34 0.232 1027.296 0 0 2.554 4940.616 494.062 32622.60 168.75 193.32 

Octagon  

(Floor, Roof, 2 

Walls) 

3.017 13359.27 2.891 12801.34 1.5 6642 0 0 1.285 2486.219 248.622 35537.47 168.75 210.59 

Octagon  

(2 Levels) 
3.017 13359.27 2.532 11211.69 0.232 1027.296 0 0 6.884 13318.02 1331.802 40248.09 269.55 149.32 



 

- 115 - 

Appendix I Water Reservoir Preliminary Volume Calculation 

The following calculations provide a preliminary estimate for the quantity of water required 

by the Water Subsystem within the Nutrient Delivery System.  

The following data was obtained from Sadler et al.
62

: 

 Number of plants – 111 

 Water usage per day – 17.4kg 

 Water reclaimed per day from transpiration – 15.7kg 

 

From these values, the following can be calculated: 

 Water usage per day per plant – 0.156kg 

 Unrecovered water usage per day per plant – 0.015kg 

 Percentage of water reclaimed per day – 90% 

 

The following assumptions have been made: 

 Number of plants – 650 

 Density of water – 1000kg/m
3
 

 Normal operating conditions (NOC) time – 365 x 2.5 = 912.5days 

 Failure conditions (FC) time – 3 x 30 = 90days 

 Losses from waste, spillage, etc. – 0.25kg/day 

 

Normal operating conditions 

Weight of water used per day NOC  = Number of plants x Unrecovered water usage + Losses 

= 650 x 0.015 + 0.25 

= 10kg/day 

 

Weight of water per time NOC = Weight of water used per day NOC x NOC time 

= 10 x 912.5 

= 9125kg 

 

Volume of water required NOC = Weight of water per time NOC / Density of water 

= 9125 / 1000 

= 9.125m
3
 

 

Failure conditions 

Weight of water used per day FC  = Number of plants x Water usage + Losses 

= 650 x 0.165 + 0.25 

= 107.5kg/day 

 

Weight of water per time FC = Weight of water used per day FC x FC time 

= 107.5 x 90 

= 9675kg 

 

Volume of water required FC = Weight of water per time FC / Density of water 

= 9675 / 1000 

= 9.675m
3
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Appendix J “Ramped” vs. “Straight” Configurations – 

Primary Unit Calculations 

The following two tables calculate the number of Primary Units (PUs) available to a Grow 

Unit for “Ramped” and “Straight” configurations for Carrots, Potatoes, Lettuce, and Wheat. 

The final table on the next page calculates the percentage additional yield produced by the 

“Ramped” configuration over the “Straight” configuration due to the additional PUs. Figure 

78 and Figure 79 identify how the minimum distance between PUs was calculated. 

Table 36 – Table of Primary Unit Numbers in “Standard” Configuration 

Standard Configuration 

Plant 

Root Zone 

(Average) 

(m) 

Plant Height 

(Average) 

(m) 

Overall Plant 

Height (Average) 

(m) 

Overall Plant 

Height (Max. - 

Average + 20%) 

(m) 

Min. Distance 

Required Between 

Plants at Max. 

Growth (m) 

No. of PRIMARY 

UNITS – 

STANDARD 

CONFIGURATION 

Carrot 0,16 0,38 0,54 0,648 0,748 5,35 

Potatoes 0,4 0,82 1,22 1,464 1,564 2,56 

Lettuce 0,16 0,28 0,44 0,528 0,628 6,37 

Wheat 0,22 0,49 0,71 0,852 0,952 4,20 

 

Table 37 – Table of Primary Unit Numbers in “Ramped” Configuration 

Ramped Configuration 

Plant 

Root Zone 

(Average) 

(m) 

Plant Height 

(Average) 

(m) 

Overall 

Plant Height 

(Average) 

(m) 

Overall Plant 

Height (Max. - 

Average + 20%) 

(m) 

Min. Distance 

Required 

Between Plants 

at Max. Growth 

(m) 

Min. Height 

Required by 

Plants (m) 

No. of PRIMARY 

UNITS – RAMPED 

CONFIGURATION 

Carrot 0,16 0,38 0,54 0,648 0,748 0,392 7,02 

Potatoes 0,4 0,82 1,22 1,464 1,564 0,68 3,57 

Lettuce 0,16 0,28 0,44 0,528 0,628 0,392 7,84 

Wheat 0,22 0,49 0,71 0,852 0,952 0,464 5,65 

 

 

Constants 

Height of Primary unit 0,1 m 

Height of Overall Unit 4 m 

Min. Plant Growth Gap Above Root Zone 0,1 m 

 

Notes:  
 

Min. Distance Required Between Plants at Max. Growth = Overall Plant Height + Height of Primary Unit 

Min. Height Required by Plants = Height of Primary Unit + (Root Zone (Average) x  1.2)  

+ Min. Plant Growth Gap Above Root Zone 

No. of Primary Units – Standard Configuration = Height of Overall Unit / Min. Distance Required Between 
Plants at Max. Growth 

No. of Primary Units – Ramped Configuration = Height of Overall Unit / (Min. Distance Required Between 

Plants at Max. Growth + Min. Height Required by Plants) x 2 
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Table 38 – Comparison of “Ramped” and “Straight” Configurations Table 

Comparison of Ramped and Straight Configurations 

Plant 

Number of 

Primary Units 

- Standard 

Configuration 

Absolute 

Number of 

Primary Unit - 

Standard 

Configuration 

Number of 

Primary Units 

- Ramped 

Configuration 

Absolute 

Number of 

Primary Unit - 

Ramped 

Configuration 

Difference in 

Absolute 

Number of 

Primary Units 

% INCREASE YIELD 

PER GROW UNIT 

(RAMPED OVER 

STRAIGHT) 

Carrot 5,35 5 7,02 7 2 140 

Potatoes 2,56 2 3,57 3 1 150 

Lettuce 6,37 6 7,84 7 1 116,67 

Wheat 4,20 4 5,65 5 1 125 

 

 

Figure 78 – Grow Unit in “Straight” Configuration 
 

 

Figure 79 – Grow Unit in “Ramped” Configuration 
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