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Abstract 
 
A design study was carried out at the German Aerospace Center (DLR) in Bremen, investigating the 
optimal structural design for a lunar greenhouse module. On account of the volume requirements of 
a lunar greenhouse and the volume constraints of modern launchers, the study has considered only 
inflatable and hybrid structures.  
 
A literature study was performed on the existing technologies and concepts of fully inflatable and 
partially inflatable (hybrid) space habitats and structures. Additionally, a review of the lunar 
environment was carried out and the impact on the lunar greenhouse module structure design was 
determined. 
 
Using system engineering tools, the structural requirements of the greenhouse module were 
defined. Concepts, such as a cylinder or semi-cylinder, were developed and assessed using an 
Analytical Hierarchy Process (AHP).  
 
A preliminary design of the structure was performed for the selected concept, a semi-cylinder with 
rigid end-caps and a flexible middle section. For the preliminary design, the gas retention properties 
as well as the micro-meteoroid and radiation shielding capabilities were designed and thermal and 
load-bearing properties of the structure were analysed. Additionally, a possible configuration of the 
greenhouse module interior was presented and interfaces between the rigid and flexible sections of 
the structure, as well as between the structure and other lunar base structures were discussed. 
 
Verification of the preliminary design calculations and the compliance with the requirements was 
carried out for the thermal and load-bearing structural properties, using the finite element analysis 
tool MSC Nastran. 
 
The final structure design is a semi-cylindrical hybrid structure with rigid end-caps, 20 m in length 
and with a 3 m radius and with a total mass of 43786 kg. 
 
Radiation protection is provided by covering the structure with regolith-filled bags. A total thickness 
of approximately 2,5 m of regolith needs to be applied to the greenhouse to provide sufficient 
protection for the astronauts and plants within during the envisioned two year mission lifetime. 
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F   -  particle fluence 
Fcr   -  critical buckling load 
Fij  -  view factor of surface i to j 
Flunar   -  view factor from GHM surface to lunar surface 
Fsolar   -  view factor from surface to Sun 
Galbedo   -  incident albedo flux 
Gsolar   -  incident solar flux on the lunar surface 
h   -  plate thickness 
HB   -  Brinell Hardness 
I   -  moment of inertia 
IeV   -  mean excitation energy 
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J   -  steady state permeation flux 
k   -  coefficient 
kc   -  thermal conductivity 
k0   -  constant 
klat   -  lateral stiffness 
klon   -  longitudinal stiffness 
K   -  material dependent constant 
L   -  wall thickness 
Lbeam   -  beam length 
m   -  electron rest mass 
mp   -  particle mass 
n   -  number of moles [mole] 
ne   -  number of electrons within unit volume material 
N   -  number of atoms within unit volume of material 
N0   -  (mono-energetic) photon beam intensity at depth 0 
Nx, Ny, Nxy  -  direct loads 
N(x)   -  (mono-energetic) photon beam intensity at depth x 
P   -  pressure [Pa] 
Peff   -  effective permeability 
Ph   -  probability of impact 
Pi   -  permeability of layer i 
Plat   -  lateral load 
Pm   -  permeability 
P∞   -  penetration depth 
Q   -  Energy loss per collision 
Qcond   -  amount of heat conducted 
Qheat   -  absorbed UV heat 
Qrad,ij  -  net radiative heat transfer between surfaces i and j 
Qx, Qy   -  shear forces 
r   -  radius of gyration 
R   -  universal gas constant  
Rd   -  distance from surface of incidence (in m) 
S   -  spacing between bumper and rear wall 
Sm   -  solubility 
t   -  thickness 
tb  -  bumper thickness 
ti   -  thickness of layer i 
ttotal  -  total thickness 
tw   -  wall thickness 
T   -  temperature [K] 
Ti, Tj   -  surface temperature 
V   -  Volume [m^3] 
Vp   -  Particle velocity 
w   -  plate deflection function 
W(Q)   -  Probability density 
x   -  depth within the material 
xm   -  x location of material 
x    -  x location of center of gravity 

ym   -  y location of material 
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y    -  y location of center of gravity 

z   -  atomic number of particle 
Z   -  atomic number of material 
α   -  ultraviolet absorbtivity 
β   -  particle speed as a fraction of light speed 

ε   -  infrared emissivity 
Δp   -  pressure difference 
ΔT   - temperature difference 
θ   -  Angle between velocity vector and shield normal 
θn   -  angle between neutron velocity vector and proton angle of incidence 
µ   -  Probability of electronic collision per unit distance of travel 
µlin   -  linear attenuation coefficient 
ν  -  Poisson's ratio 
Φm   -  particle flux 
Φn   -  number of neutrons per area per incident proton 
ρb   -  bumper material density 
ρp  -  particle density 
ρs   -  shield material density 
ρw   -  density of wall material 
σ   -  Stefan-Boltzmann constant 
σw   -   yield stress of rear wall material 
σy   -  yield stress of rear wall material 
τ   -  kinetic energy as a multiple of electron rest energy 
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1. Introduction 
 
Since the beginning of the early 90’s, mankind has had a nearly continuous presence in space with 
the MIR space station and currently the International Space Station (ISS). With the ISS operating at 
least until 2020, and taking into account the recent achievements of the Chinese in developing their 
own space station, it is all but assured that humans will inhabit Low Earth Orbit in the coming 
decades as well. The various spacefaring nations and mankind in general are not satisfied with 
remaining on or near Earth forever, though. The vision for future manned space missions is to move 
beyond Earth’s orbit and establish a base on the Moon or on Mars. 
 
As humans move further away from Earth, it will be crucial to supply the basic essentials, such as 
safe living and working environments, breathable atmosphere, water and other liquids and of course 
food. To reduce the costs and logistical efforts of supplying a Moon or Mars base with food, oxygen 
and water, it will be necessary to have an in-situ life support system (LSS), containing, among other 
systems, a greenhouse for food crop cultivation. A greenhouse module, such as shown in Figure 1 
(left), would be capable of (partly) fulfilling many of the functions named in Figure 1 (right), such as 
waste water recycling, and consequently reduce the amount of supplies which would need to be 
shipped to a Moon or Mars base. 
 

 
Figure 1: (Left) NASA’s Biomass Production Center (BPC) [source: 1]. (Right) Savings in relative supply mass of 

closed loop versus open loop systems [source: 2]. 

 
The harsh environments on the Moon and Mars impose certain requirements on the design of a 
greenhouse. Particularly, the structure of the greenhouse will need to be capable of withstanding 
impacts from micro-meteoroids and shield the interior from radiation, among other tasks.  
 
One of the many organizations which are conducting research into the design of greenhouses for 
the Moon and Mars is the German Aerospace Center (DLR). In line with the efforts of DLR, this work 
will detail the design of the structure for a Lunar Greenhouse Module. The structure will be 
deployable, to allow the stowed structure to fit inside an existing launcher, while still providing the 
required amount of plant cultivation area in the deployed configuration.  
 
The main research question which was formulated for this thesis work was: 
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What is the optimal design for a (fully-equipped, deployable) Greenhouse module on the Moon? 
 
To facilitate answering this main question, several secondary research questions are formulated. 
Answering these secondary research questions should make it possible to answer the main question. 

- What are the requirements for a Lunar Greenhouse Module? (Specifically with regards to the 
structure) 

 
Chapters 2, 3 and 4 will be focused on answering this question. First, in Chapter 2, an overview of the 
research into deployable space structures is presented. Past missions, the current state of the art 
and other aspects, such as modelling methods and potential materials, are discussed. Then, in 
Chapter 3, the conditions on the surface of the Moon are analysed, with a focus on their design 
impact. In Chapter 4, the system analysis of the Lunar Greenhouse Module is covered. Requirements 
are defined, a subsystem breakdown and corresponding interface definitions are discussed and 
some necessary assumptions are listed. 

 
- What possible structural designs/configurations would meet the requirements placed on a 

Lunar Greenhouse Module and which design would be most optimal? 
 
With the assumptions and requirements set up, Chapter 5 presents the different concepts for the 
Greenhouse Module (GHM) and details the trade-off process and concept selection. Chapter 6 
details the (preliminary) design of the structure. Chapter 7 covers the modelling and analysis which 
is carried out to verify that the structural design meets the requirements. Finally, Chapter 8 presents 
the conclusions of the work and Chapter 9 discusses (some of) the issues which should be addressed 
in future design work. 
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2. Deployable Space Structures Research 
 
In this chapter a non-comprehensive overview of deployable space structures research is presented, 
detailing (among other things) past missions, current state of the art technologies and modelling 
methods. First, however, it is necessary to clarify some of the terminology which will be used in this 
report. 
 
The term deployable will be used for any and all structures which are not launched in their final 
configuration. Deployable structures can be divided into the three subsets:  
 

 Rigid deployable structures 
 

Rigid deployable structures are defined as deployable structures which require no rigidization to 
maintain their deployed shape. An example of a rigid deployable structure would be a satellite 
with (rigid) deployable solar panels. 

 

 Inflatable structures  
 

Inflatable structures are defined to be structures consisting solely of materials which require 
rigidization or pressurization to maintain the desired shape after deployment, such as the 
Inflatable Antenna Experiment flown by NASA, which will be discussed later in section 2.1. 

 

 Hybrid structures 
 

Hybrid structures are structures which combine rigid structural elements and inflatable 
structural elements.  

 
The research discussed in this chapter is limited to inflatable and hybrid structures and the 
lightweight materials used in the design of such structures. This is done because rigid deployable 
structures, while technically deployable structures, do not offer the same benefits of low mass and 
high (deployed) volume which can be achieved using hybrid or inflatable structures. As such, rigid 
deployable structures are not considered for the current work. 
 

2.1. Past, present and future missions 
 
Inflatable structures have been considered for use in space missions since the early days of the space 
era. Werner von Braun already proposed, in 1952, the concept of a wheel-shaped inflatable space 
station with a diameter of 50 m [3]. Unfortunately, many of the designs never made it past the 
prototype phase. 
 
One of the inflatable structures which did get launched into space was the ECHO I, seen in Figure 2. 
The ECHO I was a balloon satellite which was launched in 1960 and inflated from inside a 67,3 cm 
sphere to a final diameter of 30,48 m. The inflation gas was provided by using sublimating powders 
[4,5]. The ECHO I acted as a passive satellite, reflecting radio signals as it orbited the Earth at an 
altitude of about 1600 km. The balloon was coated with a thin layer of aluminium, which work-
hardened upon inflation of the balloon, thus rigidizing the structure [6]. The ECHO balloons were 
invaluable in developing and testing packaging and deployment techniques, which formed the basis 
for further research. 
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Figure 2: ECHO I balloon satellite [Source: 6] 

 
Aside from the simple balloon designs of the ECHO balloon satellite series, more complex structures 
were also being developed using inflatable structures. At that time, Goodyear Aerospace 
Corporation developed a number of inflatable structures, which are briefly discussed below. 
 
The inflatable search radar antenna, seen in Figure 3 (left), demonstrated the use of a rigidizable 
truss structure and a metallic mesh was used for the surface of the antenna. The antenna had a 
length of 10 m, a width of 3m and obtained a parabolic surface profile.  
 
The radar calibration sphere concept used flat hexagonal membrane panels, which were bonded 
together [4]. Upon inflation, the structure would have a spherical shape, as can be seen from the 6m 
diameter demonstrator in Figure 3 (center). In principle, it would be possible to obtain any desired 
size by increasing the number of panels, or the size of the panels. 
 

   
Figure 3: (Left) Inflatable search radar antenna. (Center) Radar calibration sphere. (Right) Lenticular inflatable 

parabolic reflector [Source: 6] 

 
A different concept developed by Goodyear was the “lenticular inflatable parabolic reflector”, 
consisting of a lenticular reflector, surrounded by a toroidal ring, as can be seen in Figure 3 (right). 
This concept used the bonding of ‘pie-shaped’ membrane gores to form a parabolic surface, as well 
as the bonding of curved segments to produce the toroidal ring. The structure shown in Figure 3 
(right) had a total diameter of 12 m, and the reflector diameter was 10 m. A number of rigidization 
techniques were investigated for this type of inflatable structure, such as foams. 
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Goodyear also collaborated with NASA to build a prototype inflatable space station in 1961. The 
station, seen in Figure 4 (left), had a diameter of 7,3 m and was expected to house one or two 
astronauts. The structure was constructed out of Dacron filaments with a Butyl rubber binder and a 
Butyl-impregnated nylon internal bladder for gas retention. The structure could be packaged in a 
hub with a diameter of about 2,4 m and was designed for 5 psi pressure. [7]  
 
Two other habitat designs by Goodyear were a lunar shelter, capable of holding two astronauts for a 
period of eight to thirty days, and the “Moby Dick” space habitat. The lunar shelter design consisted 
of a 3-layer laminate with a nylon outer cover over closed-cell vinyl foam and an inner nylon cloth, 
bonded by polyester adhesive layers. The total length of the structure was around 4,5 m and the 
diameter was about 2,1 m. The “Moby Dick” was developed as a prototype space habitat. Measuring 
about 3,9 m in diameter and 11,4 m in length, the structure was designed around a thick gas bladder 
made from Dacron. This bladder was dipped in a polyester resin bath and sealed by polyvinyl 
chloride (PVC) foam, after which the structure was covered with flexible polyurethane foam and a 
nylon film-fabric laminate painted with a thermal coating. [7]  
 
The development of these prototype structures helped develop the knowledge base on inflation, 
repackaging and gas retention, as well as structural characteristics of inflatable structures. 
 

  
Figure 4: (left) Goodyear 24 foot space station [Source: 8]. (right) Voskhod 2 Inflatable airlock [Source: 9] 

 
Inflatable structures were also being developed by other companies, such as L’Garde Inc. In the late 
60’s and the 70’s this company designed and tested Inflatable Exo-Atmospheric Objects (IEOs) for 
the US Air Force. These IEOs acted as decoy and target systems and were used to gather flight 
telemetry data as well as radar and infrared signatures for re-entry vehicles. The structures consisted 
of a carbon fabric outer skin, with a ‘water blanket’ directly underneath for temperature control. 
About one to two meters in length, these structures were capable of inflating within several 
milliseconds [10]. 
 
In 1974, the Applications Technology Satellite 6 (ATS-6) was launched. This satellite carried a 
deployable antenna reflector designed by Lockheed. Over 9 m in diameter, the antenna was 
constructed out of aluminium ribs with a metallized Dacron mesh [11]. 
 
Outside of the United States, research into inflatable space structures was also being done. One of 
the more notable achievements is the inflatable airlock, Figure 4 (right), which was flown on the 
Voshkod 2 and allowed the first ever extravehicular activity (EVA) in 1965 [9,12]. Similar inflatable 
airlock designs were developed by Lockheed and Goodyear and were later flown by the Americans 
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[13,14]. The space suits used during an EVA can also be qualified as inflatable structures and these 
were, of course, also developed during this time period. 
 
In Europe, research into inflatable structures was initiated in the late 1970’s. The European Space 
Agency sponsored the Contraves Space Division and their development of reflector antennas and 
sun shade structures, seen in Figure 5 [4,6].  
 
One of the results of this effort was the 6 m diameter scale model of a Very Large Baseline 
Interferometry (VLBI) antenna which was built in the early 80’s. This antenna structure was used to 
test rigidization techniques and materials as well as inflation systems and investigated the 
achievable surface accuracy of the inflated structure. The pre-rigidization surface precision for the 
VLBI was found to be on the order of 1 mm rms.  
 
Following this VLBI antenna, a land mobile communications reflector antenna of 10 x 12 m was built. 
This antenna achieved a surface precision of 2 mm root mean square (rms) and tested rigidization of 
the structure through solar heating. The third significant result of the Contraves research was a scale 
model sun shade support structure which was intended for a submillimeter space telescope. The sun 
shade structure was based on a truss structure and yielded further knowledge on materials and 
inflation and rigidization techniques [10]. 
 

  
          

 
Figure 5: (Top left) VLBI antenna. (Top right) Inflatable sun shade structure. (Bottom) Inflatable 

communications reflector antenna [Source: 6] 
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In the late 80’s the US Air Force and L’Garde Inc. did similar research into large inflatable reflector 
structures. Consisting of 18 panels of six-micron thick aluminized Mylar, the Large Offset Reflector 
Structure had dimensions of 7 x 9 m and achieved a surface precision on the order of a few mm rms 
[10]. The structure was a technology demonstrator which led the way to the Inflatable Antenna 
Experiment (IAE) which was flown on the Space Shuttle Endeavour in 1996.      
 
The IAE was a joined project between NASA, the Jet Propulsion Laboratory (JPL) and L’Garde Inc. 
The structure consisted of a 14 m diameter inflatable reflector and three inflatable struts of 28 m. 
The deployment of the IAE did not go as intended, due to some residual air inside the stowed 
volume, but nonetheless the desired deployed shape was successfully obtained [15]. The 
deployment and final shape of the antenna can be seen in Figure 6. 
 

    
 

   
Figure 6: Deployment of the IAE (left) and fully deployed IAE (right) [Source: 6] 

 
Around the same time, ILC Dover, together with the US Air Force and JPL, was developing and, later 
on, testing a Large Solar Array Structure. Three carbon fibre and thermoplastic, inflatable, beams 
were used to support the solar cell substrate of the 3 x 10 m solar array. A demonstrator was built 
and tested and the array structure was intended for flight on the Space Shuttle Columbia and use on 
the Deep Space 4 Champollion mission, but budget constraints resulted in cancellation of the 
program in 1999 [16,17]. 
 
Another inflatable structures program which was cancelled as a result of budgetary issues was the 
Transit Habitat (TransHab). The TransHab was considered as habitat module for the International 
Space Station, where the design and technologies could be proven before being applied in human 
missions to Mars. The TransHab was a hybrid structure, with a rigid central core and an inflatable 
outer shell. The inflatable shell consists of five sections, specifically the inner liner, the bladders, the 
restraint layer, a debris protection system and an outer layer for thermal control and atomic oxygen 
(AO) protection. In total, the shell is composed of over 60 layers and is about 40,6 cm thick [18,19]. 
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Figure 7: (left) TransHab internal layout schematic [Source: 20]. (right) TransHab shell layers [Source: 21] 

 
The inner liner of the TransHab shell consists of Kevlar and Nomex fabrics, providing a barrier that is 
durable, easy to clean, flame and puncture resistant and with good acoustic properties. A triple 
redundant bladder system is used, with the bladders made from Combitherm material, which is a 
laminate consisting of polyethylene, nylon and vinyl alcohol (EVOH) layers. The bladders are 
oversized with respect to the restraint layer to maintain a zero stress at the interface between the 
bladders and the central core. The bladders are surrounded by Kevlar to provide additional puncture 
resistance. The restraint layer is also constructed out of Kevlar and is designed to hold a pressure of 
4 atm. Covering the restraint layer is the debris protection system which is designed to protect 
against impacts from micro-meteoroids and orbital debris (MMOD). The MMOD shield consists of 
Nextel ceramic fabric layers, separated by polyurethane foam, with a high strength Kevlar layer at 
the rear of the shield. Finally, the outer most layers of the TransHab shell are multi-layer insulation 
(MLI) blankets for thermal control and an aluminized Betaglass fabric for atomic oxygen (AO) 
protection. The MLI blankets are oversized with respect to the MMOD shield to prevent them from 
carrying load [18,19].  
 
While the TransHab program was cancelled due to delays and budget constraints, the technology 
has been used and improved upon by Bigelow Aerospace, leading to the launch of the Genesis I, see 
Figure 8, and Genesis II in 2006 and 2007, respectively. Several additional inflatable habitats are 
being developed or have been proposed, and should launch in the coming years [22]. 
 
Aside from habitats, the past two decades have seen an increased focus on the development of solar 
sailing technology and (re-)entry heat shields. In 1993, the Znamya 2 was deployed from the Russian 
MIR space station, and in 2004, the Japanese Institute of Space and Astronautical Science (ISAS) 
deployed two prototype solar sails [23]. In 2010, the Japanese IKAROS mission became the first 
mission to use a solar sail as the main propulsion system [24,25,26,27]. Additional solar sail missions 
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are being planned by NASA, DLR and ESA, among others [28, 29]. Furthermore, the Deploytech 
ESA project is aiming to develop three inflatable structure designs [30,31]. 
 

  
Figure 8: (Left) Interior of Genesis I – ‘Fly Your Stuff’ program (Right). Genesis I in space [Source: 32, 33] 

 

2.1.1. Habitat concepts 
 
A number of habitat designs have been mentioned previously, but many more concepts have been 
developed. Structures can be created in basically any shape imaginable. The differences in load 
carrying capabilities, mass and available volume (among other aspects) mean, however, that certain 
designs are more feasible, from a technical and economic view, than others. The concepts can be 
subdivided into four categories: 

 
- the (hemi-)sphere 
- the cylinder  
- the toroid  
- atypical shapes (e.g. box-shaped)  

 
Some examples of each of these groups are given below and additional habitat concept illustrations 
are presented in Appendix A: 
 
(Hemi-)Spheres 
 
Roberts [34] discusses the design issues of inflatable habitats and presents a spherical lunar habitat 
design. The concept is of a 16 m diameter inflated sphere, with an internal structural cage for 
support of floors, walls and equipment, see Figure 9. The structural cage would also provide support 
in case of pressure loss, ensuring that the sphere would not collapse under the weight of the 3 m 
regolith shielding. Curved radial and concentric beams would run along the inside of the sphere and 
an open shaft with a 2 m diameter would run from top to bottom in the center of the sphere to allow 
movement between the different floors. 
 

http://images.spaceref.com/news/2006/item_box_jumping_big.jpg
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Figure 9: Cross-section of a spherical lunar habitat [Source: 34] 

 
Bucklin et al. have developed a prototype dome structure which serves as a test bed for low pressure 
(25 kPa) plant cultivation experiments, as seen in Figure 10. A scaled and adapted version of the 
design could be used as a greenhouse module for the Moon or Mars. The prototype dome has a 
diameter of 1 m and is made of clear Lexan (polycarbonate thermoplastic) with a stainless steel 
dome [35].  
 

  
Figure 10: (Left) Mars Greenhouse Dome. (Right) Harvest-ready plants in the Mars Greenhouse Dome  

[Source: 35] 

 
Fisher [36] compares the advantages and disadvantages of spheres (and domes) compared with 
toroidal shaped structures to determine the best candidate for a Mars habitat. Several spherical 
habitats are presented by the author and a number of sphere, dome and torus concepts from other 
studies are discussed. He concludes that the stability of the torus, the better mass to floor area ratio 
and reduced construction time and amount of regolith needed for shielding make the toroidal 
shaped structure a better option than a sphere or dome. 
 
Kozicki and Kozicka [37] have developed several concepts for a Martian Base (see Figure 11) and 
selected a design with dome-shaped habitats as the best option. Internal layout and initial material 
selection for the structure are presented, along with a deployment strategy. 
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Figure 11: Martian base concepts. In the lower left corner (inside the red ring) is the selected concept  

[Source: 37] 

 
(Semi-)Cylinders 
 
The University of Arizona is at the forefront of lunar greenhouse development. Building on 
experience with crop cultivation at a research station on the South Pole, the Controlled Environment 
Agriculture Center has developed a cylindrical greenhouse demonstrator, see Figure 12 (left). The 
greenhouse has rigid sections at both ends and extends length-wise during inflation. Plants are 
placed in flexible, opaque root zone tubes and supported by cables [38]. 
 

  
Figure 12: (Left) Lunar Greenhouse Demonstrator [Source: 38]. (Right) Engineering Development Unit 

[Source: 39] 

 
The Engineering Development Unit (EDU), see Figure 12 (right), being developed by ILC Dover is 
another cylindrical structure envisioned to have rigid end caps with a flexible, extendable center 
section. The habitat has a diameter of 3 m, a deployed length of about 10 m and a stowed length of 
roughly 5,2 m. The flexible part of the structure consists of a lightweight Vectran fabric with 
webbing net for additional support and a urethane coating. The EDU is a test bed to demonstrate 
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the packaging and deployment of the structure, the performance under expected loading conditions 
and furthermore, it provides a platform for testing of other ideas [39]. 
 
Some previous work performed at DLR Bremen by Glasgow [40] analysed different configurations 
for planetary greenhouses, including a fully rigid cylinder and an inflatable cylinder with rigid ends 
and a rigid frame, as seen in Figure 13. 
 

   
Figure 13: (Left) Fully rigid cylinder. (Middle) Stowed inflatable cylinder with rigid end caps.  

(Right) Deployed inflatable cylinder with rigid end caps. [Source: 40] 

 
The rigid cylinder had a diameter of 4,48 m and a length of 10 m, which is equal to the size of the 
stowed inflatable cylinder, which reaches a length of 30 m upon deployment. Only a qualitative 
trade-off was performed, so no in-depth design was carried out regarding the radiation protection, 
debris shielding and other structural issues. 
 
Cylindrical habitats were also designed and tested by Goodyear Aerospace Corporation, as 
mentioned previously in Chapter 2, and ILC Dover. The concept by ILC Dover envisioned a stowed 
cylindrical habitat on top of a landing craft and upon reaching the surface the structure would 
deploy, expanding from 2,3 m to 3,7 m in length [41]. 
 
Finetto et al. [42] consider rigid and hybrid cylindrical structure concepts for the Lunar Food and 
Revitalization Module (FARM) which would be part of a Permanent Human mOon Exploration BasE 
(PHOEBE). The rigid cylinder has a diameter of 8 m, a length of 12 m and at the end caps there are 1 
m spherical caps, similar to the (deployed) hybrid design, but suffers from higher mass. The reduced 
complexity, as well as the fact that it does not require any internal outfitting on the Moon, leads the 
authors to select the rigid design as the better option. 
 
Hublitz et al. [43] discuss the design of a semi-cylindrical inflatable structure for use as a low- (30 
kPa) or high-pressure (59,2 kPa) greenhouse module. Furthermore, the authors examine the impact 
of using natural, hybrid or artificial lighting on the Equivalent System Mass (ESM) of the design. It 
was found that the low pressure greenhouse has a lower ESM than the high-pressure design and 
that hybrid lighting allow for the lowest ESM design, followed by artificial and then natural lighting. 
 
Toroids 
 
Sinn and Doule [44] discuss a torus like structure with a diameter of 26 m and a height of 7.2 m, 
deploying from a blunt body capsule. The inflatable structure consists of a bladder composite of 
several layers of polyamide, polyethylene, ethylene vinyl alcohol (EVOH) and adhesive, along with a 
layer of Kevlar 49. Radiation protection is envisioned to be provided by inflatable water tanks, while 
trapped air layers near the ground will be used as part of the thermal control system. Figure 14 
shows a section view of the proposed capsule and inflatable torus like structure. 
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Figure 14: Section view, with functional layout, of the MD10 concept [Source: 44] 

 
A different habitat concept incorporating a torus structure was developed at the Department of 
Architecture of the University of Wisconsin-Milwaukee. A team of students, with some supervisors, 
researched different lunar habitat concepts and did further development work on two of the 
designs, the Domus I and the Dymaxion concept [45]. Figure 15 shows an overall view of the Domus I 
structure with airlocks (left) , as well as a section view of the interior (right). 
 

   
Figure 15: (Left) Overall view of the Domus I concept without regolith shielding. (Right) Section view of the 

Domus I [Source: 45] 

 
The Domus I concept consists of a rigidizable, inflatable torus within an inflatable ellipsoid. The 
team uses this design to achieve separation of the work areas (situated in the torus) and the 
relaxation areas. An option to divide the core area of the structure into two floors would allow 
separation of private and public crew areas. Structural stiffness is envisioned to come from rigidizing 
foam injected within two thin layers of the structure membrane walls. 
 
The concept of using toroidal structures within a secondary envelope was also suggested by ILC 
Dover for the Livermore Habitat Module. The toroidal habitats allowed for compartmentalization of 
the different work and crew areas, while the secondary structure encompassing the habitats 
provided redundancy and additional structural support [41]. 
 
Several different greenhouse structural concepts are proposed in [46], including a toroidal design 
similar to the Domus I. The ‘TorDome’design has a high pressure torus incorporating the airlock and 
habitat interface(s), utility interfaces, viewports and workstations, while a dome section 
encapsulates the torus and allows for a low pressure inner section for plant cultivation. 
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Miscellaneous 
 
A ‘tuft pillow’ inflatable structure concept is mentioned in [47]. A single module would be 6,1 x 6,1 x 
2,44 m in size and would consist of (slightly) curved walls covering an inflatable frame system of 
columns and arches. The inflatable frame system needs to be designed to support the structure and 
any regolith shielding, while the module is unpressurized. A preliminary design of the structure used 
Kevlar 49 as structural material and used an internal pressure of 69 kPa. It is envisioned that a large 
number of ‘tuft pillow’ modules would be combined to form a lunar base, see Figure 16. The use of 
airlocks between different modules could be used to increase reliability of such a base. 
 

 
Figure 16: Lunar base layout with ‘tuft pillow’ inflatable structures [Source: 47] 

 
As mentioned previously, some work has already been carried out at DLR in analysing different 
greenhouse module configurations. Aside from the cylindrical shapes shown earlier, different 
concepts were designed based on an octagonal stowed structure with a combination of rigid and 
flexible parts. Upon deployment, the greenhouse structure could be either a single or a double 
floored module. The stowed configuration had a length of 10 m and the sides of the octagon were 
1,72 m, and in the deployed configuration the floor area was 12,05 by 10 m with a height of 2,55 m or 
5,58 m (one or two story building respectively). Figure 17 shows the stowed and deployed 
configurations of the one sotry design. 
 

  
 

Figure 17: Semi-rigid, octagonal based module with rigid floor, roof and side walls.  
(Left) Stowed structures. (Right) Deployed structures [Source: 40] 

 
A team from the Technical University of Vienna developed the Intellihab concept as part of a Lunar 
Base Design Workshop. The habitat has a maximum width of 12,7 and has a total height between 
9,4 and 10,3 m and is shaped more or less like an onion. Accounting for rough terrain at the landing 
site, the Intellihab uses inflatable supports to level the structure. The habitat is envisioned to deploy 
itself and to use a robotic ‘harvester’ to obtain and place regolith shielding on the structure. Some 
manual labour is needed to attach the outer layers of the structure after deployment and regolith 
shielding and also for configuration of the interior [48]. 
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The Sasakawa International Center for Space Architecture (SICSA) has developed a number of 
different concepts for Moon, Mars and space habitats, including the MarsLab concept. This design 
envisions a lander which, upon reaching the surface, allows deployment of an inflatable habitat from 
the top of the vehicle. The design incorporates a pop-out tension cable matrix to which astronauts 
can attach the different systems and components. 
 
The structures discussed here are not a complete representation of all the work done on inflatable 
structures since the beginning of the space era. It is sufficient to give an indication of the versatility 
of inflatables however and serves as a good starting point for the review of the state of the art of the 
various research areas related to inflatable structures. 
 

2.2. State of the Art 
 
As discussed, there have been many technology demonstrators and space missions which have used 
inflatable structures. As a result, there is a significant knowledge base with regards to packaging and 
deployment methods as well as different rigidization options. Furthermore, the increase of 
computing capabilities has led to the development of modelling techniques to analyse the expected 
behaviour of inflatable structures. Last, but not least, there have been significant advances in 
material sciences, leading to a wide selection of space-proven materials which can be used for future 
inflatable structures. 
 
In this section an overview will be presented of current capabilities related to the following research 
topics: 
 

- Packaging 
- Deployment 
- Rigidization 
- Materials and layers 
- Integrated electronics 
- Modelling 

 

2.2.1. Packaging 
 
Packaging of inflatable structures is done by a series of (manual or automated) rolling and folding 
operations. The optimal packaging method for a given structure can be indicated by the packaging 
efficiency, which is a measure of the efficiency of stowage volume usage. Obviously, packaging 
methods which require a larger stowage volume are not as attractive.  
 
Aside from the volume of the packaged structure, it is also important to consider the deployment 
method which will be used. Packaging must be done, such that the structure does not encounter 
(unwanted) obstructions during deployment. Additionally, stresses and strains resulting from 
packaging and deployment need to be considered as well as venting to prevent residual air from 
influencing the deployment process, as was the case for the IAE [10]. 
 
Some guidelines were formulated to help develop packaging methods, reflecting the different 
issues (discussed above) which should be considered for packaging [10]: 
 

- Symmetry of the structure should be maintained in the packaged shape (for packaging 
efficiency) 
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- ‘Accordion’ folds should be used when fast inflation is desired, while rolling should be used 
for slow deployment. 

- Spherical surfaces should be folded along lines of longitude as much as possible, to prevent 
wrinkling. 

- Orthogonal folds should be avoided on account of the high stresses which result from such 
folds. 

 

2.2.2. Deployment 
 
Salama et al. make a rough classification of deployment methods into two classes: 

 

 ‘unrestricted free deployment’  
 

In free deployment, the structure, or segments thereof, can move freely in space after being 
released from the stowage compartment, even if the structure is not yet (fully) inflated. 

 

 ‘passively controlled deployment’.  
 

In controlled deployment only the fully inflated segments of the structure are allowed to move 
in space [10,49].  

 
The Inflatable Antenna Experiment (IAE) is an example of a free deployment. To prevent unstable 
deployment, the design for the IAE deployment mechanisms incorporated a kick plate. This kick 
plate was supposed to provide sufficient momentum to the booms to obtain stable deployment in 
the desired zone. Due to residual air and stress in the packaging folds, the structure moved away 
from the kick plate slightly, resulting in an actual momentum transfer from the kick plate to the 
antenna which differed from the expected momentum transfer [10,15,49].  
 
Controlled deployment offers the advantage of increased deployment stability and control with 
respect to free deployment, but it requires additional components, resulting in added mass, cost and 
complexity. Different systems have been designed to control deployment of inflatable structures by 
either controlling the flow of gas during inflation or by using additional forces to counteract the 
inflation pressure [49]. 
 
Gas flow within the deployable structure can be controlled through compartmentalization, where 
diaphragms separate the different segments of the structure. These diaphragms prevent the gas 
from flowing to the next segment until a certain pressure is reached, at which point the diaphragm 
bursts, or check valves are opened, and the next segment will be inflated [49]. 
 
Counteracting forces acting against the inflation pressure can be induced through a number of 
different mechanisms. The so-called roll-out method uses embedded springs or glued on Velcro® 
strips to provide deployment resistance (Figure 18 (left)). The mandrel method generates friction to 
counteract inflation pressure by forcing the deployable structure to be pulled over the mandrel 
during inflation (Figure 18 (right)). Another example of a controlled deployment mechanism is the 
use of bending strength inherent in the structure to provide deployment resistance as is done in the 
fan folded method [4]. 
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Figure 18: (Left) Velcro

®
 roll up device with membrane tensioning frame. (Right) Columnation device using 

mandrel method [Source: 50] 

 

2.2.3. Rigidization 
 
The rigidization methods for inflatable structures are directly related to the materials which are used 
in the design of the structure. Cadogan and Scarborough define rigidizable materials as “materials 
that are initially flexible … and become rigid when exposed to an external influence” [51].  
 
Cadogan and Scarborough classify rigidizable materials into the following three categories, based 
on the base material properties.  
 

- Thermosetting composite materials 
- Thermoplastic (and lightly cross-linked thermoset) composite materials 
- Aluminium/polymer laminates 
 

Composite materials consist of a matrix resin and, typically, use fibres and foams to alter specific 
material properties. The rigidization process involves the hardening (‘cross-linking’) of the resin. 
Thermoset composites have a fixed shape, upon rigidization, whereas thermoplastic and lightly 
cross-linked thermoset composites can be altered through re-heating of the material. A distinction 
between thermoplastic and lightly cross-linked thermoset materials is that the former can also be 
set into a new permanent shape, with heating above their forming temperature. 
 
Aluminium/polymer laminates either consist of two layers of aluminium to one polymer film, or vice 
versa, depending on the specific requirements. Aluminium 1100-0 or 3003-0 is commonly used, in its 
softest conditions. Polymer films are used as pressure barriers and to provide more resistance to 
tear. The total aluminium thickness is limited to 0.1 mm to prevent laminate degradation from 
folding. 
  
Depending on the type of material, different rigidization techniques are possible. For composite 
materials, these options are [51]: 
 

 Thermal rigidization  
 

Thermal rigidization in composite materials is the process of inducing ‘cross-linking’ through 
heating or cooling the material. Rigidization can be initiated passively by heating or UV radiation 
from the Sun. Aside from using such passive methods, research has been focused on using 
resistive heating elements and UV lamps to control the curing process. Rigidization through 
cooling is only possible in so called sub-Tg materials. Sub-Tg materials are materials which have 
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a glass temperature (Tg) below room temperature and as such, these materials are flexible on 
Earth. The glass temperature marks the point at which a (amorphous) material transitions from 
a hard state to a rubber-like state [52]. Upon deployment in space, the material cools and, when 
the temperature lowers beneath the glass temperature, the material hardens.  

 

 Chemical rigidization  
 

Chemical rigidization selects materials to enable a chemical reaction between the composite 
resin and a catalyst, such as the inflation gas, to achieve resin curing. The catalyst could be used 
for initiation of the curing or as support, to accelerate the curing process. The selection of 
resin/catalyst combination should prevent premature rigidization on Earth, as well as 
contamination of the spacecraft after outgassing of the unreacted gas.  

 

 ‘Solvent boil-off’ rigidization 
 

Plasticizer or solvent boil-off rigidization utilizes the outgassing of softening components of 
composites to achieve a rigid structure upon deployment in space. This method suffers from 
high mass loss and associated shrinkage of the structure, which can result in reduced shape 
accuracy, induced laminate stress and changes in final structural performance due to variations 
in fibre orientation.  

 

 Foam rigidization 
 

A final rigidization method which has been proposed for non-metallic materials is foam 
rigidization. It is achieved either through foaming of the material upon reaction with an external 
influence, or through injection of foams into interior cavities of the inflatable structure. The 
foaming process can also be used for the inflation of the structure, as is done for the pipe in 
Figure 19.   

 

 
Figure 19: Inflating cured-pipe by the foaming method [Source: 53] 

 
For aluminium/polymer laminates there is only one rigidization method: 
 

 Work-hardening  
 

The work-hardening rigidization of aluminium is based on the introductions of dislocations in 
the crystal structure of the metal during deformation. Upon inflation of the structure, the gas 
pressure results in deformation (deployment) of the aluminium/polymer material, resulting in 
the aforementioned dislocations in the aluminium crystal structure. With increasing number of 
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dislocations, the resistance to further dislocation-formation, and thus also to further 
deformation, also increases, effectively resulting in higher strength and rigidity. 

 
These rigidization techniques were already being researched in the early years of the space era, but, 
as of 2001, only the work-hardening of aluminium rigidization mechanism has been demonstrated in 
space. Recent efforts have focused on applying these rigidization methods to new materials and 
different structural shapes. Some recent examples of the aforementioned rigidization methods 
being applied in novel structure designs are given below to indicate that, while no new rigidization 
methods are being developed, research is ongoing to optimize the processes and reduce the 
drawbacks of the various methods.  
 
Guidanean and Lichodziejewski describe the use of new sub-Tg materials in the design of an 
inflatable space truss structure [54]. These novel materials are shown to have good radiation 
resistance and their glass temperature can be custom tailored to fit the needs of the mission. 
Lichodziejewski, Veal and Derbes discuss the use of aluminium/polymer laminate rigidization 
technology in solar arrays and deployable booms [55]. Furthermore, by applying spiral-wound 
filament around the outside of the booms, the limiting hoop stress on the aluminium laminate can 
be reduced, allowing for higher inflation pressures and better surface accuracy. Allred, Hoyt and 
Harrah demonstrate the applicability of passive solar radiation in rigidization of inflatable wings 
[56]. Tinker, Schnell and Leigh Jr. discuss the foam rigidization of inflatable thin-film booms [57]. It 
was found that the rapid curing times required for rigidization in space requires multiple injection 
locations to prevent blockage and uneven foam distribution.   
 

2.2.4. Layers and Materials 
 
It is important to realize that there is, in general, no single material which will be able to fulfill all the 
requirements on an inflatable structure. Some materials may be best suited for load carrying but are 
susceptible to puncturing by debris, while other materials can be considered for gas retention but 
are not useful for load carrying and so on. As a result of these specific material ‘specializations’, the 
design of inflatable structures is based on layering different materials for the various functions which 
the structure needs to perform. Figure 20 shows the material layers used for the inflatable TransHab 
module. 
 
The different layers seen in Figure 20 are an example of an inflatable structure design. For the lunar 
GHM the number of layers and their specific functions may vary significantly. In case of regolith 
shielding of the structure for example, atomic oxygen shielding would not be needed and the 
MMOD shielding could be vastly reduced, if not removed completely. However, a coating would be 
needed to protect the outer layer from being damaged by the regolith. 
 

 
Figure 20: TransHab shell layers [Source: 18] 
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Materials research for space applications is focused on the characterization of the material 
characteristics and especially the material degradation as a result of exposure to the harsh space 
environment. Among others, Aero Sekur (Italy) has performed tests on materials for inflatable 
structures, subjecting the materials to vacuum conditions, as well as UV and infrared radiation. 
Specific characteristics which were investigated were the abrasion resistance, tensile strength, mass 
loss and the capability of the material to recover its shape upon deployment [58].   
 
Flexible materials, such as cloths, have properties which do not solely depend on their constituent 
materials. Chemical treatment (e.g. coatings) can be used to alter the properties of fibres and cloth. 
Additionally, the orientation and density of the fibres and the type of weave will also have a 
significant influence on the overall performance (e.g. permeability, elongation). The relation 
between physical properties and the geometry of a fabric has been a subject of research for several 
decades, as can be seen from [59,60]. Figure 21 shows examples of two different weaves of Carbon-
Kevlar cloth. 
 

  
Figure 21: Two different weaves of Carbon-Kevlar cloth [Source: 61,62] 

 
A sample amount of materials which have been investigated for use in inflatable space structures 
can be seen in Table 1, along with some relevant characteristics. A more detailed, non-
comprehensive, overview can be found in Appendix A.  
 

Table 1: Materials for inflatable space structures and relevant characteristics [63] 

Material Tensile strength 
[MPa] 

Tensile modulus 
[GPa] 

Elongation at 
break [%] 

Density [g/cm3] 

Kevlar 49 3.600 124 2,9 1,44 

Dyneema 3.500 115 3,2 0,975 

Vectran HS 2.900 72 3,3 1,41 

PBO 5.800 180 3,5 1,56 

Technora 3.400 73 4,6 1,39 

 
Additional research is being done to develop new materials to improve specific characteristics, such 
as areal density or radiation resistance. An example of material development are so-called ‘metal 
foams’. As a result of specific production processes, metal components can be manufactured with a 
high porosity, hence the term ‘metal foam’, leading to lower weight, while retaining desired 
mechanical properties. Potential applications of metal foams in space structures are thermal 
protection and impact shielding [64,65]. 
 

http://www.google.com/url?sa=i&source=images&cd=&cad=rja&docid=ziFlS8Hf-rKRBM&tbnid=L_NpnSEnoA7GRM:&ved=0CAgQjRwwADgq&url=http%3A%2F%2Fcompositeenvisions.com%2Fraw-fabric-cloth-2%2Fjacquard-carbon-fiber-144%2F&ei=jAqeUcHZH8idtAbI44DwBQ&psig=AFQjCNEintfA2PHwKVGLoHmHjUhLkEkFRw&ust=1369398284575517
http://www.google.com/url?sa=i&source=images&cd=&cad=rja&docid=ziFlS8Hf-rKRBM&tbnid=L_NpnSEnoA7GRM:&ved=0CAgQjRwwADgq&url=http%3A%2F%2Fcompositeenvisions.com%2Fraw-fabric-cloth-2%2Fjacquard-carbon-fiber-144%2F&ei=jAqeUcHZH8idtAbI44DwBQ&psig=AFQjCNEintfA2PHwKVGLoHmHjUhLkEkFRw&ust=1369398284575517
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Some other developments are related to ‘smart‘ materials, as well as the integration of electronics 
into fabrics.  
 
Self-healing Materials 
 
Self-healing materials are of potential interest in the MMOD shields of future inflatable space 
structures. Wu, Meure and Solomon present an overview of traditional repair methods for 
composites and thermoplastics and then discuss the different self-healing approaches which have 
been researched [66]. A brief summary of the various methods is given below: 
 

 Molecular interdiffusion 
 

For thermoplastic materials, so called molecular interdiffusion has been researched since the 
1980’s as a method of crack healing. When two pieces of the same polymer are brought into 
contact at high temperatures, above the glass temperature of the polymer, the interface will 
disappear as the crack heals due to diffusion from one section to the other. Self-healing of 
materials in response to light, rather than heat, has also been demonstrated. This has a 
disadvantage that healing is only possible at surfaces exposed to light and as such is not likely to 
be applicable for internal cracks or thick substrates.  

 

 Chain-end recombination 
 

For certain thermoplastics, recombination of chain ends is another method of self-healing. This 
method requires that the thermoplastic is capable of a reaction which results in the 
recombination of chain ends and also requires the presence of a reagent and possibly a catalyst 
as well.  

 

 Reversible bond formation 
 

Self-healing based on reversible bond formation is likely to be of particular interest to the space 
sector in the future. The reversible bond formation self-healing method makes use of chain 
mobility and the inclusion of reversible bonds to provide an approach which does not require 
external heating, lighting or catalysts. 

 Living polymer approach 
 

The living polymer approach, specifically free radical living polymers, could be used for 
protection against radiation damage, making it another (potentially) attractive method for 
space structures. Upon exposure to radiation free radicals will be generated and these will 
recombine with macroradicals at the ends of the living polymer chains, thus mitigating radiation 
damage.  

 

 Nano-particles and microcapsules 
 

Another potential self-healing method for thermoplastics is the use of nano-particles. Rather 
than repairing polymer chains as is done in the other approaches, this method would fill cracks 
with particles. This is similar to the self-healing approaches for thermoset materials, which place 
healing chemicals within hollow fibres or microcapsules placed withn the material. When cracks 
occur in the material and hollow fibres and microcapsules are broken, the healing chemicals are 
released and flow into the crack. Then, through in situ curing, or a reaction with a catalyst 
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embedded in the material, healing occurs and further crack growth is prevented (see Figure 22). 
An obvious limitation in these methods is the requirement that healing chemicals are present at 
the location of the crack. 

 
 

 
Figure 22: Microencapsulation self-healing concept [Source: 66] 

 
The use of self-healing materials combines well with the possibility of structural health monitoring 
(SHM), by integrating electronics into the structure. Aside from SHM, integrated electronics can also 
be used for other purposes, such as shape control of inflatable structures. 
 
Integrated Electronics 
 
The IKAROS solar sail which was developed and launched by the Japanese Aerospace Exploration 
Agency (JAXA) was made of 7.5 µm thick polyimide. Integrated into this sail were solar cells and 
liquid crystal devices (LCDs), which were succesfully used to generate power and steer the sail, 
respectively. The solar cells cover about 5% of the surface area of the sail and will be able to 
generate about 500 W. The eight LCDs are used for the attitude control of the solar sail. The 
reflective properties of the LCDs change from diffuse reflection, when the devices are off, to 
specular reflection when the devices are turned on. By independently controlling the reflective 
properties of the panels, it is possible to influence the magnitude and direction of the forces 



  
Design of a Deployable Structure  
for a Lunar Greenhouse Module                                

 

Page | 37  
 

imparted on the solar sail by the impacting photons, which makes it possible to steer the sail 
[24,25,26,27]. 
 
Solar cells and LCDs are only two possible applications of integrated electronics for inflatable space 
structures. Other options which have been investigated are piezo-electric devices, which have 
potential applications for shape control of inflatable structures and particularly for antennas and 
reflectors, as discussed by Salama et al. and Maji and Starnes, among others [67,68]. Figure 23 
shows examples of circuits etched or printed onto flexible material. 
 

 
Figure 23: (Left) Etched copper on Polyurethane Coated Nylon. (Right) Printed Conductive Ink on Aluminized 

Kapton
TM

. [Source: 69] 

 

2.2.5. Modelling 
 
Modelling of inflatable structures can be subdivided into three parts:  
 

- modelling of the stowed structure 
- modelling of the deployment phase  
- modelling of the deployed structure  

 
In this section, the information presented will be limited to the modelling of the deployment phase, 
which differs most from modelling efforts as done for traditional space structures due to the large 
(non-linear) deformations, fluid-solid interactions and self-contacts. A number of studies are 
covered to get an overview of the different methods and software tools used for deployment 
modelling. 
 
The studies discussed in this section do not constitute a comprehensive overview. For a more 
thorough review, readers are referred to chapter 5 of [10]. 
 
Salama et al. [49] distinguish two classes of (simplified) models used to predict deployment:  

 

 ‘engineering models’  
 

Engineering models attempt to simulate inflation mechanisms, such as forces at fold lines of a 
packaged structure, with mechanical analogues, such as forces, torques, springs and dampers. 
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 ‘phenomenological models’.  
 
Phenomenological models attempt to model the effects of inflation gas flowing into the 
packaged structure, such as the gas flow model described in [70]. 

 
Based on this gas flow model, Salama et al. [70] perform deployment simulations of cylindrical tubes 
with different packaged configurations. To take into account wrinkling, a constitutive model was 
used relating the effective elastic modulus to the (normalized) inflated volume. Modelling was 
carried out using commercial non-linear analysis programs LS-DYNA3D and ADAMS. Comparison 
with a validation experiment showed reasonable agreement between the modelled and observed 
deployment. 
 
Wang and Johnson use LS-DYNA to simulate the deployment of coiled, Z-folded (see Figure 24) and 
telescopically folded tube models based on two simulation methods: The Control Volume (CV) 
method, which models the change in volume as a result of a change in pressure, and the Arbitrary-
Lagrangian-Eulerian (ALE) method, which strives to combine the advantages and limit the 
disadvantages of the Lagrangian modelling approach for solids and the Eulerian modelling approach 
for fluids. The CV method is less computationally intensive, but is also less accurate as it does not 
take into account the momentum of the gas as it flows into the structure [71,72].  
 
The ALE method, with underlying equations, transformations and algorithms is discussed in detail 
by Dunn [73]. The combination of Lagrangian and Eulerian elements is also used by Lienard and 
Lefevre to model the deployment of a (scaled) coiled  beam with Velcro® strips in MSC-Dytran. They 
estimate that deployment modeling of a 3-m tube to reach the state after 20 seconds would require 
several hundreds of hours [74].  
 
Further illustrating the high computational cost of the ALE method, Wang and Johnson found that 
modeling a deployment time of 13 ms required computational times between 1,3 and 1,9 hours 
depending on the number of processors. In comparison, the less accurate CV method took between 
0.2 and 0.3 hours [71]. 
 
As mentioned previously, the deployment models can be divided into two classes. The 
abovementioned work is part of the phenomenological model category. Some engineering models 
which have been researched include the nonlinear hinge models [10]. This modelling approach 
simulates folds and wrinkles as non-linear joints or hinges, while the other parts of the structure are 
modelled as rigid links. Other models use rigid links and non-linear rotational springs, along with 
linear rotational dampers, to model strut deployment [10]. 
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Figure 24: Z-folded tube deployment with no residual air using CV method [Source: 71] 

 
Additional modelling work has been done using other software tools by, among others, Graybeal et 
al., who use MATLAB/Simulink to simulate the deployment of a Solar Sail spacecraft, based on a 
number of simplifications to the dynamic equations and the solar sail model [75].  
 
Pollard et al. use ABAQUS to model the deployment of a self-deployable truss structure made of 
tape-spring elements and shape memory alloy flexures.and then compare the results with data from 
an experimental deployment [76]. 
 

2.3. Summary  
 
This chapter presented a review of inflatable structures which have been designed since the 
beginning of the space era. It was found that inflatables have been considered for a wide range of 
applications, such as antennas, reflectors, solar sails, heat shields and pressurized habitats. Through 
testing and space flight experience has been built with inflation systems, packaging and deployment 
of structures and the characteristics of inflatable structures. 
 
A classification of different Moon and Mars habitat concepts was made based on the structure 
shape. Table 2 shows the four categories with an example and a brief summary of some advantages 
and disadvantages. 
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Table 2: Advantages and disadvantages of different habitat concept categories 

Category Example Advantages Disadvantages 

(Hemi-)Sphere 

  

     Spherical shape is 
optimal for 
withstanding internal 
pressure load  

     Integration of airlocks 
and docking ports is 
relatively complex 

 

     Multiple floors will be 
required, leading to 
higher complexity 

(Semi-)Cylinder 

 

 Integration of airlocks 
and docking ports is 
relatively simple 

 

 Compartmentali-zation 
is relatively easy 

 Higher wall thickness 
(and thus mass) 
needed to withstand 
pressure loads 

 

Toroid 

 

 High stability (no site 
exacavation necessary) 

 

 Regolith shielding is 
comparatively easy 

 Integration of 
airlocks and docking 
ports is relatively 
complex 

 

Miscellaneous 

 

 Shape can be optimized 
for greenhouse 
equipment and systems 

 Higher wall thickness 
(and thus mass) 
needed to withstand 
pressure loads 

 
The use of compartmentalization within a habitat or greenhouse structure should be kept in mind to 
ensure sufficient redundancy within the design. As seen from several of the designs, this 
compartmentalization might be achieved by encompassing a number of smaller structures within a 
(secondary) envelope. 
 
The state of the art with respect to inflatable structures technology, modelling and materials was 
also discussed. It was found that a number of guidelines have been developed for optimal packaging 
of structures: 
 

- Symmetry of the structure should be maintained in the packaged shape (for packaging 
efficiency) 

- ‘Accordion’ folds should be used when fast inflation is desired, while rolling should be used 
for slow deployment. 

- Spherical surfaces should be folded along lines of longitude as much as possible, to prevent 
wrinkling. 

- Orthogonal folds should be avoided on account of the high stresses which result from such 
folds. 

 
With respect to the deployment of inflatable structures, a number of mechanisms were discussed 
which can be used for controlled deployment, such as compartmentalization, the mandrel method 
and the roll-out method. By controlling the inflation pressure, or providing a counter-force, the 
deployment of inflatables can be guided. 
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Similarly, the different rigidization techniques (e.g. foam rigidization, solvent boil-off rigidization) 
were reviewed. While the methods remain unchanged, research is ongoing to apply the techniques 
to new structural shapes and to develop more efficient systems to initiate and control the 
rigidization. 
 
On the other hand, materials research is focused on developing new materials which can be used in 
space and which are specialized towards a specific goal. The relationship between fabric structure 
and fabric properties is also an important aspect which needs to be taken into account. Inflatable 
structures will typically have multiple layers of various materials to meet the requirements imposed 
on them and each of the materials will fulfill a different task (e.g. radiation shielding, load bearing). 
Some promising new developments are metal foams and self-healing materials, which could be 
used for MMOD shielding for space structures. Equally promising is the potential of integrated 
electronics, which could find applications in structural health monitoring, shape control and in 
rigidization systems. 
 
Last, but not least, a review of modelling techniques was performed, with the focus placed on 
modelling of the deployment process of inflatable structures. 
 
Two classes of models were identified: 
 

 ‘engineering models’  
 

Engineering models attempt to simulate inflation mechanisms, such as forces at fold lines of a 
packaged structure, with mechanical analogues, such as forces, torques, springs and dampers. 

 

 ‘phenomenological models’.  
 

Phenomenological models attempt to model the effects of inflation gas flowing into the 
packaged structure. For these models either the Control Volume method or the Arbitrary-
Lagrangian-Eulerian method is used. The Control Volume method model is less computationally 
intensive, but is also less accurate as it does not take into account the momentum of the gas as it 
flows into the structure. 
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3. The Lunar Environment 
 
To design a structure for a lunar Greenhouse Module and formulate requirements for such a 
structure, it is necessary to review the unique environment which is present on the Moon. In this 
chapter a brief overview of the lunar environment will be presented, covering the following aspects:  
 

- Topology and Geology 
- Gravity 
- Magnetic field 
- Atmosphere 
- Illumination and Temperature 
- Radiation 
- Micro-meteoroids and Debris 

 

3.1. Topology and Geology 
 
The most widely accepted explanation for the origin of the Moon is that it is the result of the impact 
of a roughly Mars-sized body on the Earth. The mass expelled during this impact eventually formed 
the Moon [77].  
 
The most common model for the evolution of the Moon after ejection is the so called magma ocean 
model. In this model, the newly formed Moon was covered in magma, though the exact depth of 
this magma layer is unknown. It has been suggested that a seismic discontinuity some 500 km 
beneath the surface might represent the maximum depth of the magma ocean. Below this 
discontinuity, frequent ‘deep moonquakes’ have been detected, while above the discontinuity less 
frequent, but (in general) more powerful ‘shallow moonquakes’ occur. Regardless of the precise 
depth of the magma ocean, modelling and available empirical data indicate that over a period of 
tens to hundreds of millions of years, the materials in the magma crystallized, forming the different 
layers that make up the mantle and crust of the Moon [78]. 
 
Based on analysis of deep moonquakes (red dots in Figure 25), measured by the Apollo 
seismograms, Weber et al. [79] conclude that the Moon has a solid inner core, with a fluid outer core 
and a partially molten layer surrounding it, see Figure 25. There is still uncertainty in the exact size of 
the core, but it is estimated to have a radius between 250 and 430 km, which amounts to about 15 to 
25% of the radius of the Moon, which is roughly 1738 km. According to Weber et al. about 60% of 
the volume of the core is liquid [79]. Though there is still some uncertainty, it is estimated that the 
lunar crust is on average between 40 and 50 km and the crust is thicker on the far side than on the 
near side by about 15 km [78].   
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Figure 25: Cross-section of the Moon with probable radii for the core layers. [Source: 79] 

 

3.1.1. Surface Topology  
 
While there is still uncertainty about the precise evolution of the Moon and its interior, the lunar 
surface has been observed in far more detail. In the absence of plate tectonics and erosion by wind 
or liquid water, the surface of the Moon has been shaped entirely by volcanism and space 
weathering. 
 
Space weathering is a term covering the influences of cosmic and solar radiation, as well as impacts 
from (micro-)meteorites [80]. The impacts of meteorites on the lunar surface are responsible for the 
macroscopic features, such as impact basins and the basin rings. On a smaller scale, space 
weathering affects the properties of the material on the surface of the Moon, altering such things as 
the spectral properties (e.g. albedo) [81].  
 
Lunar features caused by volcanism include the maria, which were basins, most likely caused by 
impacts, which later filled with lava. Furthermore, past lava flows have been suggested as a possible 
cause of ridges and rilles in the vicinity of the maria. Finally, and most importantly, volcanism is 
responsible for lava tubes, natural caverns resulting from underground lava rivers [77]. 
 
With expected dimensions of tens or even hundreds of meters and ‘roof’ thicknesses likely 
exceeding 10 m, lava tubes have been posited as potential sites for lunar habitats. The thick roofs of 
such caverns would provide natural shielding against radiation and meteorites and the underground 
location would have the added benefit of a more stable thermal environment [77, 82].  
 

3.1.2. Regolith composition 
 
Covering the bedrock of the lunar crust is a thick layer of regolith which can range from 4 to 5 m 
thickness in maria and 10 to 15 m in highland regions [83]. Regolith is a mixture of crystalline rock 
fragments, mineral fragments, non-crystalline solids (glasses) and agglutinates and breccias. These 
last two consist of smaller grains of different materials which have been welded together as a result 
of an impact of a meteorite on the lunar surface [84].  
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An effect of space weathering is that ionized particles from the solar wind can implant themselves in 
the topmost layer of the lunar regolith. Concentrations of hydrogen in the order of a hundred µg/g 
of lunar soil have been found in samples taken during the Apollo missions [84]. 
 
The specific minerals and rocks, and thus elements, which are present in regolith depend on the 
specific location on the Moon. Furthermore, as mentioned previously, space weathering will affect 
the properties of the exposed regolith material, leading to differences in properties between the top 
layer of regolith and lower layers of regolith. Thus, the relevant properties of lunar regolith for 
construction and radiation shielding may vary depending on the location on the Moon.  
 
The Apollo missions brought back roughly 382 kg of rocks, pebbles, sand, dust and core samples 
from the Moon [80]. Table 3 lists several major elements present in lunar soil and the weight 
percentages of these elements in selected lunar samples. As of 2005, some 350 kg remains of these 
samples [85]. NASA maintains an archive of these lunar samples and scientists can request samples 
for their research. Nonetheless, due to the limited availability and the high value of these lunar 
samples, simulants are used in research and development related to the Moon. These lunar 
simulants are materials “manufactured from natural or synthetic terrestrial or meteoritic 
components for the purpose of simulating one or more physical and/or chemical properties of a 
lunar rock or soil” [85]. 
 
Based on experiments carried out on lunar regolith and simulants, some key engineering values are 
available. The recommended specific gravity value for lunar regolith is 3,1 g/cm3, for example [86]. 
Additionally, radiation testing of lunar regolith suggests that the material has similar shielding 
properties as aluminium, with a dose reduction of 0,7 to 1,0% per unit areal density (g/cm2) [87]. 
 

Table 3: Chemical composition of several lunar samples [Source: 88,89]  

Element * Sample 
10020 

Sample 10084 Sample 12001 Sample 15012 Sample 
71040 

SiO2 (wt %) 38 41,0 46,0 46,77 39,74 

TiO2 (wt %) 12 7,3 2,8 1,46 9,57 

Al2O3 (wt %) 11 12,8 12,5 16,75 10,80 

Cr2O3 (wt %) 0,31 0,305 0,410 0,30 0,47 

FeO (wt %) 18 16,2 17,2 12,4 17,73 

MnO (wt %) 0,32 0,220 0,220 0,17 0,24 

MgO (wt %) 8 9,2 10,4 10,35 9,72 
*Only a limited number of elements are listed. Hence the total weight percentages do not equal 100%. 

 

3.1.3. Seismic activity 
 
One part of the payloads of the Apollo missions was seismograms, which, over the period of 8 years 
during which the instruments were operated, measured seismic activity on the Moon. It was found 
that the Moon has significantly less seismic activity than the Earth, with some 500 quakes per year 
measured on the Moon and some 10000 detectable quakes occurring on the Earth each year [84]. 
 
Additionally, it was found that moonquakes can be divided into two categories based on the depth 
at which the quakes originate. As mentioned previously, a seismic discontinuity is located some 500 
km below the lunar surface and quakes originating below this discontinuity are called ‘deep 
moonquakes’ whereas quakes originating closer to the surface are named ‘shallow moonquakes’. 
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The vast majority of quakes are deep moonquakes, with only about five shallow moonquakes 
occurring each year [84]. 
 
Aside from the reduced number of quakes, the moonquakes, in general, also have a lower 
magnitude. Deep moonquakes have magnitudes which fall mostly in the range of 1 to 2 on the 
Richter scale, while shallow moonquakes can reach magnitudes between 5 and 6. In contrast, the 
largest earthquakes can reach a magnitude between 9 and 10. Taking into account that seismic 
waves are scattered in the lunar regolith, dispersing the energy of the quakes [84], it can be assumed 
that moonquakes will have a negligible impact on the lunar GHM. 
 
Aside from moonquakes, the tidal forces acting on the Moon cause deflection of the lunar surface. 
Since the Moon is tidally locked with respect to the Earth, there is a permanent distortion of the 
Moon, called a tidal bulge. Transient distortions of the lunar surface also occur as a result of 
librations (oscillating motions of the Moon relative to the Earth), but this amounts to flexing of some 
2 mm over a 10 km distance [84], which is not expected to have an impact on lunar habitats.  
 

3.1.4. Impact on the Lunar Greenhouse Module design 
 
The local (surface) topology at the desired lunar base site will have some impact on the design of the 
structure and the amount of crew time required for site preparation. 
 
Astronauts or robots will need to prepare the site where the greenhouse will be situated, by 
removing objects (e.g. protruding rocks) which might otherwise puncture the structure. 
 
If a sufficiently large lava tube is present, the greenhouse structure will be able to take advantage of 
the provided radiation and meteoroid shielding, as well as the less extreme thermal environment, 
which such a lava tube would provide and as a result, the structural design will be able to achieve a 
significant reduction in mass (and wall thickness). However, if the lava tube is not large enough to 
house the entire lunar base, then the interfaces between structures inside a lava tube and structures 
on the outside will be significantly heavier and more complex. 
 
If no lava tube is present, then the greenhouse will be placed on the surface and will need to provide 
its own shielding against radiation and debris, along with thermal control. A possible solution is to 
place lunar regolith on top of the structure. This will require significant crew effort to dig out regolith 
and place it on the greenhouse and it will be necessary to incorporate a system in the greenhouse 
structure which will keep the regolith in place. 
 
As mentioned previously, the seismic activity on the Moon is likely to have a negligible impact on 
the greenhouse structure, due to the relatively limited strength and frequency of the quakes as well 
as the energy dispersion behaviour of the lunar regolith. Thus, this will not have an impact on the 
overall structure design. 
 

3.2. Gravity 
 
The Moon has a (mean) gravitational acceleration at the surface of about 1,622 m/s2, which is about 
a sixth of the gravitational acceleration on the surface of the Earth [77]. Consequently, objects of a 
given mass will weigh roughly six times less on the Moon than on Earth. 
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Since the Moon, like the Earth, is not a perfect, homogeneous sphere, there is some spatial variation 
in gravitational acceleration. As can be seen in Figure 26, the minimum and maximum magnitudes 
of the gravitational acceleration on the surface of the Moon differ by about 0,025 m/s2, which is just 
over 1,5% of the mean value [90]. 
  

 
Figure 26: Gravitational acceleration at the lunar surface. (Left) Near side. (Right) Far side. [Source: 90] 

 
During the Apollo program, analysis was carried out to determine the gravity field of the Moon, in 
order to accurately account for its perturbing effects on the Apollo spacecraft. This effort to 
characterize the gravity field of the Moon led to the discovery of mass concentrations, or so called 
mascons, such as the Imbrium and Orientale impact basins [91]. 
 
In general, a topographic low, such as an impact basin, results in a local decrease in gravitational 
acceleration. Based on tracking data from spacecraft orbiting the Moon it was determined however 
that certain regions of the Moon had local increases in gravitational acceleration which could not be 
explained on the basis of the geographical features. It was determined that these regions could only 
have a local increase in gravitational acceleration, due to a local mass concentration. 
 

3.2.1. Impact on the Lunar Greenhouse Module design 
 
Unlike the TransHab, which was designed for use in micro-gravity, the lunar greenhouse will need to 
be designed to accommodate the gravitational acceleration on the Moon, resulting in a number of 
additional design issues. 
 
The deployment system of the greenhouse will need to be designed such that the effects of gravity 
can be overcome. This means that expansion of structures on the lunar surface will be easier in 
horizontal direction rather than vertical direction. Similarly, for the (re-)positioning of equipment, 
gravity will need to be overcome, which would be significantly more difficult for a multi-story 
structure as compared to a single-story structure. 
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Additionally, gravity will have a large impact on the movement of astronauts. Rather than floating in 
space, astronauts will be walking upright, which impacts the sizing of doorways and airlocks and 
results in the need for walkways within the structure. 
 
The comparatively low strength of the gravitational acceleration on the Moon does mean that the 
loads experienced by the structure as a result of equipment, regolith shielding, and structure mass 
will be significantly lower. This could potentially lead to a lower mass of the load bearing section of 
the structure, though this is unlikely since the internal pressure will probably be the main design 
driver. 
 

3.3. Magnetic Field 
 
On Earth, the presence of a strong magnetic field protects against harmful radiation. Unfortunately, 
the magnetic field of the Moon is significantly weaker than that of the Earth, with maximum total 
magnetic field strengths at the lunar surface in the order of 100 nT, see Figure 27 [92]. In 
comparison, the magnetic field strength at the Earth’s surface ranges from 25000 to 65000 nT. 
 

 
Figure 27: Total magnetic field strength at the lunar surface. (Left) Near side. (Right) Far side. [Source: Lunar 

Prospector electron reflectometer experiment [92]] 

 
Furthermore, unlike the Earth’s magnetic field, the present day magnetic field of the Moon is not a 
dipolar field generated by a dynamo effect of the core. Instead the magnetic field of the Moon is 
(almost entirely) due to crustal magnetism [93,94].  
 
This crustal magnetism is a result of remanence, or residual magnetization, of magnetic materials 
on (or near) the lunar surface. The discovery of magnetized lunar rocks during the Apollo missions, 
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led to the conclusion that magnetizing fields were present on the Moon in the distant past. It has 
been hypothesized that a lunar dynamo might have been responsible for these magnetizing fields, 
but fields generated by impacts or occurring due to solar or terrestrial influence have also been 
proposed [93,94].  
 
Due to differences in local magnetization, magnetic fields arise. These magnetic anomalies range in 
size from a few kilometres to hundreds of kilometres and, as seen in Figure 27, the strength of these 
fields can differ by a factor 1000. The differences in local magnetization can be attributed to, among 
other things, the type and amount of magnetized material and the strength of the magnetizing field 
at the time when the material was magnetized [93,94].  
 
It was found that many of the impact basins on the Moon, such as Imbrium and Orientale, are 
demagnitized. This is due to the fact that large impacts will cause shocks and high temperatures, 
which result in material around the impact zone being heated above their Curie temperature, 
resulting in a loss of magnetism. Thus impacts on the lunar surface also influence the variation in 
local magnetization [93,94].  
 
Despite the limited magnetic field strength at the lunar surface, local magnetospheres have been 
detected. These so called mini-magnetospheres are regions where the magnetic field deflects the 
solar wind. By observing the reflectance of energetic neutral hydrogen atoms of the lunar surface, 
the Chandrayaan-1 satellite was able to detect a region of reduced neutral atom flux with a diameter 
of 360 km. This reduced flux is caused by a mini-magnetosphere which deflects the incoming solar 
wind, resulting in a lower number of neutral atoms which are reflected of the surface within this 
magnetosphere [95]. 
 

3.3.1. Impact on the Lunar Greenhouse Module design 
 
The lack of a protective magnetosphere means that the radiation levels on the Moon are 
significantly higher than on Earth. While mini-magnetospheres have been detected on the Moon, it 
is unlikely that these will be useful in providing radiation protection for the lunar GHM. Thus, the 
structural design will need to incorporate radiation shielding to protect the interior. 
 
The presence of crustal magnetism will not impact the design of the greenhouse structure. 
 
The Moon does regularly pass through the magneto-tail of the Earth, but this will not impact the 
structure design, since the greenhouse will also need to operate when the Moon is not within the 
magneto-tail of Earth. (The magneto-tail is part of the magnetosphere of the Earth and has been 
stretched into a ‘tail’ in the anti-sunward direction by the solar wind pressure.)   
 

3.4. Atmosphere 
 
The exact classification of the lunar atmosphere is a matter of some debate. The density of the 
atmosphere is so low that the mean free path length exceeds the atmospheric scale height, making 
the atmosphere a so called surface bounded exosphere. Furthermore, because of the infrequent 
collisions between atoms and molecules in the lunar atmosphere, it is possible to think of it as a 
combination of multiple lunar atmospheres, with each one made up of a different gas species 
[84,96].  
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The total mass for the lunar atmosphere has been determined to be in the order of 104 kg, with 
nighttime concentrations of 3*10-13 mol/m3, or, equivalently, between 105 and 106 molecules/cm3. 
The major constituents of the atmosphere are argon, neon, helium and hydrogen, with some 104-105 
molecules/cm3. In comparison, the density of the Earth’s atmosphere, at sea level, is 3*1019 
molecules/cm3 [84,96]. 
 
The exact composition and density of the lunar atmosphere can vary significantly however, due to a 
number of mechanisms by which atoms and molecules may exit or enter the lunar atmosphere. Loss 
of atmospheric gas can occur either through particles moving away from the Moon with a velocity 
exceeding the escape velocity of the Moon (2,38 km/s), or by particles interacting (bonding) with 
surface material. In [96] a loss rate for the lunar atmosphere of about 10 g/s is stated. Counteracting 
these losses are various mechanisms resulting in gas entering the lunar atmosphere through 
‘outgassing’ from surface materials, such as the sodium gas detected in 1998 [97], and additionally 
different gas species are carried towards the Moon on the solar wind. 
 
Of particular interest to engineers designing missions to the Moon is the drastic impact humans can 
have on the atmosphere. Each of the Apollo lunar landings deposited exhaust and effluent gases 
amounting to about 20% of the total mass of the lunar atmosphere. Not only did this affect (early) 
measurements of the lunar atmosphere, but, more importantly, research found that if sufficient 
mass is injected into the lunar atmosphere it will increase the escape time (of gases from the 
atmosphere) from days to hundreds of years [83,84,96]. 
 

3.4.1. Lunar Dust 
 
The Luna 19 and 22 missions performed measurements to determine the electron content of the 
lunar atmosphere. These measurements indicated that the peak concentrations were several 
hundred times higher than could be explained based on photo-ionization of the gases in the 
atmosphere. The probable explanation for this high electron content is lunar dust which is charged 
through exposure to ultraviolet radiation [98].  
 
Stubbs et al determine that charging of the lunar surface as a result of solar radiation can lead to 
negative potentials in the order of 102 V on the non-illuminated side of the Moon. Through 
electrostatic forces acting between the charged surface and charged dust particles, the dust is 
levitated up to several kilometres above the surface [99]. A follow-up study found that negative 
potential on the non-illuminated side of the Moon can reach 4*103 V during solar energetic particle 
(SEP) events [100]. 
 
The lunar dust, the component of lunar regolith smaller than 100 µm in size, has been identified as a 
potential problem by various members of the Apollo missions, such as Cernan (Apollo 17) and Bean 
(Apollo 12). The adhesion of lunar dust settling on equipment and spacesuits, as well as the effects 
on visibility and breathing are all issues which need to be addressed when considering manned 
missions to the Moon [101].  
 

3.4.2. Impact on the Lunar Greenhouse Module design 
 
As mentioned, contamination of the lunar atmosphere by exhaust and effluent gases is a possible 
concern. This could result in more stringent requirements on the amount of outgassing and the 
maximum leakage rate which the greenhouse is allowed to have, which would impact the material 
selection and sizing (and hence mass and cost) for the structure. 
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The issues of lunar dust and surface charging will definitely need to be addressed. Counteracting the 
surface charging effects of ionizing radiation will require solutions such as grounding of the 
structure, applying special coatings or using regolith shielding. 
 
Similarly there are different options to prevent lunar dust from entering the greenhouse. For 
example, rather than having an airlock the structure could use a suitport. With a suitport, a space 
suit is attached to the outside of the structure and astronauts are able to enter the suit through a 
hatch connecting the structure to the suit. Once the astronaut has entered the suit, the hatch is 
closed and the suit is disconnected from the structure. Upon finishing the lunar surface operations, 
the astronaut connects the suit to the structure and re-enters through the hatch. This solution, 
though it has some drawbacks such as increased space suit wear, could significantly reduce the 
amount of dust entering the greenhouse. Another option would be to use a standard airlock and use 
overpressure within the greenhouse environment, with respect to the pressurized airlock, to prevent 
dust from entering.  
 
Regardless of the dust mitigation strategies, it is likely that a system will be needed to clean and 
remove any dust which does manage to enter the greenhouse. Such a system will result in extra 
loads on the structure and may require additional volume and interfaces. 
 

3.5. Illumination and Temperature 
 
Crucial aspects of the lunar environment with regards to plant cultivation (and human habitability) 
are the illumination and temperature. The illumination conditions on the lunar surface need to be 
known to evaluate the possibility of using natural lighting for plant growth (either completely or as 
supplement to artificial lighting). Knowledge of the thermal environment is crucial in designing the 
greenhouse structure and ensuring stable, desired temperatures within. 
 
Analogous to a day on Earth, a Lunar day is the period of time it takes for the Moon to complete one 
full rotation around its axis. One Lunar day is roughly equal to 28 days on Earth. Locations on the 
Moon may thus be continuously illuminated over a period of several (Earth) days.  
 

3.5.1. Lighting conditions 
 
The spin axis of the Moon is almost perpendicular to the ecliptic plane, with a tilt angle of about 1,5°. 
Combined with the rough surface topology, this small tilt angle provides widely varying illumination 
conditions at different locations on the Moon [102].  
 
For human exploration, the poles are of particular interest. Parts of the impact craters on the Moon’s 
poles are never illuminated by the Sun, while other (nearby) areas of the lunar surface experience 
continuous sunlight for months at a time and may be illuminated for up to 89% of the year [102,103]. 
 
With the topography of the Moon being determined with ever greater accuracy, it is becoming 
possible to precisely predict the illumination conditions on the Moon. Through orbital mechanics the 
position of the Moon, the Earth and the Sun can be calculated, which makes it possible to determine 
the direct and indirect (reflected by Earth) sunlight which illuminate a given area on the Moon. By 
taking into account the surrounding topography, it is possible to model partial or complete blocking 
of light by nearby surface features [104]. This method is described by Li et al. and used by Bussey et 
al. and Noda et al. using lunar topography data from the Japanese Selenological and Engineering 
Explorere (SELENE), also known as Kaguya [102,103,104]. 
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Of course, such models need to be verified, which requires comparison of the predicted values with 
observed illumination conditions. Bussey et al. compare the modelled illumination conditions with 
images from the Clementine satellite. Future work will likely use the more comprehensive and 
accurate data obtained by the Lunar Reconnaissance Orbiter (LRO) [102]. 
 
Using the on-board instruments to make observations of the lunar surface the LRO enables the 
production of illumination maps for the Moon. Figure 28 shows an illumination map for the lunar 
South Pole made from images taken by the LRO. This illumination map combines observations 
taken over a period of 6 lunar days (roughly six months). By taking into account the illumination of 
each spot during each observation, it was possible to produce a map showing the relative 
illumination during the entire time period [105]. 
 

 
Figure 28: Illumination map of the lunar South Pole [Source: LRO [105]] 

 

3.5.2. Temperature conditions 
 
Directly related to the illumination conditions, is the temperature which is experienced at a given 
location. The permanently shadowed craters, for example, are colder than the surrounding areas 
which do receive sunlight. 
 
Without a protective atmosphere to trap heat, the temperatures on the Moon are far more extreme 
than on Earth. Surface temperatures near the Apollo 17 landing site varied between 102 and 384 
degrees Kelvin (K) over the course of a lunar day. This corresponds to a temperature between 
roughly -171 and 111 degrees Celsius (°C). As a location moves out of illumination into night time, 
temperature gradients reach about 5 K/h [84]. 
 
As mentioned, the permanently shadowed craters are even colder than the other areas of the Moon, 
reaching temperatures as low as 40 K, as can be seen in Figure 29 [106]. This figure shows the first 
global daytime and nighttime thermal maps of the Moon, which were assembled using data from 
the Lunar Reconnaissance Orbiter. Even lower temperatures of about 25 K have been determined 
for locations on the other lunar pole [107]. 
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Modelling efforts by Christie et al. show that subsurface temperatures on the Moon are far more 
stable than surface temperatures, due to the thermal properties of the lunar regolith [108]. 
Consistent with heat flow measurements obtained during the Apollo program, they find that, at a 
depth of 30 cm, temperature variations of about 5 K occur and negligible temperature variations 
occur from a depth of about 60 cm downwards. The average temperature at 30 and 60 cm beneath 
the lunar surface was modelled to be about 253 K, or -20 °C, which was also consistent with 
measurement data [83,84,108]. 
 
Combining this thermal model for the lunar surface and regolith, with the illumination model and 
topography data discussed previously, it will be possible to predict the lighting and temperature 
conditions at any location on the Moon for any desired time. 
 

 
Figure 29: Global thermal maps of the Moon. (Left) Daytime. (Right) Nighttime. [Source: LRO [106]] 

 

3.5.3. Impact on the Lunar Greenhouse Module design 
 
The lighting conditions on the Moon influence the greenhouse design by necessitating the use of 
hybrid or artificial illumination systems. While certain locations on the Moon are illuminated for 
more than 80% of the year, the day/night cycle is not suited for optimal plant growth. 
 
The use of artificial lighting adds increased equipment mass and requires additional support 
harnesses and power interfaces. Furthermore, artificial lighting will add waste heat to the 
greenhouse system, which requires additional cooling capacity. 
 
To maintain the interior air temperature within the desired range, the greenhouse structure will 
need to incorporate insulation layers as well as a heating and cooling system. The insulation layers 
result in a larger wall thickness, which will influence the volume of the stowed structure.  
The heating and cooling systems will add equipment mass and, similar to the artificial lighting 
system, require support harnesses and power interfaces. Depending on the type of thermal control 
system which is used, it might be necessary to have tanks with cooling fluid and pumps to circulate 
the fluid through the system, along with radiators for heat dissipation. 
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3.6. Radiation 
 
The Moon does not have a strong magnetic field and a thick atmosphere to protect the surface from 
damaging radiation. It should be noted that the Moon does pass through the geomagnetic tail of the 
Earth and is therefore (partially) shielded by the magnetic field of the Earth for a number of days 
each month. There is some doubt about the effect this has on the radiation levels on the lunar 
surface, though. In any case, a lunar Greenhouse Module will need to contain some radiation 
shielding to ensure proper conditions for the astronauts and plants. 
 
To be able to design this radiation shielding, a brief overview of the radiation environment on the 
Moon is given. The radiation experienced within a (man-made) structure on the Moon can be divided 
into four sources:  
 

- Lunar radiation  
- Solar radiation 
- Galactic radiation   
- Secondary radiation, which is radiation emitted by materials as a result of incident (primary) 

radiation.  
 
Some other minor sources of charged particles have been identified, such as the magnetospheres of 
Jupiter and Earth, but due to the low flux and low energy of the particles from these sources, as well 
as limited characterization, these will not be discussed.  
 
Before discussing the different sources of radiation on the Moon in detail, a brief introduction of the 
different dose units is in order. The radiation dose can be expressed either as the absorbed dose, 
which only considers the radiation energy absorbed per unit mass, or as the equivalent dose, which 
takes into account the damage the different charged particles can do to material (most importantly 
living tissue). Associated to the absorbed dose are the units Gray (Gy) and rad, with 1 Gy equal to 1 
J/kg. The relation between Gray and rad is 1 Gy equals 100 rad [77].  
 
For the equivalent dose, the units Sieverts (Sv) and Röntgen Equivalent Man (rem) are common. 1 Sv 
corresponds to 100 rem. The relation between Sieverts and Grey and rem and rad is based on a 
radiation weighting factor, also known as quality factor or biological damage factor, for the different 
particles associated with radiation. This factor represents the ratio between the damage done by a 
given particle type and the damage done by gamma radiation. For gamma, beta and x-ray radiation 
the factor is 1, for alpha radiation the factor is 20 and for neutrons and heavy ions it ranges from 5 to 
20. The conversion from Gy to Sv is then simply a multiplication of the absorbed doses of the various 
types of radiation with their respective factors [109,110]. 
 
The maximum allowable dose on Earth is 50 mSv/year for radiation workers and 5 mSv/year for a 
normal person [77]. ESA standards set a career limit of 1 Sv and a maximum radiation dose of 0.5 
Sv/year to blood forming organs [111].  
 

3.6.1. Lunar radiation 
 
Every object and substance in the universe produces some radiation, including the Moon. While 
generally harmless, there are some radioactive elements in the lunar regolith which produce a non-
negligible contribution to the radiation environment. 
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Specifically, radio nuclides 40K (potassium), 235U and 238U (uranium) and 232Th (thorium) are present 
on the Moon and these produce a combined radiation dose of 0.3 mSv/year [112]. 
 
Additionally, though the radiation is technically not lunar in origin, there is a fraction of the incident 
solar and galactic radiation which is reflected off of the lunar surface. Based on observations by the 
Interstellar Boundary Explorer (IBEX), Rodriguez M. et al. determine a global flux ratio (reflected 
energetic neutral atoms to incoming solar wind particles) of 0.09 ± 0.05, which they mention is 
consistent with other studies. More detailed values, taking into account surface composition and 
texture variations, will require a greater level of detail in the observations [113]. 
 
Adams et al. investigate the albedo of neutrons from the lunar surface for galactic cosmic radiation 
at solar minimum and maximum conditions, as well as for a solar energetic particle event. Their 
findings suggest that up to 18% of the effective dose from galactic cosmic radiation can be 
attributed to albedo neutrons, though they caution that this is likely much lower on account of 
uncertainties inherent in the used model. For the SEP-event, the albedo was found to account for 
about 2.4% of the effective dose [114]. 
 

3.6.2. Solar radiation 
 
Solar radiation consists of the solar wind and solar energetic particles, related to solar flares. The 
solar wind is continuously emitted electrically neutral plasma and has a typical velocity in the range 
of 300 to 800 km/s. The plasma consists of ions and electrons, with mean energies of ~1 keV/nucleon 
for the ions and energies in the order of 100 to 102 eV for the electrons [83]. The solar wind density 
does vary over time, depending strongly on solar activity. Measurements taken by the Advanced 
Composition Explorer noted a decrease in solar wind density of about 98% in 1999 [115]. 
 
The solar wind can be categorized as consisting of different types of streams. ‘Slow’ solar winds 
(with velocities around 400 km/s) are associated to the streamer belt, a region around the Sun’s 
equatorial belt. ‘Fast’ solar winds are thought to originate from coronal holes, which are regions of 
open field lines in the magnetic field of the Sun [116]. 
 
The solar wind consists predominantly (>95%) of roughly equal amounts of electrons and protons, 
but ions of most chemical elements have been detected as well. Observations made with the Solar 
and Heliospheric Observatory (SOHO) satellite detected helium, nitrogen and oxygen isotopes for 
example, among others. Furthermore, alpha particles, consisting of 2 protons and 2 neutrons, have 
been found to make up about 2% of the solar wind and high-energy photons (e.g. X-rays and 
gamma rays) are also present [83,117]. 
 
The particle flux on the lunar surface, due to the solar wind, is on average of the order of 108 to 109 
protons/cm2*s. The low energy of the solar wind particles means that the particles do not penetrate 
materials very deeply (10-8 cm in lunar regolith) and pose little risk to astronauts [83,84].   
 
On the other hand, Solar Energetic Particles (SEP) have substantially higher energies, typically in the 
range of 1 to 100 MeV/nucleon, which is at least a 1000 times higher than the energies of solar wind 
particles [84]. Particles with energies in the GeV/nucleon range have been detected however, as can 
be seen in Figure 30, which shows proton fluences versus kinetic energy for six different SEP-events 
[118].  
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Figure 30: Integral flux (fluences) at 1 AU of SEP-events during solar cycles 19-22 [Source: 118] 

 
SEP output is related to sudden outbursts of solar activity, in the forms of solar flares and coronal 
mass ejections (CMEs). A distinction can be made between ‘impulsive’ and ‘gradual’ SEP-events, 
based on the underlying method of matter acceleration [117,119].  
 
Impulsive events are associated with flares and the SEP ejected during such an event are accelerated 
by the flare mechanism itself, through the sudden release of magnetic energy during magnetic 
reconnection. Gradual events are related to CMEs, which are also believed to be caused by the 
release of magnetic energy during magnetic reconnection, similar to solar flares. The SEP ejected 
during a gradual event are accelerated by shock waves produced as a result of the large energy 
release associated with CMEs [117,119]. 
 
Impulsive events have extremely high 3He and heavy element levels which can be 1000 times higher 
than levels in the corona. For gradual SEP-events, the abundances are typically similar to those of 
the corona or solar wind [117,119]. 
 

3.6.3. Galactic radiation 
 
Another major source of radiation on the lunar surface is the cosmos itself. This Galactic Cosmic 
Radiation (GCR) has a lower flux than solar radiation, but it consists of more energetic particles, 
which are more damaging to human tissue. 
 
The GCR consists of 2% electrons, about 85% protons, ~12% alpha particles and the remaining 1% 
consists of (fully ionized) ions of all chemical elements. The GCR flux on the lunar surface is not 
constant, but varies as a result of interactions with the solar wind and solar energetic particles. In 
periods of high solar activity, the amount of galactic radiation on the lunar surface will be lower than 
in periods of low solar activity.  
 
Figure 31 shows the relationship between particle fluence on the lunar surface and particle energy, 
for the different components of the GCR [118]. Z is the atomic or proton number, and amu stands 
for atomic mass unit and has a value of 1,660538921(73) * 10-27 kg [120]. The solid lines depict the 
conditions during the solar minimum in 1977 and the dashed lines indicate fluences for the solar 
maximum of 1990. 
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The (relatively) low number of highly energetic particles results in a radiation dose of about 300 
mSv/year. [77] 
 

 
Figure 31: GCR particle fluence on the lunar surface [Source: 118] 

 

3.6.4. Secondary radiation 
 
As charged particles pass through a material, energy is transferred from the particles to the 
surrounding material via collisions. This can result in a number of different interactions, (e.g. 
Compton scattering, electron-hole pair generation) which results in secondary radiation [121]. 
 
The particles which are thus released from the material can proceed to interact with other atoms 
and molecules in (potentially) harmful ways. In principle, secondary radiation can transfer enough 
energy to surrounding material to cause it to eject a particle, resulting in so called tertiary radiation. 
 
Secondary radiation and radiation doses behind a given amount of shielding are determined using 
radiation transport codes, such as GEANT4 [122]. Using a Linear Energy Transfer (LET) function to 
describe the energy being transferred to the surrounding material in the immediate vicinity of 
particle paths, it can be determined whether this is sufficient to eject particles from the atoms and 
molecules, and thus produce secondary radiation. 
 
Figure 32 shows the flux of (primary) GCR as well as the produced secondary radiation particles as a 
function of lunar regolith depth [123]. It can be seen that the flux of secondary protons, neutrons and 
gamma rays is higher than the primary flux and also does not diminish as quickly with increasing 
regolith depth. Thus, the radiation affecting the astronauts and plants within a structure covered 
with lunar regolith will consist, for the most part, of secondary radiation. 
 
Adams Jr. et al. indicate that materials with small mean atomic mass are best suited for light-weight 
radiation shielding, specifically because of the reduced secondary radiation created in such materials 
[123].  
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Figure 32: Primary GCR and produced secondary radiation flux in lunar regolith [Source: 123] 

 

3.6.5. Impact on the Lunar Greenhouse Module design 
 
Barring some active radiation shielding methods which are under investigation, the only option for 
reducing the radiation within the greenhouse to acceptable levels is adding more material to the 
structure. 
 
The radiation dose from radioactive elements within the lunar regolith is less than 0.1% of the 500 
mSv/year limit set by ESA and as such will have a negligible impact on the design. Albedo from the 
lunar surface will have a minor design impact, since the radiation shielding will be designed to cope 
with the direct radiation. 
 
Lunar radiation will have a minor impact on the GHM design. The dose from radioactive elements is 
only a fraction (>0.1%) of the 500 mSv/year limit. The albedo from the lunar surface is small 
compared to the direct radiation. 
 
Solar wind particles have comparatively low energies and can be stopped with small amounts of 
radiation shielding material. SEP have energies which can be 1000 times higher than solar wind 
particle energies. As a result the penetration depth of these particles increases to the order of 
several centimeters. Extreme SEP-events may occur which require greater shield thicknesses. 
 
The main design drivers are GCR and secondary radiation. GCR particles can have energies of up to 
several hundred GeV and which will penetrate meters of radiation shielding. High density shielding 
with heavy elements is preferred, since this increases the number of particle-material interactions 
and hence the rate of energy loss of the particles. However, as secondary particles are produced as a 
result of particle-material interactions, materials with small mean atomic mass (e.g. hydrogen) are 
preferable to limit the amount of secondary radiation. 
  

3.7. Micro-meteoroids and Debris 
 
As discussed previously, the lunar surface has been shaped predominantly by impacts of large and 
small bodies. Furthermore, observations of the lunar craters have indicated that in some cases lunar 
ejecta, mass expelled as a result from the initial impact, was responsible for the formation of 
additional craters nearby. 
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3.7.1. (Micro-)Meteoroids 
 
No large scale meteoroids are expected to impact the Moon in the present day, but there are still a 
great number of smaller micro-meteoroids which strike the lunar surface and which can potentially 
damage structures placed there. 
 
In [84], Taylor indicates that some 300 craters/m2*year can be expected, with a crater diameter of 10 
µm. Smaller craters will occur even more frequently, while larger impacts happen only on occasion. 
[124] indicates an average meteoroid velocity of 20 km/s and a mean density of 0,5 g/cm3. In [86], a 
non-continuous function for the mass density of meteoroids is mentioned, with values ranging from 
2,0 to 0,5 g/cm3 depending on the mass of the object. Furthermore, based on the model presented 
in [125] it can be determined that the flux rate for 1 mm micrometeoroids is about 1,35*10-

3/m2*year. In [126], observations of the impact craters on the Long Duration Exposure Facility 
(LDEF) satellite are used to predict the lunar micrometeoroid flux. Figure 33 compares the results 
with other models, by plotting the cumulative flux at the lunar surface as a function of 
micrometeoroid mass.   
 

 
Figure 33: Cumulative lunar micrometeoroid flux versus mass for three different models [Source: 126] 

 

3.7.2. Ejecta 
 
Figure 34 indicates expected ejecta particle flux versus mass for different velocities. Comparing the 
fluxes in Figure 33 and Figure 34, it can be seen that the ejecta flux for a given particle size will be 
significantly (up to 106 times) higher than the micrometeoroid flux. However, only a fraction of lunar 
ejecta will be in the vicinity of the lunar greenhouse module, since only a limited amount of 
micrometeoroids will strike the lunar surface near the structure. Furthermore, the particle velocity is 
limited to, at most, a few kilometres per second, meaning the energy of each particle will be much 
lower than the energy of a micrometeoroid. As such, it is expected that the micrometeoroid 
shielding of lunar structures should provide sufficient protection against lunar ejecta as well. 
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Figure 34: Lunar ejecta flux versus particle mass [Source: 127] 

 

3.7.3. Impact on the Lunar Greenhouse Module design 
 
The (micro-)meteoroid and lunar ejecta flux will impact the design of the MMOD shielding 
subassembly of the lunar GHM structure. The average number of impacts along with the size and 
velocity of the particle will determine the number of material layers which will be needed, as well as 
the distance between the layers, among other things. 
 

3.8. Summary   
 
In this chapter the environmental conditions on the Moon were investigated and the impact on the 
design of the lunar GHM was determined. Table 4 presents an overview of the different 
environmental factors with their characteristics as well as their impacts on the system design. 
 

Table 4: Lunar environmental factors and their design impact 
Environmental factor Characteristics Impact on system design 

Topology  Significant height variation 
between different points on the 
lunar surface 

 

 Lava tubes have been identified on 
the Moon 

 Local surface topology may require site 
preparation 

 

 Presence of lava tubes may result in 
reduced design requirements (e.g. 
radiation shielding) 

Regolith composition  Layer of dust on top of several 
metres of bedrock. 

 

 Exposure to ‘space weather’ has 
resulted in changes to regolith 
properties 

 Sufficiently thick regolith layers can be 
used as radiation and MMOD shield. 
This might require a design change to 
the structure to keep the regolith in 
place. 

Seismic activity  About 500 quakes per year, with 
highest magnitude between 5 and 6 
on the Richter scale 
 

 Negligible impact because of limited 
quake strength as well as energy 
dispersion within regolith 
 

Gravity  Average gravitational acceleration 
on the Moon is 1,622 m/s

2
. 

 
 

 The presence of a significant 
gravitational acceleration affects the 
motion of astronauts and, as a result, 
the design of airlocks and doors. 
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Environmental factor Characteristics Impact on system design 

 Mascons (Mass concentrations) 
result in local increases in gravity, 
despite topological features  

 

 Deployment system should be designed 
to overcome gravity. 

 

 Reduced gravity (w.r.t. Earth) results in 
reduced loading, which may lead to 
structural mass savings 

 

Magnetism  Weak magnetic field is present due 
to crustal magnetism 

 

 Local mini-magnetospheres have 
been found, which provide limited 
radiation shielding 

 

 The lack of (significant) magnetic field 
means that the structure should contain 
its own radiation shielding system 

 

Lunar atmosphere  Surface bounded exosphere with 
night-time concentrations between 
10

5
 and 10

6
 molecules/cm

3
 

 Atmospheric contamination concerns 
might result in more stringent 
requirements on outgassing and 
leakage rate 

 

Surface charging  (Negative) potentials of 10
3
 V can 

occur during SEP-events 
 Structure will require grounding or the 

use of (special) coatings and regolith 
shielding 

 

Lunar dust  Regolith particles smaller than 100 
µm. Adheres to surfaces and causes 
degradation of spacesuits and 
equipment. 

 Dust mitigation strategies will need to 
be incorporated into the design (e.g. 
compartmentalization) 

 

 A dust removal system will be needed 
 

Illumination  Areas on the Moon may be 
illuminated up to 89% of the time, 
while others are never illuminated  

 Natural lighting is not sufficient to meet 
the plant growth requirements, hence 
artificial or hybrid lighting will be 
required, resulting in additional mass 
and system size 
 

Temperature  Surface temperatures may vary 
from about 25 K in permanently 
dark area to >400 K in illuminated 
areas. 

 

 A thermal protection system (e.g. MLI, 
regolith) will be needed as well as active 
thermal control 

Radiation  Approximately 0,3 mSv/year from 
radioactive elements within the 
lunar regolith 

 

 A variable amount of radiation from 
the Sun (depending on solar 
activity) due to solar wind and solar 
flares 
 

 About 300 mSv/year from galactic 
radiation 

 

 Variable secondary radiation dose, 
depending on shielding material 

 
 
 
 

 Radiation shielding and degradation 
properties will influence material 
selection for the structure design 

 

 The maximum allowable dose on Earth 
is 50 mSv/year for radiation workers, 
and 5 mSv/year for a normal person. 
ESA standards set a career limit of 1 Sv 
and a maximum radiation dose of 0.5 
Sv/year to blood forming organs. 
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Environmental factor Characteristics Impact on system design 

Meteoroids and ejecta  The average flux rate for 1 mm 
micrometeoroids is about 1,35*10

-

3
/m

2
*year.  

 

 The average meteoroid velocity is 
about 20 km/s and the density is 
approximately 0,5 – 2,0 g/cm

3
 

 Impact magnitude and frequency will 
influence structural thickness and 
material selection 
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4. System Analysis of the Lunar Greenhouse Module 
 
Before developing designs for a lunar GHM, it is necessary to define the requirements and 
constraints imposed on the design, specifically related to the GHM structure. Furthermore, the 
components and interfaces required for the eventual greenhouse design to function properly need 
to be determined through system analysis. Additionally, a number of assumptions are needed, to be 
able to start the design process. This chapter describes the design assumptions which have been 
made, as well as the system analysis and requirement analysis of the GHM.   
 

4.1. Mission Analysis 
 
When designing (the structure of) a lunar greenhouse, it is not sufficient to consider solely the tasks 
which will need to be performed once the greenhouse is operational on the Moon. A number of 
activities need to be completed before the lunar GHM is functioning, such as launching and landing, 
and neglecting to account for these steps can potentially cause requirements to be overlooked. 
 
Thus, in this section, a brief overview of the various mission steps and their influence on the 
greenhouse structure design will be given: 
 
Cargo vehicle-payload integration 
 
The deployable greenhouse will be stored inside a cargo vehicle which will control the transfer from 
the initial injection orbit to the Moon and the subsequent landing on the lunar surface. 
 
The greenhouse structure, in its stowed position, will need to be restrained within this spacecraft to 
prevent any damage from occurring during launch. Depending on the type of restraint mechanism, 
it may be necessary to incorporate some attachment points within the greenhouse structure. For 
example, the TransHab design had deployment straps which, in the stowed configuration, would be 
tied together using cord to restrain the structure [18]. 
 
Launcher-cargo vehicle integration 
 
Connecting the cargo vehicle to the selected launcher will not impact the greenhouse structure 
design directly, though the type of launcher will have some impact. 
 
Launch 
 
Depending on which launcher is selected, the flight profile will be slightly different and the launch 
loads experienced by the stowed greenhouse will also vary. This could potentially have some impact 
on the structure, though it is likely to be minimal at worst. 
 
Cruise 
 
There may be some slight exposure to space weather, such as solar radiation, but this will be 
negligible compared to the lunar environment for which the greenhouse structure is designed. As 
such, no design impact is expected. 
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Landing 
 
Landing on the lunar surface will result in some loads on the stowed greenhouse structure, but 
compared to the launch loads this will be minor. As such, no design impact is expected. 
 
Transport 
 
During the landing phase it is possible for dust and (small) rocks to be blasted aside, as happened 
during the landing of the Mars rover Curiosity. The dust and rocks could potentially impact any lunar 
infrastructure which is already present on the Moon at the time of landing, if the landing occurs in 
close proximity.  
 
To prevent this, as well as to allow for inaccuracies in the landing position, the cargo vehicle should 
touch down on the lunar surface at a suitable distance from the lunar base. As a result however, it 
will be necessary to transport the stowed greenhouse structure to the eventual operating site. 
 
By selecting (and designing) a proper transport vehicle and creating proper handling guidelines, the 
risk of damage due to transport can be made negligibly small. In that case, the transport phase 
should have no impact on the structure design. 
 
Structure Deployment 

 
Following the transport of the stowed structure to the desired location, it is time for deployment. 
Depending on the type of restraint mechanism used to keep the structure in the stowed 
configuration, some type of automated or manual release mechanism will be needed. 
 
For automatic deployment, it will also be necessary for the stowed greenhouse to contain a 
deployment system, such as tanks filled with inflation gas and gas injection mechanisms. Following 
the initial inflation, the deployment system should ensure rigidization of the structure, through UV-
curing of resin or one of the other rigidization techniques discussed in section 2.2.3. 
 
The structure design and the deployment system will have significant mutual impact. If, for 
example, foam rigidization is used then the structure will need to be designed with an interior layer 
which can hold this foam. Conversely, depending on the greenhouse shape, the deployment system 
design will need to be altered. 
 
Another part of the structure deployment could be the application of layers of regolith to the 
structure exterior. As mentioned in section 3.1.4, this might require the greenhouse structure to 
incorporate a system to hold the regolith in place. 
 
Internal System Setup 
 
The deployment of equipment inside the lunar GHM will have some design impact on the 
greenhouse structure. In multi-story structures for example equipment would need to be moved 
vertically which requires significantly more effort than horizontal movement. 
 
The internal configuration will also impact the optimal location of interfaces, such as power cables 
and water feed lines, within the structure. 
 
 



  
Design of a Deployable Structure  
for a Lunar Greenhouse Module                                

 

Page | 64  
 

Lunar base-greenhouse integration 
 
Once the greenhouse structure has been fully deployed and the equipment has been set up, the 
greenhouse needs to be integrated into the lunar base infrastructure. The greenhouse will be an 
essential part of the larger closed regenerative life support system as can be seen in Figure 35. It will 
be necessary to connect power cables and air ducts (among other things) running between other 
lunar base structures and the greenhouse.  
 
It will be necessary to provide protection from the lunar environment if the interfaces run external to 
the structure. Alternatively, the structure could be designed such that these cables and other 
interfaces run along the interior of the structures, but this would result in some restraints on the 
placement of the different structures forming the lunar base. 
 

 
Figure 35: Greenhouse within a closed regenerative life support system [Source: Greenhouse module for space 

system Statement of Work. [128]] 

 
Greenhouse operation 
 
During the plant cultivation phase, the greenhouse structure will need to withstand the loads 
(mechanical, thermal) imposed on it, which forms one of the main design drivers. The structure will 
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also have to withstand the various environmental factors which were already discussed in chapter 3 
of this report.  
 

4.2. Greenhouse System Analysis 
 
As discussed briefly in ‘Advanced Greenhouse Modules for use within Planetary Habitats’ [129], 
there are a variety of plant factors which impact the design of a Grow Unit, such as air temperature 
and humidity, but also the dimensions of the various crop types. An eventual space habitat will 
require a database of optimal values for all relevant parameters for a wide variety of crops. At 
present, however, such knowledge is often incomplete and thus assumptions need to be made for 
design purposes, as can be seen in the next section (4.3). 
 
The lunar GHM will need to fulfil a large number of functions in order to obtain and maintain ideal 
conditions for plant growth. By defining these functions and interfaces it becomes possible to 
indicate the (sub-)systems needed to fulfil the desired tasks, which provides information needed for 
the sizing and design of the GHM structure. The functions, interfaces, internal architecture and 
systems of the lunar GHM will be discussed in this section. 
 
In the Statement of Work (SoW) document [128] for the “Greenhouse module for space system” 
project, it is mentioned that the lunar greenhouse should adopt the internal architecture and 
interfaces with the external habitat as illustrated in Figure 36. 
 

 
Figure 36: Internal architecture of the lunar greenhouse module [Source: Greenhouse module for space system 

SoW. [128]] 

 
Based on this architecture and the mission analysis (section 4.1) and functional analysis (section 
4.2.1), the configuration of the greenhouse is split into four segments (see Figure 37): 
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 Structure 
 

The structure is the external shell of the GHM, separating the internal conditions from the harsh 
environment on the Moon. Included in the structure segment are the MMOD and radiation 
shielding, gas retention system, thermal protection system, load-bearing structure, interface 
connections and, possibly, airlocks. 

 

 Deployment Module 
 

The Deployment Module contains the tanks filled with inflation gas, a gas injection system and 
possibly a rigidization system. The inflation gas should be such that, upon inflation, the internal 
atmosphere matches the desired composition of the air in the GHM as defined in the SoW. If a 
rigidization system is required, whether passive or active, then a rigidizable material will need to 
be incorporated into the structure design. 

 

 Grow Module 
 

The Grow Module is the section of the greenhouse in which the plants are cultivated. This 
section will contain the Germination Unit and Plant Production Unit indicated in Figure 36, but 
will also consist of some support equipment, such as sensors and air ducts. 

 

 Service Module 
 

The Service Module encompasses all the support systems needed for plant cultivation, such as 
the Storage Unit, Quality Control Unit and the Control System from Figure 36, though, as 
mentioned, some of the components may also be situated within the Grow Module. 

 

Greenhouse

Structure
Deployment 

Module
Grow Module Service Module

 
Figure 37: Greenhouse configuration segments and thesis system border 

  
The brown-lined frame in Figure 37 denotes the system borders for this thesis work. As can be seen, 
only (part of) the structure and the Deployment Module will be considered. Some aspects of these 
two segments, such as the airlocks, will not be investigated in detail; instead certain assumptions 
will be made regarding their characteristics (see section 4.3).  
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4.2.1. Functional Breakdown Analysis 
 
Figure 35 and Figure 36 provide an overview of the resource flows between the different 
compartments of the greenhouse and the life support system. Neither of the diagrams covers the 
specific tasks and functionalities of the various compartments however. 
 
To ensure that the final greenhouse design can complete the desired objectives, it is necessary to 
analyse the required functionality of the system. Based on the functions which need be performed 
to accomplish successful plant cultivation, it is possible to define subsystems which will handle 
specific sets of functions and to investigate the components which should be used. 
 
A functional analysis as described above is commonly presented in the form of a Functional 
Breakdown Structure (FBS) or Functional Flow Diagram (FFD). Starting from the top level function 
of the greenhouse, which is the successful cultivation of food crops, it is possible to define the lower 
level functions which are required to achieve this. These lower level functions are then broken down 
to even smaller tasks, until the desired level of detail is achieved.  
 
The Functional Flow Diagram for a lunar GHM is shown in Figures 38-40. The top row of boxes in the 
FFD represent the top level functions which need to be fulfilled to achieve mission success. For the 
greenhouse, these top level functions represent the start-up, the operation and the end-of-life 
phases. 
 
A number is given to each function, which allows for tracing of the different functions. For example, 
the function Deploy Greenhouse has number 1.2. This means that it is the second function which is 
carried out as part of the higher level function 1.0 Perform Pre-operation phase activities. 
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Figure 38: (Part 1 of a) Functional Flow Diagram of a lunar GHM 
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Figure 39: (Part 2 of a) Functional Flow Diagram of a lunar GHM 
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Figure 40: (Part 3 of a) Functional Flow Diagram of a lunar GHM
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The FFD provides a straightforward method of determining and depicting the different functions 
which need to be performed and the sequence of events. When breaking down the functionality to a 
low level, especially for complex systems, the FFD can become quite large and chaotic, making it 
more difficult to quickly identify all the different functions. 
 
An alternative graphical representation method is the Functional Breakdown Structure (FBS), which 
presents the functions in the form of an AND-tree. This means that all the lower level functions need 
to be fulfilled in order to achieve the higher level functions. 
 
Figure 41 shows (part of) the FBS for the lunar greenhouse module. To limit the required space in the 
diagram, this part of the FBS only shows the functions related to crop cultivation. It does not address 
the functionality required for launch, deployment or end-of-life disposal.  
 
The second level of function breakdowns is assigned a colour based on the subsystem which is 
expected to fulfil that function. A legend is given in the lower left corner of the graph. The functions 
marked in pink and assigned to “external” may be fulfilled either on Earth or on the Moon. For 
example, power will be supplied from the lunar base, while harvesting tools and seeds are likely 
placed within the greenhouse payload before launch. 
 
To illustrate the possibility of breaking functions down even further, a third level function 
breakdown is shown for the function Determine delivered lighting conditions. Again, to limit the size 
of the diagram this was not done for all second level functions. 
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Figure 41: Functional Breakdown Structure of a lunar GHM
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4.2.2. Interface Definitions 
 
As mentioned before, it is possible to define subsystems which will perform a specific subset of the 
functions identified in the FFD or FBS. In Figure 41, different functions have been given colors based 
on the subsystem they belong to. A legend can be found in Table 5 below. 
 

Table 5: Legend for Figure 41 and Figure 42 

Subsystem Color 

Structure Green 

Nutrient Delivery System Orange 

Plant Monitoring System Purple 

Air Management System Blue 

Illumination System Yellow 

Command & Data Handling System Grey 

External system (environment, astronauts, etc…) Pink 

Plants Brown 

 
The Nutrient Delivery System will be in charge of the delivery of nutrients and water, while the Plant 
Monitoring System will monitor the plants to detect any diseases and to determine the required 
amounts of water and nutrients. The Command & Data Handling System will collect data on the 
plant health and maturity, as well as the system performance and provide data on the required 
conditions for optimal crop cultivation. 
 
Obviously these systems would need to communicate in some way, since the data gathered by the 
Plant Monitoring System needs to be available to the Nutrient Delivery System to allow it to 
function properly. Thus, the Plant Monitoring System will need to send data to the Command & 
Data Handling System which processes it and sends commands to the Nutrient Delivery System.  
 
Such interdependencies between systems, also known as interfaces, are often shown by means of 
an N2 chart [130] and Figure 42 provides such a chart for the lunar GHM and its subsystems. 
 
For clarity, the external environment has been split into the lunar infrastructure with which the lunar 
GHM has to interface, the astronauts operating and maintaining the system and the space 
environment (e.g. radiation and meteoroids) acting on the lunar GHM. 
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Figure 42: N

2
 chart presentation of interfaces for the lunar GHM
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4.2.3. Subsystem Description 
 
Based on the tasks which need to be performed in the greenhouse, an overview can be made of the 
likely equipment which is needed to fulfil the tasks. As an example, consider the supply of nutrients 
and water to the various plants. To accomplish this, it is necessary to have tanks to store the water 
and nutrients, a mixing system which precisely regulates the concentrations of the different 
nutrients, sensors to detect the various properties of the nutrient solution and many other 
components. 
 
In this section a description will be given of the different subsystems. Some rough dimensions will be 
estimated for the systems in chapter 6, to allow sizing of the structure. 
 
Structure 
 
The structure subsystem of the lunar GHM has to provide protection against the lunar environment, 
but it also has to provide the housing for the equipment as well as interfaces to attach to the lunar 
base structures. 
 
No windows will be present in the greenhouse module to prevent natural light from entering and 
changing the actual conditions experienced by the plants from the desired conditions. Some other 
cut-outs will be required however for such things as fans and ducts, which will allow air flow from 
and to other areas of the lunar base. Airlocks will be required to allow astronauts to enter and exit 
the structure from the outside and to ensure that the rest of the base is not affected in case of 
pressure loss or contamination (e.g. fungi, disease) in the greenhouse. Additionally, mechanisms will 
be needed to ensure the automated deployment of the equipment into the desired configuration 
upon deployment of the outer structure. 
 
The structure subsystem does not only comprise structure segment defined earlier though. It also 
consists of the secondary structure which is needed to hold the seeds and plants as they grow, which 
is part of the Grow Module. 
 
For these functions, a plant cultivation approach using Grow Lids, Grow Pallets, Germination Units 
and Grow Units will be used. A Grow Lid is in essence a thin, rigid plate with a number of holes which 
serve to hold seeds or plant stems (within seed nets or pads). The spacing of the holes as well as the 
size is dependent on the morphological parameters of the plants, meaning that each crop will have a 
specialized Grow Lid. Aside from holding the seeds and plant stems, the Grow Lid divides the root 
zone and the shoot zone of the plants. The possibility of incorporating sensors and parts of the 
Nutrient Delivery System within the Grow Lid (see Figure 43) has been investigated by the author 
during earlier work at DLR Bremen. 
 
The Grow Lids, filled with seeds, are placed in a Germination Unit. This is an enclosed structure with 
LED panels, nutrient solution supply and air management system, which is capable of providing the 
exact conditions needed for germination of the seeds. 
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Figure 43: Grow Lid 

 
Upon germination of the seeds, the Grow Lids are retrieved from the Germination Unit and placed 
on a Grow Pallet. The Grow Pallet provides additional structural support to carry the increasing 
weight of the growing plants along with an opaque, height-adjustable root zone section. The Grow 
Pallet is designed to be outfitted with a removable module containing a dedicated Nutrient Delivery 
System, including a small pump and accumulator tank, as well as some sensors (see Figure 44). The 
benefit of having such a system for each Grow Pallet is that it allows precise control of the nutrient 
solution delivered to each set of plants. The modular approach of the Grow Lid, Grow Pallet and 
NDS module facilitates the cleaning and sterilizing of the equipment after crop harvesting, which is 
needed to prevent or at least reduce disease and fungi growth. 
 

 
Figure 44: Grow Pallet with Grow Lid and NDS module 
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Once the Grow Lid has been placed on the Grow Pallet and all the interfaces have been properly 
connected, the system is placed within a Grow Unit. The Grow Unit, similar to the Germination Unit 
is an enclosed structure which provides lighting and air management for a number of Grow 
Pallet/Grow Lid assemblies and houses some additional NDS and power supply infrastructure.  
 
The described approach has been investigated in past studies at DLR Bremen and because of this, it 
will be applied here. Additional development efforts will be needed to find the best configuration 
and to develop a prototype. Furthermore, a trade-off between different cultivation approaches, 
such as the cable culture approach of the University of Arizona, will be beneficial for future studies, 
but this is outside the scope of this work. 
 
Illumination System 
 
The lighting conditions needed for the optimized germination and cultivation of the different crops 
will be provided by the Illumination System.  
 
Customized LED panels will be used to provide the exact light spectrum which is needed by the 
plants at each phase of their life cycle. The panels will have a variable intensity to accommodate the 
changing photosynthetic photon flux (PPF) demand of the plants over their life. Using digital timers 
the panels will be kept on predefined day/night cycles to allow for maximum edible biomass yield. 
The heat from the LED panels will be transported away using a liquid coolant-based heat exchanger 
system along with some heat dissipating radiators. 
 
The lighting conditions within the Greenhouse will be designed specifically for plant cultivation. 
When the astronauts are working within the structure, it will be necessary to provide them personal 
lamps which emit a light spectrum more suitable for humans. 
 
Nutrient Delivery System 
 
The assumption was made that the plant cultivation in the lunar GHM will be done using aeroponics 
on account of the higher biomass yield and lower resource consumption. To further develop the 
technologies needed for a fully closed life support system, it is assumed that the aeroponic system 
which is used will be closed-loop, meaning that waste water is recovered and reused.  
 
A schematic of such a system can be seen in Figure 45, showing the different components which 
would be needed. The actual system build-up will be slightly altered with respect to the architecture 
from the figure. 
 
For example, each Grow Pallet/Grow Lid assembly will have its own nutrient solution tank, 
accumulator tank, digital timer and pump, as well as associated piping and spray jets. Excess 
solution which is sprayed into the root zone of a Grow Pallet will be collected and flows back into the 
Grow Pallet nutrient solution tank. 
 
If a nutrient solution tank is nearly empty, or the parameters of the solution (pH, EC, etc…) deviate 
too much from the baseline value, a warning will be generated and the nutrient solution will be 
replaced with a new solution mixed by a central mix computer station. 
 
Additionally, piping and assorted infrastructure will be needed to allow the flow of nutrients and 
water from other compartments of the lunar base to the lunar GHM. 
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Figure 45: Schematic of the components of a closed-loop aeroponic system [Source: 131] 

 
Plant Monitoring System 
 
The Plant Monitoring System is responsible for health monitoring of the crops, as well as detection 
of diseases, fungi and other pathogens. Health monitoring is necessary to determine whether the 
plant has received the proper amounts of nutrient solution and to prevent crop loss due to disease. 
 
Plant health monitoring systems are currently in the early stages of development. Sensors are used 
to observe crops in a variety of spectra (e.g. VIS, IR) and the data is stored on computers. Based on 
experiments a database will need to be created which contains the plant response to an off-nominal 
situation, for example changes in leaf size or coloration as a result of a lack of nitrogen or some 
other nutrient. 
 
More work is also needed to rapidly and reliably detect pathogens which could adversely affect 
plants and to identify diseased plants so that these can be removed before the disease can spread. 
 
Air Management System 
 
The composition of the air, the temperature and the relative humidity (RH) are all crucial aspects of 
an environment in which both humans and plants need to survive and thrive. Since plants absorb 
CO2, while releasing oxygen, water and trace gases into the air, these parameters all vary over time.  
 
The Air Management System is needed to counteract these deviations from the desired state, 
through dehumidifying the air, filtering out trace gases and circulating the air throughout the lunar 
base. The dehumidification system involves cooling of the air until water condenses. This water 
should be caught and recycled in the NDS. 
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Command and Data Handling System 
 
Most, if not all, of the processes within the lunar GHM will be automated. Lighting will be done 
based on a predefined day/night cycle, which will be controlled using timers. The intensity and 
spectrum of the light will be adjusted by matching data on the current maturity of the plant with a 
database indicating the optimal conditions of a plant at each phase of the life cycle. 
 
Similarly, the nutrient delivery will be controlled using timers. Automated signals will indicate 
insufficient or inadequate nutrient solution, prompting the creation of a fresh mix by the nutrient 
mix computer station. 
 
A sophisticated command and data handling system will be needed to receive and process all the 
incoming data from the different processes which are running within the GHM and to generate and 
distribute commands.  
 
Additionally, a large database will need to be developed containing information on the optimal 
growth conditions for each plant at each level of maturity as well as the plant response to off-
nominal conditions (e.g. nutrient depletion, disease). 
 
Additional 
 
Aside from the above described subsystems and their respective components, there are a number of 
other items which will be needed, such as storage units and seeds, which do not belong to any of the 
subsystems. 
 
For the Deployment Module discussed earlier, for example, tanks will be needed to hold the inflation 
gas. Furthermore, a mechanism will be needed to restrain the structure when it is in its stowed 
configuration within the cargo vehicle. Additionally, a gas injection system and a rigidization system 
will be needed. 
 
It was also mentioned earlier that airlocks would be needed in case of pressure loss in the 
greenhouse, or if fungi and other contaminants were detected. A system will be needed to remove 
diseased plants and sterilize all areas of the greenhouse which might be exposed to such pathogens. 
A similar system will be needed to prevent dust build up within the greenhouse and/or to remove 
dust once it has reached a given threshold concentration. Additionally, equipment will be needed for 
the harvesting and processing of mature, healthy crops. 
 

4.3. Design Assumptions 
 
A lunar greenhouse module which is designed to operate as part of a larger lunar base will have a 
design which differs significantly from a stand-alone lunar greenhouse. A lunar base would be able 
to provide power and other resources, while a stand-alone greenhouse would need to contain or 
provide such things independently. Similarly, other factors will impact the design of a greenhouse 
and its structure.To narrow the design space, a number of assumptions are made. These 
assumptions are listed below, along with a short rationale. 
 

4.3.1. Lunar base assumptions 
 
Assumption 1: It is assumed that power will be supplied to the greenhouse module from other parts 
of the lunar base. 
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Justification: The ‘short’ travel time between the Earth and the Moon makes it feasible to set up an 
initial manned base which can operate without in-situ food production. Such a base will inevitably 
contain a power generation system. 

 
Assumption 2: It is assumed that nutrients will be supplied to the greenhouse module from other 
parts of the lunar base. 
 
Justification: It is likely that a facility capable of extracting nutrients from human and plant waste will 
be constructed on the Moon, to further develop closed loop life support systems. Additionally, regular 
deliveries of supplies from the Earth could contain nutrients, if necessary. 

 
Assumption 3: It is assumed that astronauts or robots within the base will be involved in the plant 
cultivation process and carry out such actions as seeding and harvesting and cleaning or sterilizing of 
equipment. 
 
Justification: Robots are already being developed for use in greenhouses on Earth. It is likely that such 
robots could be built and sent to the Moon to operate a lunar greenhouse. Astronauts have already been 
growing plants on the International Space Station and could do so on the Moon as well.  
 

4.3.2. Greenhouse assumptions 
 
Assumption 4: The lunar greenhouse module design should meet the requirements and constraints 
listed in the “Greenhouse module for space system” Statement of Work [128]. 
 
Justification: The thesis work is intended to tie into the larger framework of research and development 
being carried out at DLR and ESA. 

 
Assumption 5: It is assumed that the lunar greenhouse module will be located on the lunar surface, 
rather than placed in a subsurface lava tube. 
 
Justification: The mapping of the locations and sizes of lava tubes on the Moon is still to be done. As 
such, it is uncertain whether or not a lava tube of sufficient size will be available in the near vicinity of 
the desired lunar base location.   
 

4.3.3. Additional assumptions 
 
Assumption 6: It is assumed that plant cultivation will be done using the aeroponics method. 
 
Justification: Sources [132,133] indicate that aeroponic plant cultivation allows higher yields than other 
cultivation methods, with less resource consumption. 

 
Assumption 7: It is assumed that the plant yield data from the NASA Baseline Values and 
Assumptions Document [134], is based on hydroponic cultivation.  
 
Justification: From [135] it was found that the NASA experiments were typically carried out using 
hydroponic cultivation methods. 

 
Assumption 8: It is assumed that aeroponic yield of edible and inedible biomass will be a factor of 
1,4 higher. 
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Justification: According to [132,133], aeroponic yield may be up to 70-80% higher than other plant 
cultivation methods. A factor of 1,4 is thus a conservative estimate of the yield increase.   
 

4.4. Requirements Analysis 
 
This section of the report will focus on the requirements and constraints which are placed on the 
design of the lunar greenhouse module. For defining the requirements on the structure of the 
greenhouse a so-called Requirements Discovery Tree (RDT) was developed. 
 
The RDT splits requirements into two branches: constraints and functional requirements. Similar to 
the FBS, the RDT is an AND-tree, meaning that all of the lower level requirements are needed to 
fulfil the top level requirements. It provides a convenient graphical tool to trace the origin of a given 
requirement. This requirement traceability is needed to prevent lower requirements from being 
applied to a design when there is no actual reason behind it. Furthermore, if a lower level 
requirement can be rationalized, but there is no associated higher level requirement, then that 
indicates that there are likely some requirements missing.  
 
As with any of the system engineering tools used in this chapter, it should be used only in so far as it 
is useful. For the preliminary design presented in this report, for example, it would not make any 
sense to derive requirements on the precise manufacturing tolerances for various sections of the 
structure. 
 
The RDT which was created for the structure of the lunar GHM can be seen in Figure 46 (Functional 
Requirements) and Figure 47 (Constraints). The complete, elaborated requirement lists can be found 
in Appendix C. These lists contain the top level requirements for the lunar GHM, see Table 6, and the 
derived requirements for the GHM structure, for a total of 52 requirements.  
 

Table 6: Top level requirements for the lunar GHM 

Code Requirement Rationale 
GHM.1 GHM shall successfully be delivered to the surface of the 

Moon 
To ensure the mission 

GHM.2 GHM shall successfully be utilized to cultivate fresh food  Main function of the lunar greenhouse 

GHM.3 GHM shall be designed for a mission lifetime of at least 
twenty-four lunar days (about two years) 

Requirement from the Statement of 
Work [128] 

GHM.4 GHM shall be designed to provide a safe environment for 
humans 

Astronauts may be around the Grow 
Unit for harvesting or maintenance and 
should be safe while doing so 

GHM.5 GHM shall be designed such that it has minimal mass Cost and launch considerations 

GHM.6 GHM shall be designed such that it has minimal launch 
volume 

Cost and launch considerations 

GHM.7 GHM shall be designed such that it has minimal power 
consumption 

Cost reduction 

GHM.8 GHM shall be designed such that it has minimal resource 
consumption 

Cost reduction, development of closed 
loop life support systems 

GHM.9 GHM shall be designed such that it has minimal mission 
cost 

Cost reduction 
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Functional 
Requirements

Structure shall 
survive delivery to 

the Moon

Stowed Structure 
shall fit in launcher

Structure shall 
withstand launch 

loads

Structure shall 
withstand descent 
and landing loads 

Structure shall 
deploy 

automatically

Structure shall 
prevent hull breach 
by micrometeorites

Structure shall 
enable a safe 

environment for 
humans

Structure shall limit 
gas leakage rate

Structure shall 
provide radiation 

protection

Structure failure 
shall not affect 

other lunar base 
structures

Structure shall 
connect with lunar 

base structures

Structure shall 
withstand loading 
conditions during 

operation

Deployment system 
shall be single-

point-of-failure free

Structure shall 
automatically 

deploy equipment

Effective 
permeability of 
structure will be 

TBD

Gas leakage rate at 
interfaces and 

openings will be at 
most TBD

Internal nominal 
radiation levels will 
be lower than TBD

Internal peak 
radiation levels will 
be lower than TBD

Structure shall have 
at least 2 airlocks

Structure shall 
inflate automatically

Structure shall be 
rigidized after 

inflation

Structure shall 
withstand an 

internal pressure of 
1010 mbar

Structure shall be 
designed with a TBD 

safety factor

Structure shall 
withstand structure 

and equipment 
weight

Structure shall 
withstand space 

environment

Structure shall 
enable cultivation of 

food

Structure shall 
contain interfaces 
for power, water, 

etc...

Structure shall have 
sufficient volume to 

fit systems and 
equipment

Structure shall limit 
the amount of lunar 

dust within the 
closed environment

Internal nominal 
radiation levels will 
be lower than TBD

Internal peak 
radiation levels will 
be lower than TBD

Structure shall 
prevent hull breach 
by micrometeorites

 
Figure 46: Functional Requirements part of the Requirements Discovery Tree for the lunar GHM structure 
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Constraints

GHM shall operate 
for a minimum of 24 

lunar days

Structure shall be 
designed for 
minimal cost

Structure shall be 
designed for 

minimal mass

Structure shall be 
stowed in the most 

efficient method

Structure 
deployment system 

shall consume 
minimal power

Stresses in the 
stowed structure 
shall not exceed 

TBD

Packaging method 
shall not hinder or 

prevent deployment

Packaging method 
shall strive for 

minimal volume of 
the stowed 
structure

Structure shall be 
designed for 

minimal power 
consumption

Structure shall allow 
maintenance and 
repair operations

Structure shall 
withstand loading 
conditions for at 

least 24 lunar days

Structure shall 
withstand loading 

with radiation 
degraded material

 
Figure 47: Constraints part of the Requirements Discovery Tree for the lunar GHM structure 
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4.5. Summary 
 
An overview of the different mission phases for the lunar GHM was given, starting with integration 
of the structure within the lunar lander, and the impact on the structure design was discussed. 
 
The main design drivers are the load and environmental conditions which will be encountered during 
the nominal operating phase. Additionally, the deployment phase, the internal system set-up and 
the integration into the overall lunar base infrastructure provide key design drivers. 
The integration of the stowed structure within the lunar lander and the subsequent launch will also 
have some (minor) impact on the greenhouse structure design. 
 
The role of the greenhouse in the closed regenerative life support system, as well as the internal 
architecture of the greenhouse was addressed. The greenhouse was divided into four segments: 
 

- Structure  
- Deployment Module 
- Grow Module 
- Service Module  

 
A functional analysis of the greenhouse was performed and, based on the identified functions, a 
(sub-)system breakdown was given. An N2-chart was presented which shows the interfaces between 
the different greenhouse (sub-)systems, as well as external influences, such as the lunar base and 
the astronauts. 
 
The system border for this thesis was drawn around the Structure and Deployment Module 
segments. For the remaining segments, other factors which might impact the structure design, as 
well as for a few design aspects which (technically) fall within these system borders, assumptions 
were made.    
 
These assumptions, along with the identified functions and interfaces, were used to develop a list of 
requirements for the lunar GHM structure. 
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5. Concept Generation and Selection 
 
Having formulated the requirements on the structural design of the lunar greenhouse module, it is 
possible to start designing different concepts and subsequently to determine the most suitable 
option. 
 
In this chapter the concept generation and trade-off phase are covered. First, a number of concepts 
are developed and presented. Then, as part of the concept trade-off and selection process, different 
evaluation methods and criteria are discussed. Using one or more of these evaluation methods, 
along with the evaluation criteria, the different concepts are assessed during a trade-off and the 
most promising option is selected for the actual preliminary design phase.   
 

5.1. Generation of Lunar Greenhouse Module concepts 
 
Based on the review of existing habitat and greenhouse design concepts which has been discussed 
in section 2.1.1 of this report, a Design Option Tree (DOT) was created. This DOT can be seen in 
Figure 48. 
 

Greenhouse 

Structure

RigidHybrid Inflatable

ArchetypicalAtypical Archetypical Atypical

(Hemi-)sphere Toroid (Semi-)cylinder Toroid(Hemi-)sphere (Semi-)cylinder

Rigid mid-

section
Rigid core

Other

Rigid core

Other

Other

 Rigid 

endcaps

 
Figure 48: Design Option Tree of greenhouse structure concepts 

 
To limit the size of the diagram, the large number of options for atypical hybrid and inflatable 
structure concepts is not shown. Similarly, only a limited number of hybrid archetypical structure 
concepts are shown, with the vast majority combined under the heading ‘Other’. In theory, the 
hybrid design concepts will span the range from almost completely rigid structures to almost fully 
flexible structures, which would lead to an unfeasibly large DOT diagram. 
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From the large number of design concepts, a limited number of concepts are chosen, being: 
 

- The cylinder with rigid end-caps 
- The cylinder with rigid mid-section 
- The inflatable cylinder 
- The semi-cylinder with rigid end-caps 
- The toroid with rigid core 
- The inflatable toroid 
- The inflatable sphere 
- The inflatable hemi-sphere 

 
By selecting these concepts and performing a trade-off based on the criteria discussed in section 
5.2.3, it will be possible to have an initial discussion on a number of aspects of lunar greenhouse and 
habitat design. Of specific interest are the following three design aspects: 
 

 The optimal amount of rigid material 
 

The cylinder with rigid end-caps, the cylinder with rigid mid-section and the inflatable cylinder 
will differ only in the amount of rigid material which is used within the concept. The trade-off 
between the selected concepts will thus provide some insight into whether a lighter, inflatable 
structure or a more reliable, hybrid structure is preferred.  

 

 The optimal shape 
 

By comparing the final scores of the cylinder with rigid end-caps and the semi-cylinder with rigid 
end-caps, the structure shape can be optimized. Similarly, the inflatable sphere and hemi-
sphere will be compared, as will the three inflatable archetypical structures (cylinder, sphere and 
toroid). 

 

 Adaptability of space habitats 
 

The toroid with rigid core concept is similar to the TransHab module which was designed for use 
on the International Space Station. The concept is selected here to see how well such space 
habitats adapt for use as planetary habitats. 

 
Some preliminary work has been done to determine the best method for integrating the airlocks, 
‘docking’ ports and systems within the structures. Additionally, based on the deployed structure 
configuration, a possible packing strategy is presented for each of the concepts.  
 
For the concept development it was assumed that at least two airlocks would be needed to allow 
astronauts to enter or exit the structure in case of emergency (e.g. fire, solar flare). Additionally, at 
least two ‘docking’ ports were incorporated in the structures to serve as interface to the rest of the 
lunar base. The airlocks can function as additional ‘docking’ ports, in case a direct entrance/exit to 
and from the lunar surface is not required. 
 

5.1.1. Concept 1: Cylinder with rigid end-caps 
 
The first concept is that of a cylinder with rigid sections at both ends and an inflatable mid-section. 
The rigid sections house the airlocks and ports, provide structural support and can hold equipment 
and systems in stowed (and deployed) configuration of the cylinder. The stowed configuration of 
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the structure is achieved by moving the rigid sections together and folding the inflatable section like 
an accordion (see Figure 49).  
 
For lateral stability on the lunar surface, the structure will require either support struts or extensive 
excavation of lunar regolith, resulting in increased mass or crew time demand. Structural mass will 
already be relatively high due to the large rigid sections of the structure. On the other hand, 
reliability can be quite good, since compartmentalization of the structure is (relatively) 
straightforward.  
 
A floor will be required to support the greenhouse equipment, as well as any astronauts and robots 
which will work within the greenhouse. This floor can be built in within the rigid sections, but part of 
it needs to be deployed along with the inflatable part of the structure. 
 
The complexity of the concept is fairly low, since the number of rigid-flexible interfaces is very 
limited (though the interface area is quite large). Additionally, packing and deploying of the 
structure should be fairly simple. The size of the rigid sections imposes a lower limit on the stowed 
volume of the structure however, and thus an upper limit on the deployed volume.  
 

  
Figure 49: Concept 1 – Cylinder with rigid end-caps. (Left) Deployed structure. (Right) Stowed structure.  

 
The different segments of the lunar greenhouse which were discussed in Chapter 4.2 (Structure, 
Deployment Module, Service Module and Grow Module) will be integrated into the greenhouse as 
shown in Figure 50. 
 
Since a floor will be needed within the structure, this provides a natural separation between the 
equipment used after deployment (on the floor) and the Deployment Module (below the floor). 
Depending on the size of the rigid end-caps and the space required for the airlocks and ports, the 
Service Module will be contained either partially or completely within the rigid sections. 
 
If needed part of the Service Module will be placed within the inflatable section, but preferably this is 
reserved for the Grow Module. 
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Figure 50: Concept 1 – Side view with greenhouse segment configuration 

 

5.1.2. Concept 2: Cylinder with rigid mid-section 
 
The second concept is also cylindrical, but instead of having two rigid sections at the ends of the 
cylinder, this design has a single rigid section in the center, as can be seen in Figure 51. This option 
has a lower rigid to flexible material ratio, which likely results in a lower (relative) mass. Additionally, 
the packaging efficiency (stowed to deployed volume ratio) will be higher on account of the reduced 
amount of rigid material.  
 
The two inflatable sections can be packaged using accordion folds, as for the cylinder with rigid end-
caps, which is a very low complexity packaging method. This concept has more rigid-flexible 
material interfaces however, so the manufacturing complexity is slightly higher than for the previous 
concept. 
 

 
Figure 51: Concept 2 – Cylinder with rigid mid-section. (Left) Deployed configuration. (Right) Stowed structure 

 
The internal layout of the lunar greenhouse segments will likely be as shown in Figure 52. The 
Deployment Module will probably be installed beneath the floor of the rigid section, with the Service 
Module taking up the remaining space of this rigid part. The two inflatable sections will house the 
Grow Module and, if needed, part of the Service Module. 
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Figure 52: Concept 2 – Side view with greenhouse segment configuration  

 

5.1.3. Concept 3: Inflatable Cylinder 
 
The third concept is the fully inflatable cylinder, shown in Figure 53. The lack of rigid sections, 
excluding airlocks and docking ports, is expected to lead to a lower relative mass. The presence of 
the docking ports on the sides of the cylinder mean that a simple accordion folding technique, such 
as used for the previous cylindrical concepts, is not possible for the entire structure. Thus, either a 
different packaging method will need to be applied, or only part of the structure will be packaged, 
resulting in a lower packaging efficiency. In either case, some space will need to be left within the 
packaged structure to house the Deployment Module. Additionally, the number of rigid-flexible 
material interfaces has increased with respect to the previous two concepts, resulting in a higher 
manufacturing complexity.  
 

 
Figure 53: Concept 3 – Inflatable cylinder 

 
The internal configuration of the lunar greenhouse segments will likely be similar to the 
configuration shown in Figure 50. The only exception is the Deployment Module which may be 
situated in a different location, depending on the selected packaging method. 
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5.1.4. Concept 4: Semi-cylinder with rigid end-caps 
 
The semi-cylinder concept is similar to the first cylindrical concept, with rigid sections at both ends 
and an inflatable middle part. Compared to the cylinder, however, this concept will have reduced 
mass and requires no regolith excavation. 
 
The reduced size of the rigid sections means that the stowed structure can be either smaller, or that 
the structure will have more room for inflatable material, allowing for a longer deployed 
greenhouse. On the other hand, the size reduction will also affect the amount of equipment which 
can be stored in the structure in the stowed configuration. 
 
It is proposed that the structure will be stowed by folding it in half, bringing the two rigid sections 
together and leaving the remainder of the available payload volume free for the folded inflatable 
middle section; see Figure 54 (bottom right). 
 

 
Figure 54: Concept 4 – Semi-cylinder with rigid end caps. (Top) Deployed structure. (Bottom) Two possible 

configurations for the stowed structure 

 
The semi-cylinder does not have the same natural segmentation as the cylinder concept, since there 
is no need to add a floor to the semi-cylinder to support equipment. As a result, the Deployment 
Module, which in the previous concept was housed underneath the floor, now has to be moved to 
one (or both) of the rigid end-sections (see Figure 55). Consequently, there is less space for the 
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Service Module in these rigid sections, which increases the likelihood that the inflatable middle 
section will also be partially used for the Service Module. 
 

 
Figure 55: Concept 4 - Side view with greenhouse segment configuration 

 

5.1.5. Concept 5: TransHab  
 
This concept is similar to the TransHab design and is essentially a toroid around a central rigid 
(hollow) core. The core is hollow, and contains ladders to allow astronauts to move between 
different floors. The rigid core necessitates a vertical orientation of the structure, which means 
lateral stability might need to be increased using struts or regolith excavation.  
 
Furthermore, a rigid core, combined with airlocks and ports, results in a high mass and a low 
deployed to stowed volume ratio. Due to constraints on the available payload fairing it is possible 
that the rigid core will not have enough space to accommodate all the necessary equipment. As a 
result, it could be necessary to move equipment into the structure and up several floors, which will 
require significant amounts of effort and time by the astronauts. 
 
Packaging of the structure will probably be accomplished by pushing in the rigid airlocks and ports 
towards the inner rigid core and subsequently folding the inflatable sections around the rigid parts, 
as shown in Figure 56. 
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Figure 56: Concept 5 – TransHab (Top left) Deployed structure. (Top right) Stowed structure. (Bottom) 
Schematic of TransHab folding scheme [Source: 18] 

 
As a result of the rigid core of the structure, as well as the packaging method, it is necessary to have 
the Deployment Module within the rigid core, as can be seen in Figure 57. After deployment, the first 
floor will be used for the Service Module, with the remaining floors used for the Grow Module. 
Depending on the available space, the Deployment Module may need to be removed or relocated to 
allow free movement between the different floors. 
 

 
Figure 57: Concept 5 – Side view with greenhouse segment configuration 
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5.1.6. Concept 6: Inflatable Toroid  
 
The next concept (see Figure 58) is similar to the Domus I concept discussed in chapter 2, in that the 
outer structure is an ellipsoid and the internal structure is split into a toroidal outer ring and a central 
area. 
 
The curvature of the ellipsoid is small enough to allow the structure to be stable on the lunar surface, 
meaning that no support structure or site excavation is needed. Nonetheless, a deployable floor will 
be used to support the greenhouse equipment and astronauts. 
 
Aside from the airlocks and docking ports, the entire structure will be made from flexible 
(rigidizable) materials, resulting in a much lower (relative) mass compared to the hybrid concepts. 
Additionally, the minimum stowed volume of the structure (excluding any equipment or systems, 
can (probably) be much smaller for a structure with a similar deployed volume, or, alternatively, the 
structure can achieve a much larger deployed volume for a similar stowed volume. 
 
The complexity of the structure is higher than for the first several concepts though, since the 
structure will require a more extensive rigidization system. Additionally, the packaging strategy for 
this concept is expected to be more complex. One proposed method involves folding the airlocks 
and docking ports inwards by 180 degrees. The flexible material making up the top of the structure 
will need to be folded in some manner, while leaving sufficient room in the center for the 
Deployment Module.  
 

 
Figure 58: Concept 6 – Domus. Deployed structure 

 
As briefly mentioned, during the description of the possible packaging method, the Deployment 
Module will be within the central area of the Domus. Upon deployment of the structure, the 
remainder of this area will be used for the Service Module, while the outer ring will be used for the 
Grow Module (see Figure 59) 
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Figure 59: Concept 6 – Side view with greenhouse segment configuration 

 

5.1.7. Concept 7: Inflatable Hemi-sphere 
 
The seventh concept is the hemi-sphere, shown in Figure 60. This concept provides additional 
volume with respect to the Domus concept discussed previously, by adding extra height. To use the 
extra height will require an additional floor however, which adds mass and complexity. Furthermore, 
as with the other multi-story concepts, it will require significant time and effort to move the required 
equipment up to the extra floor(s). 
 
A central section of the hemi-sphere will be used for movement between the floors, as well as for 
storage of the Deployment Module. To support the upper floor, this central section will almost 
certainly require a rigid (or rigidized) load-bearing structure, which would also be able to serve as 
compartmentalization method, separating the different segments of the greenhouse. The 
packaging method which was proposed for the previous concept could also be applied to the hemi-
sphere. 
 
The extra floor which this concept offers will house (part of) the Grow Module, with the ground floor 
housing the remainder of the Grow Module (see Figure 61). As mentioned, the Deployment Module 
will be housed in the central section of the structure. The same is the case for the Service Module, 
though, depending on the available size, some additional space may be required on the ground floor 
to house the Service Module. 
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Figure 60: Concept 7 – Hemi-sphere, deployed structure. 

 

 
Figure 61: Concept 7 – Side view with greenhouse segment configuration 

 

5.1.8. Concept 8: Inflatable Sphere 
 
The final concept is the inflatable sphere, shown in Figure 62 (left). Compared with the hemi-sphere, 
the sphere offers a significant increase in available volume. The complexity is significantly higher 
though, due to the floor(s) and the associated support structure. The packaging method can likely 
be (almost) the same as for the hemi-sphere and the inflatable toroid concept.  
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Figure 62: Concept 8 – Sphere. (Left) Deployed Structure. (Right) Side view with greenhouse segment 

configuration 

 
The crew time required for the sphere will be significantly higher, on account of the extra site 
preparation required, as well as the extra time needed for outfitting.  
 
The proposed configuration of the lunar greenhouse segments is shown in Figure 62 (right). The 
‘ground floor’ where the astronauts enter will be used for the Service Module, with extra space used 
for the Grow Module. The other floors will be dedicated entirely to the Grow Module. Depending on 
the size of the sphere, and the required height per floor, it may be that there is some left-over space 
which cannot be used as a separate floor, such as the bottom section of the sphere in Figure 62 
(right). Such space can be used for storage of resources and spare equipment for example. 
 

5.2. Evaluation method selection 
 
Selecting the most suitable greenhouse design concept depends on a trade-off with respect to a 
number of factors, both tangible and intangible, which affect the overall performance. The trade-off 
process is further complicated by the fact that, early in a design process, the characteristics of the 
different concepts cannot easily be quantified. A number of evaluation methods have been 
developed and applied as tools in the trade-off process and a variety of factors are taken into 
account in each specific method.   
 
In this section a brief overview of the most important evaluation methods and criteria will be given. 
The most suitable method and criteria will be selected for use in the subsequent concept selection 
process, which is discussed afterwards. For a more detailed discussion of the different evaluation 
methods and criteria, the reader is referred to [136,137].  
 

5.2.1. Evaluation methods 
 
Equivalent System Mass 
 
The first evaluation method which will be discussed is the Equivalent System Mass (ESM) approach 
developed by NASA. As the name suggests, the equivalent system mass evaluation method involves 
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the transformation of the various units of different evaluation criteria (e.g. volume, power) into a 
mass unit. 
 
Five different components are considered for the ESM method, specifically, the actual mass of the 
system and the equivalent masses of the volume, power requirement, cooling requirement and crew 
time demand. The ESM is calculated for each subsystem and summed to get an overall score for the 
entire system. The concept with the lowest ESM value would be the most suitable for further 
development. 
 
A drawback of the ESM evaluation method is that determination of the different components 
mentioned above is not always straightforward and may require significant experience with 
greenhouse design. Furthermore, in case the different concepts have different specifications, for 
example due to the use of different technologies (e.g. bio-regenerative or physio-chemical), the 
ESM scores need to be adjusted accordingly, which also demands a large amount of experience. 
 
Advanced Life Support System Evaluator 
 
The Advanced Life Support System Evaluator (ALiSSE) has been developed by ESA to serve as a tool 
for evaluation of different Life Support System (LSS) or subsystems thereof. 
 
ALiSSE considers seven criteria to determine the (relative) performance of LSS designs. Aside from 
the system mass, the evaluation method considers the crew time demand, energy and/or power 
consumption, efficiency, reliability, volume and the risk to humans [138]. 
 
To determine the performance of each concept with respect to the different criteria, various factors 
have been suggested along with corresponding indicators. System mass, for example, can be broken 
down into the following factors: dry mass, mass of fluids, mass of secondary resources and mass of 
spare parts and tools. To compare between different concepts with widely varying production (in 
terms of food, recycled water, etc…), the proposed indicators (units) for these mass factors are 
expressed in kilograms per produced amount of end-product per time period (e.g. kg/kcal end-
product/h). 
 
The ALiSSE method is still being developed further and the factors and indicators for several criteria 
will need to be decided upon. Furthermore, it will depend on the assigned importance of specific 
criteria to make the final trade-off. Additionally, the ALiSSE method will require the maturation of 
simulation software to adequately model the LSS loops and architectures [139]. 
 
Analytical Hierarchy Process 
 
In contrast to the previous two evaluation methods, the analytical hierarchy process (AHP) has not 
been developed specifically for LSS evaluation. Rather, the AHP is a tool for any problem in which a 
decision needs to be made based on multiple criteria. 
 
The AHP uses pairwise comparison of different criteria, which are assigned a ranking based on their 
(perceived) relative importance. A number of hierarchy levels and corresponding criteria are defined 
for the complete problem (e.g. LSS) and for each of these levels pairwise comparisons between 
criteria are carried out. The pairwise rankings are entered into comparison matrices, which are 
normalized to obtain weighting matrices. 
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The AHP relies on the subjective ratings of the evaluator(s) and experts, which can influence the final 
results. To mitigate the subjectiveness of the method, a consistency check and sensitivity analysis 
should be performed. 
 
The consistency check ensures that the ratings assigned to the various pairs do not conflict, while 
the sensitivity analysis investigates the effects which varying said ratings would have on the overall 
result. 
 
The AHP method was used for the evaluation of space greenhouse concepts and the process and 
results are detailed in [136]. Additionally, in [40] the AHP approach was used to perform the trade-
off between different greenhouse structure concepts. 
 
Critical Performance Ratios 
 
Each of the evaluation methods discussed previously have drawbacks, requiring either significant 
expertise with regards to greenhouses and life support systems (ESM and AHP methods) or 
requiring further development of the evaluation method (ALiSSE). 
 
Aiming to allow inexperienced analysts to perform trade-offs between greenhouse concepts, while 
building on the previously mentioned evaluation methods, a novel method was developed and 
detailed in [137]. 
 
A total of 51 Critical Performance Ratios (CPRs) are defined, similar to the ALiSSE criteria, 
expressing for example amount of end-product output in terms of area. The calculations are 
converted to a per day basis to allow for easy comparison. 
 
The values for each CPR for a given greenhouse concept based on available technical data and then 
normalized. Depending on whether the CPR has a positive or negative influence on the overall 
performance a rating factor is applied and the relevant value is either added to the final score or the 
reciprocal is taken and added. The final sums of the CPR values for each concept, the so called 
Critical Performance Scores, are compared, with the highest scoring concept being the optimal 
choice. 
 
To cope with the problem of incomplete data, established equivalent ratios are used as well as some 
assumptions. Applying data from the NASA Advanced Life Support Baseline Values and 
Assumptions Document [134], for example, it is possible to determine an estimate for the power 
consumption based on the greenhouse crop area. 
 
An analysis of several greenhouse designs is done using the newly developed method and the results 
are compared with an AHP evaluation. The results show that the CPR approach results in a similar 
ranking of the concepts as the AHP.  
 

5.2.2. Selected method  
 
For the generation of the concepts presented previously, the assumption was made that all of them 
should contain the same subsystems and components. As a result, the trade-off between concepts is 
not between different approaches to CELSS or greenhouse design, but rather it is a trade-off 
between different configurations of a greenhouse with fixed performance. 
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Due to this assumption, the power consumption, mass and volume of the subsystems is taken to be 
the same for all concepts, as is the crew time for maintenance and operation of the subsystems. In 
reality, variations in mass may occur due to the internal layout (e.g. more cabling required) and the 
thermal control system may require more power depending on the shape and size of the overall 
structure. These variations are assumed to be minor and hence are neglected. 
 
The differences between the concepts are thus only in the (outer) structure, such as for example the 
total deployed volume, stowed volume, mass and the crew time for deployment and maintenance.  
   
Given the limited number of variables which differ from one concept to the next, the most suitable 
evaluation methods for the trade-off process are the ESM and AHP approaches. The CPR method 
would require calculating 51 ratios, most of which would be (roughly) the same for the various 
concepts. The ALiSSE method is still being developed and includes some intangible criteria which 
cannot be applied in a straightforward manner. 
 
The AHP method will be used to account for the fact that it is not possible to accurately quantify the 
mass or crew time for the different concepts. Rather, the relative performance of the concepts with 
respect to the evaluation criteria will be determined in a qualitative (subjective) manner and rated 
with a value from 1 to 5. Multiplying these ratings with the weights determined by the AHP 
approach, will allow the selection of the most promising concept. A more detailed description of the 
AHP process can be found in Appendix D. 
 

5.2.3. Evaluation criteria 
 
As mentioned above, the only differences in the performance of the greenhouse concepts are 
assumed to result from the structure. A number of criteria (and sub-criteria) have been determined 
for use in the AHP approach. These evaluation criteria will briefly be discussed below. 
 
Mass 
 
For any space mission the mass is of very high importance and such is also the case for the lunar 
GHM. A larger size structure will have more material and hence more mass, while the shape will 
impact the load carrying capability and may result in a higher or lower wall thickness requirement. 
For example, for a pressurized vessel the sphere or torus is a more optimal (load carrying) shape 
than a cylinder. Rigid sections will use heavier materials and as such concepts with more rigid 
material will probably be heavier than other concepts, although the greater wall thickness for 
inflatable structures may counteract the effect of the lighter materials used. 
 
The average mass per unit volume of structure can be related to the overall ratio of rigid to flexible 
material used in the structure, assuming similar wall thicknesses and materials for each concept. As 
such, the concept rating will be done according to the rigid-flexible material ratio ranges listed in 
Table 7. A lower (estimated) rigid to flexible material ratio is assumed to result in a lower structural 
mass (per unit volume of structure) and as such is rated higher. 
 

Table 7: Rating scheme for mass 

Mass 

Rigid-flexible 
material ratio 
(Area-wise) 

0-20% 20-40% 40-60% 60-80% 80-100% 

Rating 5 4 3 2 1 
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Volume 
 
The higher the (internal) volume of the deployed structure, the more capacity the greenhouse will 
have to contain crop cultivation systems and equipment. Of course, due to the shape the actual 
usable volume may be slightly lower depending on the shapes of the different components. The 
deployed volume is limited by the stowed volume, which needs to fit within the lunar lander. 
 
The stowed volume of the structure impacts the launcher selection and as a result the launcher and 
mission cost. If the structure contains more rigid components, the stowed volume is expected to be 
higher. For more complex flexible structures the packaging efficiency will probably be lower and 
hence the stowed volume will also be higher. 
 
To take into account these different factors, the achievable packaging efficiency and the effective 
work area per unit of deployed volume are estimated and rated according to the schemes shown in 
Table 8. Summing the ratings and dividing by two leads to an overall score for the Volume criteria. 
 

Table 8: Rating scheme for volume 

Volume 

Available Volume 

Packaging efficiency 
(Stowed/Deployed Volume) 

0-20% 20-40% 40-60% 60-80% 80-100% 

Rating 5 4 3 2 1 

Usable area 

Work area / Volume <0,2 0,2-0,3 0,3-0,4 0,4-0,5 >0,5 

Rating 1 2 3 4 5 

 
Reliability 
 
Some of the concepts discussed in the review of existing habitat and greenhouse designs considered 
the impact of loss of pressurization. A concept with internal compartmentalization will have a higher 
reliability than a concept which does not. Additionally, due to the very extensive experience with 
rigid structures, structures with rigid sections will be more reliable than fully inflatable structures. 
The reliability criteria takes into account the likelihood of failures of (part of) the structure, such as 
punctures by meteorites, as well as the influence of such failures on the operations of the 
greenhouse and is therefore rated according to the level of risk (see Table 9). 
 

Table 9: Rating scheme for reliability 

Reliability 

Risk Very Low Low Medium Medium-High High 

Rating 5 4 3 2 1 

 
Complexity 
 
An increase in complexity of a structure results in a higher chance of manufacturing errors and/or 
failures during operation. Complexity is increased by rigid-flexible interfaces and also depends on 
structure shape (e.g. sharp corners) and use of compartmentalization. Additionally, the packaging 
and deployment methods for the structure need to be considered to judge the overall complexity. 
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Both the manufacturing complexity and the packaging deployment method are rated separately, 
according to the schemes shown in Table 10. Summing the scores obtained from these ratings and 
dividing by three gives an overall indication of the complexity of the concepts. 
 

Table 10: Rating scheme for complexity 

Complexity 

Manufacturing complexity 

Number of rigid-
flexible interfaces 

<2 2 3 4 >4 

Rating 5 4 3 2 1 

Number of 
deployable floors 

0 1 2 3 4 

Rating 5 4 3 2 1 

Penalty of -2 for concepts with (sharp) corners. (semi-cylinder and hemi-sphere) 

Packaging & Deployment complexity 

Packaging method Inflatable 
folding, one 

direction 

Inflatable + 
airlock 

folding, one 
direction 

Inflatable 
folding, 
multiple 

directions 

Inflatable + 
airlock 

folding, 
multiple 

directions 

Inflatable + 
airlock 

folding, 
multiple 

directions, 
additional 

constraints 

Rating 5 4 3 2 1 

 
Crew time 
 
The assumption has been made that astronauts and robots are present on the Moon when the lunar 
GHM lands. Upon landing it may be necessary to move the stowed structure to the desired location 
and possibly the crew will need to aid in the deployment process. If this is the case, more time and 
effort will be required for multi-story structures. Additionally, the crew may be required to spend 
time preparing the site (e.g. digging a hole/crater) and for the purposes of this trade-off it is also 
assumed that the crew will be responsible for applying regolith shielding to the structure. The 
amount of time needed for regolith shielding is mainly dependent on the surface area of the 
structure. 
 
Preliminary estimates of the crew time needed for each concept are made for three aspects (pre-
deployment, outfitting and post-deployment) and then rated according to the scheme shown in 
Table 11. The total score for the crew time criterion is obtained by summing the three ratings and 
dividing by three. It is assumed that post-deployment work (e.g. regolith shielding) will require more 
effort for multi-story structures compared with single story structures with the same outer surface, 
which is reflected in a penalty to the post-deployment work rating. 
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Table 11: Rating scheme for crew time  

Crew Time 

Pre-deployment work 

Excavation 
required 

None Minimal 
(excavation 

for 0-1 floors) 

Significant 
(excavation 
for 1 floor) 

Extensive 
(excavation 

for 1-2 floors) 

Extreme 
(excavation 

for >2 floors) 

Rating 5 4 3 2 1 

Outfitting work 

Number of floors 1 floor 2 floors 3 floors 4 floors >4 floors 

Rating 5 4 3 2 1 

Post-deployment work 

Surface area to 
volume ratio 

<0,3 0,3-0,4 0,4-0,5 0,5-0,6 >0,6 

Rating 5 4 3 2 1 

Penalty of -1/extra floor for multi-story structures 

 

5.3. Concept selection 
 
With the concepts developed and the trade-off method and criteria selected, it is possible to decide 
which concept will be selected for further development. 
 

5.3.1. Trade-off 
 
As discussed, the trade-off method consists of pair-wise comparison of the trade-off criteria, using 
the AHP method, and a qualitative rating of the concepts with respect to each criterion. The pair-
wise comparison of the trade-off criteria, as well as the intermediate results from the AHP process 
can be found in Appendix D. The final weights obtained by applying the process are shown in Table 
12.  
 

Table 12: Trade-off criteria weights 

Criteria Weight 

Mass 0,1454 

Volume 0,3755 

Reliability 0,3593 

Complexity 0,0851 

Crew Time 0,0347 

 
In the previous section it was mentioned that the concepts would be assigned a qualitative rating. 
Ratings will range from 1 to 5, with 5 being the optimal (e.g. lowest mass, highest reliability). The 
ratings for each concept per criterion are discussed below. 
 
Mass 
 
The rigid-flexible material ratio of the cylinder with rigid end-caps is estimated to be between 40 
and 60%, resulting in a rating of 3 for the mass criterion. Assuming the rigid section in the cylinder 
with rigid mid-section has a similar size as one of the end-caps from the first concept, the amount of 
rigid material for this option is half of the first. As a result, the rigid-flexible material ratio is 
estimated to be between 20 and 40%, which leads to a rating of 4. 
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The fully inflatable cylinder and the other inflatable concepts are given a rating of 5, because it is 
estimated that the airlocks and docking ports do not result in a rigid to flexible material ratio higher 
than 20%. 
 
The semi-cylinder with rigid end-caps will have the same rigid-flexible material ratio as the cylinder 
and therefore is also given a score of 3. This score is also given to the TransHab, since it is estimated 
that the amount of rigid material used for the core will result in a 40-60% ratio of rigid to flexible 
material. An overview of the scores of all the concepts with respect to the Mass criteria is given in 
Table 13. 
 

Table 13: Mass criteria scores 

Concept Score 
Semi-cylinder with rigid end-caps 3 

Inflatable sphere 5 

Inflatable hemi-sphere 5 

Cylinder with rigid end-caps 3 

Inflatable toroid 5 

Cylinder with rigid mid-section 4 

Inflatable cylinder 5 

TransHab 3 

 
Volume  
 
The Volume criterion rating is based on the packaging efficiency and the effective work area per unit 
of volume. The packaging efficiency is estimated based on the amount of rigid material, as well as 
on the type and complexity of the packaging method. 
 
The cylinder with rigid end-caps is assigned a score of 3 for the packaging efficiency, because, while 
the packaging method is very simple and efficient, this concept has a significant amount of rigid 
material which limits the minimum achievable stowed volume. Based on geometry, the ratio of 
effective work area (amount of floor area) to internal volume of the deployed structure is expected 
to be between 0,2 and 0,3, and therefore a score of 2 is assigned. Summing and dividing by two 
gives an overall value of 2,5 for the cylinder with rigid end-caps with respect to the volume criterion.  
 
Due to the reduced amount of rigid material, the cylinder with rigid mid-section receives a rating of 
4 for the packaging efficiency. The inflatable cylinder has even less rigid material and can still be 
packaged in a fairly simple manner, so a rating of 5 is assigned to this concept. Both of these 
concepts receive a value of 2 for the work area to volume ratio, resulting in overall values of 3 and 3,5 
respectively.  
 
The packaging efficiency of the semi-cylinder with rigid end-caps is estimated to be between 40 and 
60%, similar to the cylinder with rigid end-caps, and thus a score of 3 is given to this concept. The 
semi-cylinder provides roughly the same amount of work area as the cylinder, but has only half the 
volume, leading to a much higher work area to volume ratio and a rating of 5. Combining the two 
ratings leads to an overall rating of 4 for this concept. 
 
The TransHab, on account of the large rigid core, gets a rating of 3 for its packaging efficiency. The 
inflatable toroid, hemi-sphere and sphere have no rigid material, except for the airlocks and docking 
ports, but the packaging method is significantly more complex so a rating of 4 is assigned to these 
concepts. 
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Based on geometry and the expected number of floors in the various concepts, the work area to 
volume ratio of the concepts is estimated. It is estimated that the TransHab will have a work area to 
volume ratio between 0,3 and 0,4 which would correspond to a rating of 3. The inflatable toroid is 
estimated to have a ratio between 0,2 and 0,4, giving it a score of 4, and the inflatable sphere and 
hemi-sphere are expected to have the best work area to volume ratio and are assigned a score of 5. 
 
The work area and volume were estimated using some assumed dimensions for the radius and 
length. For the cylinder and semi-cylinder concepts, a radius of 2,5 m and a length of 20 m was 
assumed. The inflatable toroid was approximated as a cylinder with radius 5 m and length 2,5 m. The 
inflatable sphere and hemi-sphere were estimated to have a radius of 5 m, while the TransHab 
concept was approximated as a cylinder of outer radius radius 5 m, inner radius 1 m and length 10 m. 
Four floors are assumed for the TransHab and sphere, 2 for the hemi-sphere and 1 for all other 
concepts.  
 

Table 14: Volume criteria scores 

Concept Work 
area 

Volume Packaging 
efficiency score 

Work area/Volume 
score 

Total 
Score 

Semi-cylinder with 
rigid end-caps 

100 159 3 5 4 

Inflatable sphere 314 524 4 5 4,5 

Inflatable hemi-
sphere 

157 262 4 5 4,5 

Cylinder with rigid 
end-caps 

100 318 3 2 2,5 

Inflatable toroid 79 196 4 4 4 

Cylinder with rigid 
mid-section 

100 318 4 2 3 

Inflatable cylinder 100 318 5 2 3,5 

TransHab 302 785 3 3 3 

 
Reliability 
 
To assess the reliability of the concept, the chance of structural failure and the impact of structural 
failure on greenhouse operations is estimated and combined into a rating of the overall risk. For the 
inflatable concepts the chance of structural failure is estimated to be higher than for hybrid 
concepts. As such, the inflatable concepts are assigned a score of 2. 
 
The cylinder with a rigid mid-section is expected to have a lower chance of failure, on account of the 
rigid section which is estimated to be more reliable than the inflatable sections. This concept is 
therefore assigned a score of 3. The cylinder and semi-cylinder with rigid end-caps contain even 
more rigid sections, which leads to a higher estimated reliability. These concepts are given a score of 
4. 
 
The TransHab concept also contains a large amount of rigid material, but the placement of the rigid 
material in the core of the structure reduces the benefits this provides to the reliability of the 
concept. As such the rating assigned to this concept is lower than the cylinder and semi-cylinder 
with rigid end-caps, with a score of 3. 
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Table 15: Reliabiliy criteria scores 

Concept Score 
Semi-cylinder with rigid end-caps 4 

Inflatable sphere 2 

Inflatable hemi-sphere 2 

Cylinder with rigid end-caps 4 

Inflatable toroid 2 

Cylinder with rigid mid-section 3 

Inflatable cylinder 2 

TransHab 3 

 
Complexity 
 
The cylinder with rigid end-caps has two rigid-flexible interfaces, one deployable floor and no 
(sharp) corners, which results in a score of 8 for the manufacturing complexity. Packaging of the 
structure is done by folding the inflatable material in one direction, which corresponds to a 
complexity rating of 5. Summing these values and dividing by three gives an overall complexity 
rating of 4,33.  
 
The cylinder with rigid mid-section has four rigid-flexible interfaces, which reduces the 
manufacturing complexity rating to 6. The packaging complexity for this concept is similar to the 
complexity for the cylinder with rigid end-caps and thus a score of 5 is assigned to the concept, for 
an overall score of 3,67. 
 
The inflatable cylinder has more than four rigid-flexible interfaces and one deployable floor, 
resulting in a manufacturing complexity score of 5. The packaging method is expected to involve 
folding of inflatable material with integrated airlocks in one direction, which leads to a packaging 
complexity score of 4.  
 
The semi-cylinder concept has two rigid-flexible interfaces and does not need a (separate) 
deployable floor since the structure floor can serve as system support. The corners present in the 
semi-cylinder lead to a penalty of -2 however, for a total manufacturing complexity score of 7. The 
packaging method involves folding of inflatable material in a single direction, which gives a score of 
5, for an overall complexity rating of 4. 
 
The TransHab is expected to have three deployable floors and more than four rigid-flexible material 
interfaces and as a result scores a 3 for manufacturing complexity. The packaging method involves 
folding of inflatable material with integrated airlocks in multiple directions (inwards and radial), and 
this corresponds to a value of 2. Combining the scores and dividing by three results in a complexity 
rating of 1,67. 
 
The inflatable toroid has four interfaces and one deployable floor, leading to a manufacturing 
complexity score of 6. The packaging method requires folding inflatable material with integrated 
airlocks in multiple directions, with the added constraint that space needs to be left in the center of 
the stowed structure to house the Deployment Module. This further complicates the packaging 
strategy, leading to a rating of 1. 
 
The inflatable hemi-sphere has four interfaces and one deployable floor, but also receives a penalty 
of -2 on account of the (sharp) corners of the outer structure. Thus, the manufacturing complexity 
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rating is 4. The packaging strategy is expected to be as complex as for the inflatable toroid and 
hence a packaging complexity score of 1 is assigned to this concept. 
 
The inflatable sphere is assigned the same packaging complexity score of 1. This concept has four 
rigid-flexible material interfaces and at least three deployable floors, which gives a manufacturing 
complexity rating of 4 and the overall complexity rating is 1,67. 
 

Table 16: Complexity criteria scores 

Concept Manufacturing 
score 

Packaging score Total Score 

Semi-cylinder with rigid end-caps 7 5 4 

Inflatable sphere 4 1 1,67 

Inflatable hemi-sphere 4 1 1,67 

Cylinder with rigid end-caps 8 5 4,33 

Inflatable toroid 6 1 2,33 

Cylinder with rigid mid-section 6 5 3,67 

Inflatable cylinder 5 4 3 

TransHab 3 2 1,67 

 
Crew Time 
 
According to the scheme shown in Table 11, the cylindrical concepts all score a 4 for the pre-
deployment work required, since these concepts require minimal site excavation. The same goes for 
the TransHab and inflatable Toroid, though, depending on the exact design, these concepts might 
not need any site excavation at all. The semi-cylinder and the hemi-sphere, having a flat bottom 
surface, do not require any excavation and therefore receive a score of 5. The inflatable sphere 
requires extensive or, depending on the final size, extreme pre-deployment work, resulting in a 
rating of 2. 
 
For the outfitting work, the cylindrical concepts as well as the semi-cylinder and the inflatable toroid 
all receive a score of 5, since these are single-story designs. The inflatable hemi-sphere is expected 
to be a two-story structure, resulting in a score of 4, while the TransHab and inflatable sphere 
receive a score of 3. 
 
The outer surface area to volume ratio can be estimated from the geometry of the concepts. The 
cylindrical concepts, as well as the semi-cylinder concept, are assigned scores of 3, because it is 
estimated that the outer surface area to volume ratio is between 0,4 and 0,5 and no penalty needs to 
be applied since these are single-story buildings.  
 
The TransHab, the inflatable sphere and the inflatable hemi-sphere concepts are all multi-story 
concepts and therefore receive penalties to their scores. Combining these penalties, with the 
estimated surface to volume ratios leads to a rating of 1 for all these concepts for the post-
deployment work. The inflatable toroid does not receive such a penalty, but, on account of its poor 
surface to volume ratio it is assigned a score of 2. 
 
The final concept scores for the crew time criteria are found by summing the ratings for pre-
deployment work, outfitting work and post-deployment work and dividing by three. These scores, 
are listed in Table 17. 
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Table 17: Crew Time criteria scores 

Concept Pre-deployment 
score 

Outfitting 
score 

Post-deployment 
score 

Total 
Score 

Semi-cylinder with  
rigid end-caps 

5 5 3 4,33 

Inflatable sphere 2 3 1 2 

Inflatable hemi-sphere 5 4 1 3,33 

Cylinder with rigid end-caps 4 5 3 4 

Inflatable toroid 4 5 2 3,67 

Cylinder with rigid mid-
section 

4 5 3 4 

Inflatable cylinder 4 5 3 4 

TransHab 4 3 1 2,67 

 

By multiplying the criteria scores with the criteria weights from Table 12, scores are obtained for 
each concept, as seen in Table 18. The selected concept is the one with the highest overall score, 
which, as can be seen, is the semi-cylinder with rigid end-caps. 
 

Table 18: Trade-off results 
 Mass Volume Reliability Complexity Crew Time  

 
 
 

Overall 
score 

Criteria Weight 0,1454 0,3755 0,3593 0,0851 0,0347 
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Semi-cylinder 
with rigid end-caps 3 0,44 4 1,5 4 1,44 4 0,34 4,33 0,15 

 
3,87 

Inflatable  
hemi-sphere 5 0,73 4,5 1,69 2 0,72 1,67 0,14 3,33 0,12 

 
3,4 

Inflatable sphere 5 0,73 4,5 1,69 2 0,72 1,67 0,14 2 0,07 3,35 

Cylinder with  
rigid end-caps 3 0,44 2,5 0,94 4 1,44 4,33 0,37 4 0,14 

 
3,33 

Inflatable toroid 5 0,73 4 1,5 2 0,72 2,33 0,2 3,67 0,13 3,28 

Cylinder with rigid 
mid-section 4 0,58 3 1,13 3 1,08 3,67 0,31 4 0,14 

 
3,24 

Inflatable cylinder 5 0,73 3,5 1,31 2 0,72 3 0,26 4 0,14 3,16 

TransHab 3 0,44 3 1,13 3 1,08 1,67 0,14 2,67 0,09 2,88 

 
From the trade-off results it can furthermore be concluded that the space habitat (TransHab) does 
not adapt well to use on a planetary body. Additionally, it seems that the sphere has a slight 
advantage over the toroid and cylinder, the semi-cylinder and hemi-sphere are preferred over the 
cylinder and semi-cylinder, and hybrid concepts with higher amounts of rigid material are rated 
better than the inflatable concept. However, due to the subjective nature of the trade-off process, 
these results could be slightly different when the trade-off is performed by a different person. 
 

5.3.2. Sensitivity Analysis 
 
To account for the subjective nature of the AHP, it is customary to perform a sensitivity analysis, 
which aims to determine how sensitive the results of the AHP are to changes in the criteria 
weighting. 
 
Here, the sensitivity analysis will be done in two parts. First, the weight of the most important 
criterion (Volume) will be changed to determine the upper and lower bounds within which the semi-
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cylinder with rigid end-caps remains the highest scoring concept. The sum of the weights of all the 
criteria has to remain 1, so the other weights will be allowed to vary, though the relative importance 
between these other four criteria (mass, reliability, complexity and crew time) will be fixed. 
 
The second part involves the same process, but it focuses on the second most important criterion 
(Reliability). Again, the upper and lower bounds for the weight are determined, with the weights of 
the other criteria allowed to vary (though with a fixed relative importance). 
 
The results of the sensitivity analysis are shown in Figure 63. Five scenarios are presented, 
representing the nominal case, the lower bound case for the Volume criterion, the upper bound case 
for the Volume criterion and the lower and upper bound case for the Reliability criterion. 
 
The colored bars indicate the overall scores of the concepts for each scenario and the weights for the 
different criteria are listed below the graphs. 
 
It can be seen that changes in weight of more than 40% in either the Volume or the Reliability 
criteria are possible, without it leading to a different trade-off winner. Thus, it can be said that the 
trade-off result is quite robust. 
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Figure 63: Concept rankings for the nominal case and the lower- and upper-bound cases for Volume and 

Reliability 

 

5.4. Summary 
 
A Design Option Tree was presented to give an overview of the different greenhouse structure 
concepts. From this DOT eight concepts were selected, specifically to obtain some insight into: 
 

- The optimal amount of rigid material for lunar greenhouses 
- The optimal shape for lunar greenhouses 
- The adaptability of space habitats as lunar greenhouses 

 
Preliminary work was done on the concepts to allow a trade-off between the different designs. For 
this trade-off, the Analytical Hierarchy Process was selected from a number of possible evaluation 
methods and subsequently used to determine the weights of the five trade-off criteria:  
 

- Mass 
- Volume 
- Reliability 
- Complexity 
- Crew Time 

 
Qualitative ratings were assigned to each concept for all five criteria and then multiplied by the 
corresponding weights obtained using the AHP. Summing the weighted scores led to an overall 
score for each design, with the semi-cylinder with rigid end-caps scoring best, as seen in Table 19. 
 

Table 19: Overall trade-off scores ranked in descending order 

Concept Overall score 
Semi-cylinder with rigid end-caps 3,8662 

Inflatable sphere 3,3928 

Inflatable hemi-sphere 3,3466 

Cylinder with rigid end-caps 3,3197 

Inflatable toroid 3,2734 

Cylinder with rigid mid-section 3,2368 

Inflatable cylinder 3,1539 

TransHab 2,8750 
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To account for the subjective nature of the trade-off, a sensitivity analysis was performed on the 
AHP weights. This was done by varying the weights of the two most important criteria (Volume and 
Reliability) and determining the upper and lower bounds at which the semi-cylinder concept remains 
the highest-ranked design. It was found that changes of more than 40% in either the Volume or 
Reliability criteria weight would be needed for the top-ranking concept to change. 
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6. Preliminary Design of the Structure 
 
Having selected the semi-cylinder concept in the previous chapter, it is now possible to start the 
preliminary design of the structure. First and foremost the required size of the structure will be 
determined, by calculating the space needed for the Grow Module, Service Module and Deployment 
Module. A probable configuration will be presented, including rigid to flexible material interfaces 
and attachments from the greenhouse to the lunar base. 
 
After determining the required dimensions of the lunar GHM, the functional layers (e.g. gas 
retention, radiation shielding) will be designed. Each layer (of the inflatable section) will be designed 
separately, using the assumption that the other layers will not influence the overall performance of 
the structure. For example, the radiation shielding is assumed to have negligible gas retention 
characteristics, which in reality is unlikely to be true, but this assumption does lead to a conservative 
design. 
 

6.1. Structure sizing 
 
The main task of the lunar GHM is to provide sufficient food for the astronauts. Based on the total 
edible biomass requirements, it is possible to determine the required crop grow area. Then, based 
on the total grow area, it is possible to determine the size of the support equipment. Combining the 
total required areas, it is possible to size the structure of the lunar GHM. 
 

6.1.1. Grow Module sizing 
 
As mentioned, the first step in sizing the structure of the lunar greenhouse module is to size the 
required grow area. The required edible mass production is found from [128] and baseline values on 
the biomass production per unit area are taken from [134]. The assumption was made that the 
achievable yield with an aeroponic cultivation system is 1,4 times as large as the baseline value.  
 
The required production, the productivity (with aeroponic yield increase factor) and the calculated 
required grow area are listed in Table 20. 
 

Table 20: Monthly crop production requirements and corresponding grow area 

Higher plant Soybean Durum 
wheat 

Bread 
wheat 

Potato Lettuce Beet Rice 

Edible Dry Mass 
(g/month)* 

25000 31000 33000 41200 1000 2200 4320 

Corresponding edible 
fresh mass (g/month) 

27800 33700 35100 51600 20000 22000 43200 

Dry basis edible biomass 
productivity (g/m

2
*day)** 

6,356 28,00 28,00 29,484 9,198 9,10 12,698 

Dry basis edible biomass 
productivity 
(g/m

2
*month)** 

190,68 840,00 840,00 884,52 275,94 273,00 380,94 

Required grow area (m
2
) 131,11 36,91 39,29 46,58 3,63 8,06 11,35 

*: ±10% deviation from the dry mass requested is acceptable 
**: NASA baseline values multiplied by the assumed aeroponic yield increase factor of 1,4. 
***: Month is assumed to be 30 days 
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The set-up of the plant cultivation system with Grow Units, Grow Pallets and Grow Lids was 
discussed in section 4.2.3. In essence, it means that crops will be grown on multiple, vertically 
stacked, levels, which allows for an increase in total  grow area for a given footprint area. 
 
To determine the total footprint area, the minimum number of levels of a crop within a Grow Unit is 
determined based on the height of the Grow Unit, the mature plant height, which is obtained from 
[134], and an assumed spacing between levels. The data and results are shown in Table 21.  
 

Table 21: Grow Pallets per Grow Unit and total required number of Grow Units 

Higher plant Soybean Durum 
wheat 

Bread 
wheat 

Potato Lettuce Beet Rice 

Mature Plant Height (m) 0,55 0,50 0,50 0,65 0,25 0,45 0,80 

Minimum number of 
levels per Grow Unit * 

2 2 2 2 4 3 2 

Minimum grow area per 
Grow Unit 

1,0 1,0 1,0 1,0 2,0 1,5 1,0 

Required number of 
Grow Units 

132 37 40 47 2 6 12 

*: Grow Unit height of 2,0 m. Spacing between levels at least 0,2 m. 0,5 m
2
 grow area per level/ Grow Pallet. 

 
The Grow Units have a height of either 2,0 or 2,4 m and a footprint area of about 0,7 x 1 m2. From 
Table 21 it can be seen that a maximum total of 276 Grow Units is needed to ensure that the 
required edible biomass is produced, which corresponds to a total footprint area of 193,2 m2. By 
using the larger Grow Units (of 2,4 m) this number can be reduced to 207. Either way, this would 
lead to an unfeasibly large greenhouse structure, since, even with four parallel rows of Grow Units, 
the Grow Module would be roughly 50 m. Add to that the Service and Deployment Modules and the 
structure size will increase even further. 
 
Instead of designing a structure of this size, it was decided to limit the size of the structure to 20 m 
and to determine the achievable production for a structure of that size. 
 

6.1.2. Service Module sizing 
 
Following some iteration of the internal configuration, the total number of Grow Units within the 20 
m greenhouse was found to be 40. Assuming a grow area of 2,0 m2 per Grow Unit the total grow 
area in the greenhouse is 80 m2 
 
Based on the grow area, it is possible to determine the mass and size of the necessary support 
equipment (and spare equipment, etc…). While not all system masses will scale linearly with 
increasing grow area, for convenience such relationships are assumed here. In [140] three different 
plant growth system concepts are mentioned, along with estimated system masses and this data is 
used to estimate the mass (per unit grow area) of the different systems (see Table 22). To determine 
the volumes of the different systems, scaling, based on the number of Grow Units, was applied to a 
previous design by the author for a 40 foot (High-Cube) container greenhouse. 
 

Table 22: Service Module systems mass estimation 

System Specific mass 
[kg/m2 Grow Area] 

Mass 
[kg] 

Illumination System 5,0 400 

Nutrient Delivery System 20,4 1632 
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System Specific mass 
[kg/m2 Grow Area] 

Mass 
[kg] 

Air Management System 8,1 648 

Plant Monitoring System 1,5 120 

Command & Data Handling System 1,5 120 

Other (e.g. sterilization equipment) 32,5 2600 

Total 69 5520 

 

6.1.3. Deployment Module sizing 
 
The Deployment Module will consist of the tanks containing the required gases for inflation of the 
structure as well as a system to control the gas flow out of the tanks into the structure. 
 
As mentioned previously, it was decided to limit the length of the greenhouse to 20 m. The radius of 
the semi-cylinder was set at 3 m to allow for four rows of Grow Units as will be shown in the next 
section. From these structure dimensions it can be determined that the internal volume of the 
structure is approximately 283 m3. Using this known volume, along with the requirements on the 
internal atmosphere, it is possible to determine the amount of gas needed in the Deployment 
Module. 
 
The required internal atmospheric pressure is 1010 mbar [128] and the atmospheric composition 
should be as shown in Table 23. 
 

Table 23: Required atmospheric composition [128] 

Gas Concentration 

Oxygen 20 +/- 1% 

Carbon dioxide 300 – 2000 ppm 

Nitrogen ~80% 

Other (Trace gases)  tbd 

 
The required amount of gas can be determined using the ideal gas law (equation (1)) and the 
atmospheric composition given in Table 23. 
 

       TRnVP ***  .      ( 1 ) 
 
Here, R is the universal gas constant (8,314462175 J/mol*K), T is the air temperature which should 
be at least 20 °C [128], and n is the number of moles of gas. Since the pressure and temperature are 
known and the volume of each gas can be calculated from the total volume and the concentrations 
listed in Table 23, it is possible to determine the number of moles present for each gas. These values 
are then multiplied by the molecular weight, to obtain the gas mass in kg, see Table 24.  
 
Filling in all the numbers, yields the total amount of each gas which is required to obtain the initial 
atmospheric pressure. During the lifetime of the lunar greenhouse, there will be some gas loss 
through leakages, which means that it is necessary to have additional gas available to replace these 
losses. 
 
Any variations in gas pressure or composition due to the absorption of CO2 and the production of O2 
and water vapour in the greenhouse are neglected here. It is assumed that these variations are 
cancelled out through effects in the other structures of the lunar base. 
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The requirement on the maximum allowable leakage rate was determined from [128]. It was found 
that the maximum pressure variation (de- or increase) is 20 mbar/hour. A pressure loss rate of 20 
mbar/hour would, however, result in a pressure loss of 480 mbar/day, which is nearly half of the 
internal atmospheric pressure in the greenhouse. With such a large pressure loss rate, it would not 
be feasible to operate the lunar greenhouse for any extended period of time due to the large 
quantities of replacement gas which would need to be produced and/or transported to the structure. 
Thus, the requirement on the maximum gas loss rate was made more stringent and was set to 0,025 
mbar/day, which corresponds to roughly 1% pressure loss per year. 
 
Assuming a constant volume and a temperature of 20 °C, it is possible to determine the amount of 
gas lost when the pressure decreases by 0,025 mbar. Taking this value as the daily leakage rate and 
integrating over the minimum mission lifetime (approximately 2 years) yields the total gas loss 
during the mission.  
 
For the sizing of the Deployment Module the total amount of gas within the tanks is taken to be the 
sum of the initial gas required and the replacement gas required, with a margin of 10%. Assuming 
the gases can be stored at a pressure of 200 bar, which was the pressure used for the Skylab airlock 
system [141], the total tank volume which is required can be calculated using equation (1). The 
results of the calculations described above are listed in Table 24. 
 

Table 24: Gas requirements for the lunar GHM Deployment Module 

 Initial gas 
required 

[kg] 

Gas leakage 
rate 

[g/day] 

Replacement 
gas required 

[kg] 

Total gas 
required 

[kg] * 

Tank Volume 
required 

[m3] 

Oxygen 78,9 1,96 1,43 88,37 0,34 

Carbon dioxide 1,1 0,03 0,02 1,24 0,004 

Nitrogen 262,9 6,51 4,75 294,42 1,28 

Total  342,9 8,5 6,2 384,03 1,624 
*: (Initial gas + Replacement gas) + 10% margin 

 

6.1.4. Configuration and Interface design 
 
As mentioned previously, the length of the greenhouse structure was limited to 20 m. Furthermore, 
the required equipment for the Service Module, as well as the dimensions of said equipment, was 
based on a design created for a container greenhouse. After a number of iterations, the design 
shown in Figure 64 was developed.  
 
The structure has a radius of 3 m and its total length of 20 m is divided into a flexible mid-section of 
approximately 10 m and the two rigid end-sections with a length of about 5 m each. The flexible 
mid-section holds 40 Grow Units, for a (conservatively) estimated 80 m2 grow area. 
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Figure 64: Internal configuration of the lunar GHM. (Inset) Stowed configuration 

 
A number of different rigid-flexible interface designs were found during a review of existing and 
proposed systems [142,143,144]. Comparing the various interfaces, the design from [143] was 
selected as it should allow for a reduced mass and size with respect to the design options using 
clamps and bolts.  
 
The selected solution, see       Figure 65, consists of a cavity within 
the rigid material. The flexible material layers are wrapped around 
a wire or cable and then the incoming and outgoing flexible 
material layers are stitched together. Subsequently, the wire and 
fabric are inserted into the cavity after which the cavity is filled by 
casting a low melting point material into it. Upon solidifying, the 
rigid material, wire, fabric and cast-able material form a strong 
attachment with a relatively light weight and size. Further 
investigation is needed to determine if there is a need for an 
adhesive layer between the rigid material and the cast-able 
material, as well as for a sealant material which will allow for a 
reduced stress concentration at the interface, as proposed in [143].  
                    Figure 65: Proposed Rigid-Flexible            
                            Interface design 

 
For the interface from the structure to the airlock system and/or the other lunar base structures an 
androgynous system as opposed to a male/female system is deemed most suitable. The 
androgynous system requires a design which can connect with its mirror image. Figure 66 shows an 
axial view of the International Docking System Standard (IDSS) Androgynous Docking Interface 
[145], which could be used as the basis for the lunar GHM to airlock interface. 
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Figure 66: IDSS Androgynous Docking Interface.  

 

6.2. Gas retention layer design 
 
As mentioned previously, each of the different functional layers of the lunar GHM structure will be 
designed separately. One of these functional layers is the gas retention layer, which is responsible 
for preventing the gas inside the greenhouse from escaping at too high a rate. To fulfil this function, 
the gas retention layer will need to be designed to reduce the gas flux to below the maximum 
allowable permeation. Additionally, the mass should be minimized.  
 
A brief overview of the relevant theory and formulae will be given and subsequently applied to the 
design of the gas retention layer.  
 

6.2.1. Theory and Formulae 
 
The theory for gas permeation through polymeric materials was developed by Thomas Graham 
around 1866. Based on observations, Graham proposed that permeation of gas occurred through a 
solution-diffusion process. This model involved the dissolution of penetrant (gas), followed by 
diffusion of the dissolved gas through the polymeric material [146]. The solution-diffusion process 
assumes a uniform pressure throughout the membrane which is equal to the upstream pressure. The 
pore-flow model is an adaptation of this model where the pressure is assumed to drop uniformly 
over the membrane. The solution-diffusion model is used for the calculations done in this section. 
 
The relationships which describe these models are based on Fick’s first law and Henry’s law, 
governing, respectively, diffusion and solubility. The overall permeation is given by: 
 

*m mP D S ,      ( 2 ) 

 
where Pm is the permeability, D is the diffusivity and Sm is the solubility. 
 
Typically, the diffusivity and solubility are determined experimentally using a so-called time-lag 
experiment. The permeability is then calculated using equation (2).  
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In the case of a multi-layer membrane, consisting of n layers, the effective permeability of the total 
membrane can be determined using the following relationship: 
 





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i i

i

eff

total

P

t

P

t

1

.      ( 3 ) 

 
Assuming that the diffusivity and the solubility are independent of (gas) concentration, the steady 
state permeation flux, J, can be determined by multiplying the permeability, Pm, with the pressure 
gradient, Δp, and dividing by the membrane thickness, t: 
 

*m

p
J P

t

 
  

 
.      ( 4 ) 

 
In reality, the permeability, diffusivity and solubility will depend on pressure and temperature, but 
for the preliminary design discussed in this report these effects will not be taken into account. 
    

6.2.2. Design 
 
As discussed in section 6.1.3, the requirement on the maximum allowable gas (and water vapour) 
leakage rate was set to be 0,025 mbar/day. 
 
Using the ideal gas law and assuming a constant temperature and volume, it can be found that a 
change in pressure of 0,025 mbar is equivalent to a loss of 0,29 moles of gas. The composition of the 
gases inside the greenhouse is similar to that of air so a molar mass of 28,97 g/mol [147] is taken for 
the gas mixture. Thus a pressure drop of 2,5 Pa/day in the GHM would correspond to a gas loss of 8,5 
g/day. 
 
The pressure difference between the inside of the greenhouse and the lunar environment is 
approximately 1 atm, since the atmospheric pressure on the Moon is negligible. 
 
Using these known variables, in combination with equation (4) it is possible to determine the 
required effective permeability for a given thickness. From this effective permeability, and the total 
thickness, it will be possible to determine the number of layers and the thickness of each material 
layer. 
 
The permeability of several materials with respect to a number of gases is listed in Table 25. As can 
be seen, certain materials have better gas retention properties for oxygen and other gases, while 
other materials provide better characteristics for retention of water vapour. 
 

Table 25: Permeability properties of candidate materials with respect to different permeants [146,148] 

 N2 O2 CO2 Water (vapour) 

Material [ml*mm/m2*day*atm] [g*mm/m2*day] 

LDPE 36,61 142,14 631,0 4553,28 

HDPE 1,26 9,28 17,41 2,71 

PVDC 0,02 0,1 1,42 456,69 

PA-6 nylon 0,55 1,73 7,50 987,52 
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The highest effective permeability with respect to one of the gases or with respect to water vapour 
should still be lower than the maximum allowable permeability for the given thickness. 
 
Calculating the required thicknesses, and corresponding weights, for the different materials listed in 
Table 25 it was found that HDPE was the most appropriate material. A thickness of 0,15 mm is 
required to limit the gas loss to an acceptable value, which leads to a weight of 144 g/m2. 
 
Lacking data on the probability and risk of failure, the redundancy used for the gas retention layer is 
based on literature on inflatable space structure designs. A doubly-redundant design is selected, 
meaning three gas retention layers will be incorporated in the structure. To prevent a single 
puncture from piercing all three layers, the gas retention layers will be separated by a bleeder layer 
of 0,1 mm Kevlar felt cloth. 
 

6.3. MMOD shielding design 
 
To prevent (micro-)meteoroids from puncturing the lunar GHM structure, causing leaks and 
damaging equipment, it is necessary to add layers of material to protect against such impacts. 
 
This section will determine the optimal MMOD shielding configuration, materials and the required 
layer thickness to withstand the expected meteoroid impacts on the lunar surface. First the relevant 
formulae will be discussed and then the trade-off will be presented. The effects of the other material 
layers and any regolith shielding which may be applied are not taken into account for the 
calculations in this section. 
 

6.3.1. Theory and Formulae 
 
From [149] it is found that NASA’s preferred reliability practice is to design (spacecraft) external 
surfaces to ensure a 95% probability of no mission critical failures. If it is assumed that each 
penetration of the MMOD shielding has a unity probability of causing a critical failure, then it is 
necessary to have a 95% probability of no penetration during the mission lifetime in order to meet 
the NASA preferred practice guideline. Given that astronauts will work within the lunar GHM, it was 
decided that there should be a 99% probability of no penetration. 
 
An alternate way of stating this requirement is that the MMOD shielding should be designed in such 
a way that there is a 99% probability that there will be no impacts of particles with sufficient 
momentum to penetrate the shielding or, assuming a constant velocity, a 99% probability that there 
will be no impacts of particles with a mass higher than the MMOD shielding can withstand. 
 
Since the relation between particle flux and particle size is a random distribution, a statistical model 
needs to be fitted to the data. Then, using that model, the probability that a particle larger than a 
mass m will hit the lunar GHM can be calculated using the equation below:   
 

 *
1 SA F

hP e


  ,      ( 5 ) 

 
where Ph is the probability, AS is the exposed surface of the lunar GHM and F is the fluence. 
 
Figure 33 in section 3.7 of this report shows the (micro-)meteoroid flux versus size as experienced on 
the lunar surface. The cumulative flux values for each particle size were read from this graph and 
then plotted along with a power trendline. This graph can be seen in Figure 67. 
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Figure 67: Cumulative particle flux versus size with power series trendline 

 
From this graph, it can be seen that the relationship between flux, Φm, and particle mass, mp, is 
approximately described by: 

5 0,8033*10 *m pm    .    ( 6 ) 

 
The fluence, F, is the total flux over the duration of the mission. Assuming a constant flux, the 
fluence is simply the mission duration (approximately 2 years) multiplied by the flux. 
 
Using equations (5) and (6) it can be found that the MMOD shielding should be designed to 
withstand an impact of a particle of about 1,16 g. Using the fact that the average velocity of the 
micro-meteoroids is about 20 km/s as discussed in chapter 3, it is possible to design the MMOD 
shielding. Assuming a spherical particle with a mean density of 0,5 kg/m3, the diameter of a particle 
of 1,16 g will be about 1,65 cm. 
 
Depending on the type of shield configuration which is selected and the materials used in the shield, 
the performance of the MMOD shielding is described by different equations. Here four 
configurations (seen in Figure 68) will be briefly addressed and their corresponding formulae 
presented. Additional shield configurations exist, but will not be discussed in detail to limit the size 
of this section of the report. 
 

 
Figure 68: MMOD shield configurations [Source: 150] 

 (Left to right) Single wall, Whipple, stuffed Whipple and flexible multi-shock configurations  
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The single wall shield is the least effective configuration for MMOD protection, since the MMOD 
shield consists only of the satellite wall. This was primarily used in the early days of spaceflight. The 
penetration depth of a particle into the shield can be calculated using the equations in (7). 
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 ,       ( 7 ) 

 
where P is the penetration depth, dp is the particle diameter, HB is the Brinell hardness, ρp and ρs are 
the particle and shield density respectively, V is the particle velocity, θ is the angle between the 
velocity vector and the shield normal and C is a coefficient. 
 
From the penetration depth calculated using these equations, the wall thickness can be found by 
applying a safety factor. The recommended safety factor depends on the shield configuration, the 
shield material and the allowable damage to the shield. Typically though a factor of 3,0 is used to 
prevent perforation and spallation (ejection of material from the shield due to impact or stress) and 
this factor will be used here for the MMOD shield design. 
 
The Whipple shield was developed to provide additional protection from meteoroids and debris. It 
offers improved protection over the single wall shield by adding a bumper wall at some offset, S, 
from the satellite wall. Equations (8) and (9) are used to determine the thickness of the bumper and 
satellite wall for a metallic Whipple shield. 
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,   ( 9 ) 

 
where tb and tw are the bumper and wall thicknesses respectively, cb and cw are coefficients, ρb is the 
bumper density, mp is the particle mass, S is the spacing between the bumper and the rear wall and 
σy is the yield stress of the rear wall material. All other variables are as explained earlier. 
 
The stuffed Whipple shield and the flexible multi-shock shields further improve shielding 
performance by adding additional layers. The stuffed Whipple shield adds a layer of (flexible) 
material (e.g. Nextel, Kevlar) between the front bumper and the satellite wall, while the flexible 
multi-shock shield uses several ceramic bumpers to shield a flexible satellite wall. The barrier, 
stuffing and wall thicknesses for the stuffed Whipple shield can be calculated using equations (8) and 
(10) through (12). 
 

ppstuffingstuffing dcAD **      ( 10 ) 

stuffingbbb ADtAD  *      ( 11 ) 
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where ADstuffing and ADb are the stuffing and barrier areal densities respectively, c0 and cstuffing are 
coefficients and σw is the yield stress of the rear wall 
 
For a multi-shock shield with four equally spaced ceramic fabric bumpers and a flexible rear wall, the 
areal densities of the bumper(s) and the wall are given by equations (13) and (14) 
 

                   ppb dAD **19,0        ( 13 ) 
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where ADw is the areal density of the rear wall and K is a material dependent constant (K =43,6 for 
Nextel and K = 29,0 for Kevlar). 
 
The above listed equations, along with additional formulae for different types of shields and other 
velocity ranges, can be found in [150]. 
 

6.3.2. Design 
 
By varying the configuration and the materials used in the design, it is again possible to minimize 
the mass while still meeting the requirements. Table 26 lists different materials which have been 
considered for use in the debris shield, along with the relevant properties needed to perform the 
design calculations. 
 

Table 26: MMOD shield material candidates with relevant properties [63,150,151,152,153,154] 

Material Density [g/cm3] Brinell hardness [BN] Yield stress [MPa] 

Kevlar 49 1,44 - - 

Nextel 312 AF10 2,7 - - 

Ti-5Al-2.5Sn ELI 4,48 311 720 

Ti-15V-3Cr-3Al-3Sn 4,73 257 772 

Al 7075-O 2,81 60 103 

Al 2024-T4 2,78 120 324 

 
For the inflatable section of the habitat the flexible multi-shock shield was selected, using Kevlar as 
the material. The shield has a total spacing between the first and last layer of 25 cm and an areal 
density of 2,65 kg/m2. 
 
For the rigid section of the habitat, a Whipple shield made from Aluminium 2024-T4 was chosen. 
With a spacing of 25 cm between the two layers, the shield has a total thickness of roughly 26,5 cm 
and a weight per unit area of 42,43 kg/m2. 
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6.4. Radiation shielding design 
 
The expected radiation dose on the lunar surface, without shielding, due to the different radiation 
sources was discussed in section 3.6 of this report. As mentioned, the ESA standard for the allowable 
radiation dose is 0,5 Sv/year and a 1 Sv career limit. With an unshielded radiation dose of ~300 
mSv/year due to galactic cosmic radiation and (potentially) several solar flares per year, each 
resulting in a radiation dose of up to 1 Sv, it will be necessary to have radiation shielding to reduce 
the expected dose to below the allowable dose. This radiation shielding will be discussed in this 
section, starting with a brief overview of the theory and formula, followed by the trade-off of 
shielding options. 
 

6.4.1. Theory and Formulae 
 
Barring exotic solutions such as generating electromagnetic fields to protect against radiation, 
shielding is done by placing mass between the radiation source and the object which is to be 
shielded. Through interaction between the radiation and the mass, the (potentially) harmful energy 
of the radiation is reduced, resulting in a lower amount of energy impacting on the object. 
 
Radiation consists of photons, charged particles and neutrons with a large range of energies and 
each of the radiation components has different interaction mechanisms with matter. As a result, 
materials which provide excellent protection against a certain type of radiation may not be the 
optimal choice for other types of radiation. 
 
For protons and heavy ions, energy transfer from the charged particle to matter is done through 
ionization and excitation of atoms. Energy transfer through nuclear collisions is neglected, based on 
the assumptions that the particles will have high velocities. 
 
Based on the expected energy loss per interaction, an average rate of energy loss can be 
determined. This so called stopping power is calculated using equation (15) [155]: 
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Based on relativistic quantum mechanics, Bethe developed a relationship for the stopping power 
(see equation (16)) which can be used to determine the general formula (given in equation (17)) for 
the stopping power of any material with respect to a proton (or heavy ion) of arbitrary energy. 
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where  
 
k0 is a constant (8,99*109 N*m2/C2),  
z is the atomic number of the particle,  
e is the magnitude of the electron charge,  
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n is the number of electrons within a unit volume of the material,  
m0 is the electron rest mass,  
c is the speed of light in a vacuum, 

β is 
c

V
 (the particle speed as a fraction of light speed), 

IeV is the mean excitation energy of the medium and is approximated using equation (18) for 
elements and equations (18) and (19) for compounds. 
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For electrons (and positrons), energy transfer from the charged particle to matter is done through 
the following mechanisms [155]: 
 

- Collisions 
- Bremsstrahlung 
 

The stopping power is subdivided into collisional and radiative stopping power. The collisional 
stopping power is calculated using equation (20). 
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where τ is 
2mc

T
 (kinetic energy of the particle as a multiple of electron rest energy), and  F is 

calculated using the formula given in (21): 
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No analytic formula exists for calculating the radiative stopping power but an approximate 
relationship between the radiative and collision stopping power is given by equation (22): 
 

 

  800

rad e

col

dE
ZEdx

dE
dx










,      ( 22 ) 

 
with E the total energy of the electron and Z the (effective) atomic number of the material. 
 
After calculating the collision stopping power, the radiative stopping power can thus be determined 
using the previous formula and the two values are summed to obtain the total stopping power. 
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Photons are electrically neutral and as such only lose energy through direct interaction (read: 
collision) with particles in matter. The number of photons which penetrate a certain thickness of 
matter can be described with equation (24) [155]: 
 

  0
linx

N x N e


 ,      ( 24 ) 

 
where N0 is the number of (mono-energetic) photons entering the material, x is the thickness (or 
depth) of the material and µlin is the (material- and photon energy-dependent) linear attenuation 
coefficient. 
 
The final type of energetic particle is the neutron. Neutrons will be produced within the shielding 
material due to interaction between the previously mentioned particles (e.g. protons, heavy ions) 
and the atoms in the material. A relationship between the incident flux of protons and the secondary 
flux of neutrons was found from [156] and is shown in equation (25): 
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Here Φn is the number of neutrons per area per incident proton. A and B are coefficients depending 
on the shielding material, Ep is the proton energy in GeV, Rd is the distance in meters from the 
surface of incidence and θn is the angle in degrees to the direction of incidence of the protons. The 
relationship in (25) is only given for protons, but will be applied for alpha particles and heavy ions as 
well. The initial average energy of the neutrons is estimated at 10% of the incident particle energy. 
 
From [157] the stopping power of a material with regards to neutrons is found to be: 
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where N is the number of atoms per unit volume, Z is the atomic number of the material and γ is 
described by equation (26). 
 

 

1
2 2

1
2 21 1

pV

c
 



   
         

,    ( 27 ) 

 
with v the velocity of the neutron and c the speed of light in a vacuum.  
 
The velocity of the different particles can be determined using formula (27) below [158]: 
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with m0 is the rest mass of the considered particle, Et the particle energy and Vp and c as defined for 
equation (26). The rest masses of protons, electrons and neutrons are given in Table 27. 
 

Table 27: Particles and their rest mass [159,160] 

Particle  Rest mass [eV] Particle  Rest mass [eV] 

Electron 5,11*105 Neutron 9,39*108 

Proton 9,38*108 Alpha 3,73*109 

 
It is mentioned in [161] that when the kinetic energy of the particle is small compared to the rest 
mass the classic relationship between energy and velocity (29) is sufficiently accurate.  
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Figure 69 shows the velocity versus kinetic energy of different particle types as calculated using the 
classic and relativistic equations. It can be seen that the classic relationship does not limit the 
particle velocity to the speed of light, furthermore, it can be seen that (as expected) due to the high 
rest mass of alpha particles, the classic and relativistic velocities agree reasonably well up to a very 
high kinetic energy (approx. 500 MeV). For heavier particles, the two relationships will produce 
similar results for kinetic energies even higher than 1 GeV. Thus, the classic relationship will be used 
for particles with a rest mass higher than an alpha particle (e.g. heavy ions with Z>2). 
 

 
Figure 69: Comparison of classic and relativistic velocity-energy relationships for various particles 
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6.4.2. Design 
 
The different sources of radiation, such as solar wind and SPEs, are modelled in terms of the types of 
particles and the energy of those particles. See Table 28 for discretized standard flux and Table 29 
for the (additional) particle fluence of an SPE. 
 

Table 28: Particle flux and particle energy for average lunar conditions 

Particle Flux [particles/m2*s] (Energy [eV]) 

Electron 1*1014 (1*103) 1*1014 (1*104) 1*1012 (1*105) 1*1010 (1*106) 1*108 (1*107) 

Proton 5*1013 (1*103) 5*1013 (1*105) 5*1012 (1*107) 1*109 (1*108) 5*105 (1*1011) 

Alpha 1*106 (1*104) 1*107 (1*106) 5*107 (1*107) 1*108 (1*108) 6*105 (1*1011) 

Ion  1*106 (1*104) 1*106 (1*105) 2.5*108(1*106) 2.5*108 (1*108) 2.5*105 (1*1011) 

Photon 1*108 (1*103) 5*108 (1*104) 5*107 (1*105) 1*107 (1*106) 2.5*106 (1*108) 

 
Table 29: Particle fluence and particle energy for a (large) SPE 

Particle Flux [particles/m2*s]  (Energy [eV]) 

Electron 5*1013 (1*103) 5*1013 (1*104) 1*1012 (1*105) 2.5*1011 (1*106) 1*109 (1*107) 

Proton 1*1013 (1*103) 1*1013 (1*105) 1*1012 (1*107) 1*109 (1*108) 1*106 (1*1011) 

Alpha 2.5*1012 (1*104) 2.5*1012(1*106) 5*1010 (1*107) 1*109 (1*108) 5*105 (1*1011) 

Ion  1*1012 (1*104) 1*1010 (1*105) 2.5*108 (1*106) 5*107 (1*108) 1*105 (1*1011) 

Photon 1*1012 (1*103) 1*1012 (1*104) 5*1010 (1*105) 1*109 (1*106) 4*108 (1*107) 

 
Using the ‘continuously slowing down approach’ (csda) [155], in which the assumption is made that 
the particles lose a constant amount of energy per unit distance travelled through a material, it is 
possible to determine the amount of energy which is lost and how much energy is left in the 
particles which make it through the shielding material.  
 
CSDA is applied for all particle types except photons. For photons, the assumption is made that a 
photon loses all of its energy upon interaction with matter and that no energy is lost otherwise.  
 
By determining the number of particles which pass through the shield and the remaining energy the 
particles have at that point, it is possible to determine the amount of radiation. As mentioned in 
section 3.6, not all types of radiation are equally damaging though and as such the quality factors 
listed in Table 30 are applied to obtain the final estimate of the shielded radiation dose. 
 

Table 30: Biological Damage Factor, or Quality Factor, for different particle types 

Particle Quality Factor 

Photons 1 

Protons and electrons 10 

Neutrons 10 

Heavy ions 20 

Alpha particles 20 

 
The required shielding thickness was calculated for different materials to ensure that the shielded 
dose over the mission lifetime was less than the allowable limit. Some of the material-specific 
properties required for the calculations can be seen in Table 31. 
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Table 31: Relevant properties for different radiation shielding material options 

Material Number of atoms 
per unit volume 

Effective atomic 
number (Z) 

Mean excitation 
energy [eV] 

Density 
[g/cm3] 

Aluminium 6,03*1028 13 163,3 2,78 

Water 3,35*1028 7,42 74,59 1,0 

Regolith 8,23*1028 11,16 150,16 3,1 

 
The photon attenuation coefficients for the different materials and photon energies were 
determined using the web-based version of XCOM [162], which can calculate the total and partial 
attenuation coefficients for the first hundred elements and compounds and mixtures made of those 
elements for photon energies from 1 keV to 100 GeV. For the materials listed in Table 31, the total 
photon attenuation coefficient (with coherent scattering) was plotted against photon energy and 
the result can be seen in Figure 70. The regolith composition shown in Table 32 was used to 
determine the photon attenuation coefficients.  
 

Table 32: Regolith composition [163] 

Element Wt. % Element Wt. % Element Wt. % 

Oxygen 42,64 Calcium 7,71 Natrium 0,35 

Titanium 3,2 Magnesium 6,09 Chromium 0,25 

Aluminium 7,55 Manganese 0,15 Silicium 20,22 

Iron 11,69 Kalium 0,16   

 

 
Figure 70: Photon attenuation coefficient versus photon energy for radiation shielding materials 

 
A MatLab script was written to determine the shielding thickness which is required to reduce the 
absorbed radiation dose to below acceptable levels. The results are listed in Table 33. Radiation dose 
calculations were based on an average astronaut having a mass of 80 kg. 
 
As mentioned in section 3.6, ESA has a radiation limit of 0.5 Sv/year. To obtain a conservative 
design, the allowed radiation dose within the shielded structure is taken to be 0.25 Sv/year. 
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Table 33: Minimum radiation shielding thickness and mass for various materials 

Material Shield thickness [m] Shield mass [kg] Radiation dose 
[mSv] 

Aluminium 2,69 4,37*106 249,93 

Water 5,91 4,67*106 249,99 

Regolith 2,29 3,97*106 249,89 

 
The regolith shielding option will be selected, since this option has the lowest shield mass and 
thickness and requires no transport of shielding mass from Earth to the Moon. Additionally, the 
regolith shielding option can be applied to both the rigid as well as the flexible sections of the 
structure, whereas aluminium for example cannot. 
 

6.5. Thermal protection design 
 
The design of the lunar structure needs to consider the thermal environment in which it will operate 
to allow for proper design of the cooling and/or heating components which are needed. Additionally, 
temperature differences between different parts of a structure can lead to displacements and 
stresses which may need to be prevented or mitigated. 
 
Thus, in this section, the performance of the lunar GHM in the expected thermal environment will be 
assessed. First, the relevant equations will be discussed, followed by application of these formulae 
to the design case. 
 

6.5.1. Theory and Formulae 
 
Being situated on the surface of the Moon, the lunar greenhouse module will be subjected to varying 
amounts of solar radiation, depending on the exact location and the time of the lunar day. The 
incident solar UV radiation results in heat being absorbed by the structure. The amount of absorbed 
heat, Qheat, can be calculated with the following formula [164]: 
 

 heat S solar solar lunar albedoQ A F G F G  ,     ( 30 ) 

  
with α the ultraviolet absorption coefficient (absorbtivity), AS the surface area, Gsolar the incident 
solar flux on the lunar surface (~1353 W/m2), Galbedo is the incident albedo flux, Fsolar is the view factor 
from the surface to the Sun and Flunar is the view factor from the GHM surface to the lunar surface. 
The view factor indicates the percentage of view a surface has to another surface. 
 
Aside from the absorption of solar radiation, the external surface(s) of the lunar GHM will have heat 
transfer to/from space and the lunar surface through IR radiation. The net heat transfer between 
two surfaces due to IR radiation, Qrad,ij, can be calculated using equation (31) [164]: 
 

 44

, jiiijijrad TTAFQ   ,     ( 31 ) 

 
where Ai is the area of the surface on which the radiation is incident, ε is the (infrared) emissivity, σ is 
the Stefan-Boltzmann constant (5,67051*10-8 W/m*K4), Ti and Tj are the temperatures of the two 
surfaces and Fij is the view factor of surface i to surface j.  
Neglecting (momentarily) the heat flow from the external surface to the interior of the GHM (and 
vice versa), a steady state temperature can be determined for the external surface of the structure 
by equating the incoming heat to the outgoing heat. Since the atmosphere on the Moon is 
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negligible, heat convection between the external surface and a fluid flowing past it (e.g. air) can also 
be neglected. Also neglecting the influence of the (nearby) buildings of the lunar base, the heat 
balance for a surface of the lunar GHM can be written as equation (32) 
 

     4 4 4 4

S solar solar lunar albedo space S surface space ground S surface groundA F G F G F A T T F A T T       ,  ( 32 ) 

 
with Fspace the view factor from the surface to space, Fground the view factor  from the GHM surface to 
the lunar surface and Tsurface, Tspace and Tground the temperatures of the GHM surface, space and the 
lunar surface respectively. 
 
In reality, some heat will flow between the exterior and interior surface of the lunar GHM through 
heat conduction. For a (one-dimensional) situation with a given exterior and interior surface 
temperature, the amount of heat conducted is calculated using (33) 
 

c S
cond

k A
Q T

L
  ,     ( 33 ) 

 
where kc is the thermal conductivity of the structure wall, AS is the wall surface area, L is the wall 
thickness and ΔT is the temperature difference. 
 
The structure shape is modelled as a rectangle to simplify the calculation of the view factors. The 
view factors from the Sun to the surfaces of the structure, as well as the lunar surface to the 
structure are calculated using relations from [165]. For simplicity it is assumed that the Sun is 
precisely in the zenith direction with respect to the greenhouse. 
 

6.5.2. Design 
 
The first step in the thermal design is to define the hot and cold worst cases, which have, 
respectively, the maximum and minimum heat flux to and minimum and maximum heat flux from 
the structure. 
 
From [128] it is found that the temperature at the lunar surface at the selected operating site is 89 K 
and 292 K for dark and illuminated conditions respectively. The minimum and maximum solar 
thermal radiation levels correspond to the scenarios where the greenhouse is, respectively, not 
illuminated at all, or completely illuminated. The solar flux on the lunar surface is approximately 
1353 W/m2, and additionally 7% of incident solar flux is reflected as albedo which will also impact the 
thermal loading of the greenhouse [165]. 
 
From [134] a linear relationship between the power consumption and the growing area in a plant 
growth chamber is found, where 2,6 kW of power is used per square meter of crop area. Taking this 
value and assuming that at least 50% and as much as 70% of the consumed power is lost as heat, the 
internal heat load within the lunar greenhouse ranges from 104 kW to 145,6 kW. 
 
Potential heat entering into the greenhouse due to radioactive decay of elements within the lunar 
soil or through resource flows between lunar base buildings is assumed to be minor and is thus 
neglected for the preliminary analysis done here. An overview of the relevant data for the hot and 
cold cases is presented in Table 34 and the thermal optical material properties are listed in Table 35. 
For the temperature of outer space a value of 8 K is used and for the thermal optical properties it is 
assumed that the emissivity for a given wavelength (range) is equal to the absorptivity. 
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Table 34: Thermal parameters for hot and cold case lunar GHM thermal environment [128,165] 

Parameter Hot case Cold case 

Solar flux [W/m2] 1353  0 

Albedo [W/m2] 94,7  0 

Outer space temperature [K] 8 8 

Lunar surface temperature [K] 292  89  

Internal GHM temperature [K] 303 293 

Internal heat load [kW] 145,6  104  

 
Table 35: Thermal-Optical material properties [153,166,167,168,169] 

Parameter Regolith Aluminium  Kevlar 

UV absorptivity/emissivity 0.93 0.1 0.95 

IR absorptivity/emissivity 0.83 0.1 0.95 

Conductivity [W/m*K] 0.011 121 0.04 

Specific heat capacity [J/g*K] 0.76 0.875 1.42 

 
The structure wall is modelled as a 2-layer wall, with the first layer being the regolith radiation 
shield, while the second layer is the load-bearing structure layer. Only one-dimensional heat transfer 
is considered. 
 
A MatLab script was used to determine the external surface temperature and the interior wall 
temperature. Because of the very small thickness of the interior wall (compared to the regolith 
thickness), it is assumed that the temperature throughout the load bearing structure material is 
constant. Table 36 contains the calculated temperatures for the hot and cold cases. For the cold case 
an eclipse period of 94 hours [128] was considered. The temperature of the regolith underneath the 
structure is assumed to be equal to the hot case temperature of the lunar surface (292 K). 
 

Table 36: Structure wall temperatures for hot and cold cases 

 Hot Case Temperatures [K] Cold Case Temperatures [K] 

Structure Section 1* 2** 1* 2** 

Top, rigid 387 303 341 293 

Top, flexible 387 303 341 293 

Front / Back 251 303 241 293 

Left / Right, rigid 251 303 241 293 

Left / Right, flexible 251 303 241 293 

Bottom, rigid 292 303 292 293 

Bottom, flexible 292 303 292 293 
*: External surface temperature regolith 
**: Internal surface temperature 

 

It was determined that the amount of heat being transferred from the air inside the GHM (assuming 
a constant air temperature) to the structure and regolith shield is significantly less than the available 
internal heat load for both the hot and cold cases. Thus, this ‘waste’ heat will need to be processed 
using a thermal control system. 
 
It is assumed that the materials are in a zero (thermal) stress state at a temperature of 293 K. 
Assuming that all elongation due to temperature variation is blocked, the thermal stresses can be 
determined in a straightforward manner. These are then added to the nominal load case discussed 
in the next section. 
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6.6. Load bearing structure design 
 
The load-bearing capabilities of the lunar GHM need to be assessed for a variety of different loading 
conditions, both for the stowed and deployed configuration. These loading conditions, along with 
the (simplified) models and equations used will be briefly addressed in section 6.6.1 after which the 
design calculations are performed and discussed in section 6.6.2. 
 

6.6.1. Theory and Formulae 
 
The structural analysis can be divided into two parts: static and dynamic analysis. Static analysis 
focuses on the response of the (stowed or deployed) structure to a steady loading case, while 
dynamic analysis determines the behaviour of the structure when exposed to a transient load (e.g. 
an impact).  
 
For the preliminary design simplified models of the structure will be used to allow determination of 
the relevant characteristics of the structural behaviour while limiting the complexity of the 
calculations.  
 
Free Body Diagrams (FBDs) are drawn for the complete models and for sections of the models and 
the corresponding equations are derived. Solving the equations allows for determination of for 
example reaction forces and internal stresses, among other parameters. 
 
The stowed greenhouse is expected to have a configuration as discussed previously in section 5.1.4, 
with the floors of the two rigid end-caps touching each other. Two caps will be attached to the 
stowed structure. The bottom cap will be fixed in some fashion to the payload adapter, while the top 
cap will ensure that the rigid sections remain fixed with respect to each other and that the flexible 
section cannot move. The flexible section, in the stowed configuration, is not expected to carry any 
load.  
 
The stowed configuration of the structure is modelled as a thin-walled beam of approximately 5 
meters length, which is clamped at one end. The cross-section of the beam is circular, with a 
stiffener (simulating the two floors of the rigid sections) bisecting it. 
 
The main characteristics of relevance for the stowed configuration are the eigenfrequencies, which 
determine the structural response to launch shocks, and the critical buckling load, which should be 
such that the structure will not buckle when subjected to launch accelerations. 
 
The eigenfrequencies of the column model are determined using the general relationship between 
stiffness, mass and the eigenfrequency, along with the standard relationships for the stiffness, 
longitudinal (eq. 34) and lateral (eq. 35), of a beam. 
 

lon

beam

EA
k

L
 ,      ( 34 ) 

                                   
3

3
lat

beam

EI
k

L
 ,         ( 35 ) 

where E is the Young’s modulus of the material, I is the moment of inertia, A is the cross-sectional 
area, and Lbeam is the beam length. 
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The moments of inertia of the column model are calculated using equations (36) and (37): 

          
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,      ( 36 ) 

         
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.     ( 37 ) 

 
The critical buckling load is determined by applying either the Euler relationship (eq. 38) or the 
Johnson formula (eq. 39), depending on whether the beam is strength-limited or not.  
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where r is the radius of gyration and is calculated using equation (40): 
 

    
A

I
r  .      ( 40 ) 

 
The beam is strength-limited, meaning that the yield stress is reached before Euler buckling occurs, 
if the inequality in (eq. 41) is true [170]: 
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
 .          ( 41 ) 

 
For the deployed structure, three design cases were considered; a burst pressure case, in which an 
internal pressure of 4 times the nominal was applied, a nominal case and a case involving a loss of 
pressure inside the structure. 
 
It is expected that the thicknesses will be significantly smaller than the other dimensions of the 
greenhouse structural elements and therefore the structure will be modelled as a collection of plate 
and shell elements. Since finding an analytical solution for the behaviour of plates and shells with 
specific loads and boundary conditions is not always an option, it was decided to use formulas from 
[171] for similar situations and apply additional safety factors to account for the differences in 
Poisson’s ratio or boundary conditions, among others. 
 
 
 
The stress in the semi-circular end caps was determined using the formula, see equation 42, for case 
#30 from Table 11.2 [171], which describes a solid semicircular plate with a uniformly distributed 
load and with all edges fixed, and substituting the design values. 
 

            
2

max 2
0.42*

qR

t
                       ( 42 ) 

Here q is the distributed (pressure) load, R is the radius of the semicircular plate and t is the plate 
thickness.  
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As a comparison for the results of equation 42, the thickness of the end caps was calculated using 
equation 43, which gives the minimum thickness for flat heads on cylindrical pressure vessels 
according to ASME standards [172]. 
 

              
int

*
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C P
t d

S E
                     ( 43 ) 

 
Here d is the outer diameter of the flat head, C is a factor dependent on the geometry, Pdesign is the 
design pressure, S is the maximum allowable stress in tension and Ejoint is a factor representing the 
joint efficiency. 
 
The stress in the floor plates as a result of the internal pressure was determined using cases #9a and 
#6, for the rigid and flexible sections respectively, from Table 11.4. The first case corresponds to a 
rectangular plate with three edges fixed and one simply supported, subjected to a uniform loading 
over the entire plate. The second case corresponds to a rectangular plate, with the long edges fixed 
and the short edges simply supported, subjected to a uniform loading.  
 

              
2

max 2
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t
                                       ( 44 ) 

 
Equation 44 can be used for both cases, by selecting the proper value for the geometry-dependent 
coefficient β. As with equation 42, q is the distributed load and t is the plate thickness. b is the length 
of the short side of the plate. 

           
The stresses in the arch roof of the greenhouse subjected to pressure loading were calculated using 
the well-known relations for a cylindrical pressure vessel. For the nominal case, thermal loading was 
taken into account as well. Assuming all displacement due to thermal expansion is blocked, the 
thermal stresses can then be calculated using equation 45 
 

           * * *E E T                         ( 45 ) 
 
E is the Young’s modulus of the material, ε is the strain, α is the temperature expansion coefficient 
and ΔT is the temperature difference. 
                            
For the final case, involving a greenhouse without internal pressure, the main design criteria is 
preventing collapse (buckling) of the structure under applied self-weight and regolith loading. 
Here it was assumed that the arch roof carries all loads and the critical buckling load was determined 
using equation 46 [173]. 
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Pcr is the critical buckling load, β is a coefficient dependent on the ratio between thickness and arch 
radius, E is the Young’s modulus, t is the arch thickness, R is the arch radius, L is the arch length and 
ν is the Poisson’s ratio.                             
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6.6.2. Design 
 
The most important (design-driving) load cases were determined by examining the life cycle of the 
lunar GHM. The load cases which were considered for the structural analysis of the greenhouse 
structure are listed in Table 37 below. 
 

Table 37: Load types and design properties 

Structure 
configuration 

Load type(s) Investigated property 

Stowed Launch accelerations and shocks Buckling, Eigenfrequencies 

Deployed Static / Burst Pressure Max. stress 

Deployed Static / Normal Pressure, Self-weight, 
Regolith loading, Thermal 

Nominal stress  

Deployed Static / Self-weight, Regolith Loading Buckling 

 
The materials used in the load-bearing structural layers are Al 2024-T4 and Kevlar, similar to the 
MMOD shielding layer. For these initial calculations, it was assumed that Kevlar behaves as an 
isotropic material. Relevant properties for these materials are listed in Table 38. 
 

Table 38: Material properties of Al 2024-T4 and Kevlar [153,167] 

Property Al 2024-T4 Kevlar 

Density [kg/m3] 2780 1440 

Yield Stress [MPa] 324 1240 

Ultimate Stress [MPa] 469 3000 

Young’s Modulus [GPa] 73.1 76 

Poisson’s ratio [-] 0.33 0.36 

Coefficient of thermal expansion [m/m*K] 23.2*10-6 -4*10-6 

 
The response of the structure to the different loading cases was calculated using the equations 
described in the previous section. The design loads and limits used in conjunction with these 
equations are shown below (see Table 39). 
 

Table 39: Design parameters and coefficients 

Property Value 

Launch acceleration, Longitudinal [g] 7 

Launch acceleration, Lateral [g] 2.5 

Required Eigenfrequency, Longitudinal [Hz] >31 

Required Eigenfrequency, Lateral [Hz] >10 

Nominal pressure [Pa] 101000 

Burst pressure [Pa] 404000 

Temperature difference [K] 10 

 
After several iterations a design was found which is capable of withstanding the various load 
scenarios. The thicknesses and weights corresponding to the various structural elements of this 
design are listed in Table 40. 
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Table 40: Thickness and weight of the various load-bearing sections 

Structure Section Thickness [mm] Weight [kg] 

Top, rigid 20 5398 

Top, flexible 20 2633 

Front / Back 80 3145 

Bottom, rigid 125 21476 

Bottom, flexible 80 6705 

Total Structure  39357 

 
The large thicknesses for the end caps and the floor are due to the fact that plate models were used. 
In follow up design a more realistic honeycomb structure with stiffeners and beams will allow for 
significant weight reduction. 
 

6.7. Summary 
 
In this chapter the preliminary design of the lunar GHM structure was detailed. Based on an analysis 
of the required crop grow area and dimensions of the expected grow system it was found that the 
greenhouse would have to be unfeasibly large in order to meet the edible biomass production 
targets. Instead, it was decided to limit the length of the structure to 20 m. Based on estimated and 
assumed dimensions of the systems, an internal configuration of the GHM was created and the 
radius of the structure was set at 3 m, leading to an internal volume of 283 m2. 
 
Along with the internal configuration of the equipment and systems, the interface between the 
flexible and rigid sections of the structure was selected and interfaces from the GHM to the rest of 
the lunar base were discussed. 
 
Following this initial sizing of the structure, the various functional layers of the structure were 
designed. To ensure that the gas loss from the structure is within acceptable limits, the gas retention 
layer was designed to consist of HDPE, additionally, for fail-safe operation, the gas retention layer is 
implemented with double-redundancy and a Kevlar felt bleeder cloth is placed between two gas 
retention layers. The rigid section of the structure is assumed to have negligible permeability and to 
be puncture-proof. 
 
To protect against (micro-)meteoroids, lunar ejecta and debris, various shielding configurations and 
materials were investigated for the GHM structure design. Based on the particle fluence, it was 
determined that there is a 95% chance that no particles bigger than 1,16 g will impact the structure 
during the mission lifetime and as such the structure was designed to withstand an impact from such 
a particle. A flexible multi-shock shield made from Kevlar was designed for the flexible section of the 
structure, while a Whipple shield was found to be most suitable for the rigid sections of the GHM. 
 
The radiation shielding of the structure was designed based representative particle fluences for 
nominal and solar flare conditions. Using stopping power equations the decrease in particle energy, 
hence also the radiation dose, can be determined as a result of the shielding thickness, which made 
it possible to calculate the minimum required shield thickness. Regolith was selected as shielding 
material, since it is available in-situ on the Moon and therefore the launch mass and cost of the 
structure can be smaller. A shielding thickness of almost 2,5 m was found to be needed for adequate 
protection of the interior of the greenhouse.  
 
A first analysis of the thermal environment of the lunar GHM was performed using a one-
dimensional two-layer wall model of a simplified rectangular-shaped structure. The outer wall was 
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taken to be the regolith radiation shielding, while the inner layer was the load-bearing material 
layer. Hot and cold cases were defined and the temperatures at the exterior surface, inner to outer 
wall boundary and the interior surface calculated. Using a baseline temperature and assuming that 
no displacement is possible, the stresses caused by the (blocked) thermal expansion were 
estimated. 
 
Simplified models of the stowed and deployed greenhouse structure were used to do the initial 
calculations of the structural response to a number of load cases. Critical buckling loads and 
eigenfrequencies of the stowed structure were determined to ensure the structure is capable of 
withstanding the launch conditions. Three load cases were considered for the deployed 
configuration of the lunar greenhouse, specifically a burst pressure case, where the structure is 
exposed to 4 times the nominal pressure, a nominal case, where the structure is exposed to nominal 
pressure, self-loading, regolith loading and thermal loading, and an unpressurized case, where the 
structure is exposed to self-loading and regolith loading. These cases were used to determine the 
maximum and nominal stresses and displacements of the structure. 
 
Modeling of the load-bearing structure elements as arches and plates results in a design which is 
significantly heavier and thicker than necessary. Follow up studies will be able to save mass by 
reducing thicknesses by introducing more efficient load-bearing elements such as stiffeners. 
 
An overview of the materials, thicknesses and corresponding weights for the different layers are 
listed in Table 41. 
 

Table 41: Preliminary Design Values for the lunar GHM functional layers 

Structural Layer Material Thickness  Total Weight [kg] 

F
le

x
ib

le
 

Gas Retention layer  (3x) HDPE 0.15 mm 40 

Bleeder cloth layer   (2x) Kevlar 0.1 mm 27 

MMOD layer Kevlar ~25 cm 243 

Load-bearing layer, top Kevlar 20 mm 2633 

Load-bearing layer, bottom Kevlar 80 mm 6705 

Total – Flexible Sections  9648 

R
ig

id
 

MMOD layer Al 2024-T4 26.5 cm 4119 

Load-bearing layer, top Al 2024-T4 20 mm 5398 

Load-bearing layer, front / back Al 2024-T4 80 mm 3145 

Load-bearing layer, bottom Al 2024-T4 125 mm 21476 

Total – Rigid Sections  34138 

Total Structure Weight  

Radiation Layer Regolith 2.29 m 3.97*106 
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7. Design Verif ication 
 
The design calculations discussed in the previous chapter are simplified equations which are useful 
for initial design purposes. It is necessary, however, to determine whether the results of these 
preliminary calculations are sufficiently accurate and will lead to an acceptable design. 
 
For this purpose, some design verification was performed and these efforts will be presented in this 
chapter. Specifically, the radiation shielding calculations and the thermal-structural calculations will 
be checked using specialized software to model the actual behaviour of the greenhouse structure 
design. From a comparison between the initial results and the modelled results, conclusions can be 
drawn regarding the validity of the design and the accuracy of the simplified equations. 
 

7.1. Finite Element Modelling 
 
The structural and thermal response of the structure was modelled using Finite Element Modelling 
(FEM) techniques. Models were built using Patran 2011 and then, after defining the load cases and 
element properties, analysed with MSC Nastran 2012. 
 
The geometry of the stowed and deployed structure models is as described in section 6.6, with the 
surfaces representing the greenhouse walls modelled as 2D shell elements. The material properties 
and wall thicknesses mentioned in section 6.6.2 were used to allow for a direct comparison between 
the FEM results and the analytical calculations. 
 
Mesh seeds were defined to ensure a symmetric mesh and to obtain a finer mesh near the structure 
edges and material transition regions. The actual mesh consisted of Quad4 elements and was 
applied using the Hybrid meshing tool with standard settings. Figure 71 shows the meshed models 
for the stowed (left) and deployed (right) greenhouse structure. 
 

    
Figure 71: Meshed models for the stowed (left) and deployed (right) configurations of the lunar GHM structure  

 
To determine the eigenfrequencies of the stowed structure, the mass of the structure was modelled 
using a lumped mass approach. One of the primary lateral eigenmodes of the stowed structure is 
shown in Figure 72. The corresponding frequency is ~16 Hz, which complies with the demand for an 
eigenfrequency higher than 10 Hz. Similarly, the eigenfrequency for the other lateral eigenmode 
complies with the requirements. 
 
The eigenfrequency in the longitudinal direction did not meet the >31 Hz requirement, with 
eigenmodes in the arches of the rigid sections occurring at lower frequencies 
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Taking into account the envisioned structure to launcher adapter which would add additional 
stiffness precisely at these regions, this should not be a problem. 
 

 
Figure 72: Primary eigenmode of the stowed lunar GHM.  

 
For the buckling analysis, axial and lateral loads were created to simulate the expected launch 
accelerations of, respectively, 7 g and 2.5g. 
 
Error! Reference source not found. shows the displacement of the structure when subjected to 
axial load. 
 

 
Figure 73: Displacement of stowed configuration subjected to axial acceleration of 7g. 

 
The applied load is significantly lower than the critical buckling load, which means the structure will 
be capable of withstanding the launch accelerations as expected. 
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As mentioned in section 6.6, three different loading conditions were analysed for the deployed 
structure configuration, specifically: 
 

Burst pressure (nominal pressure with a safety factor of 4) 

Nominal conditions (nominal pressure, self-weight, regolith loading and thermal conditions) 

Non-pressurized (regolith loading and self-weight) 
 
To model the stresses and displacements caused by the nominal thermal conditions, the reference 
temperature with zero (thermal) stress is taken to be 293 K. Then, a temperature of 303 K was 
applied to the entire structure. The stresses caused by the temperature difference can be seen in 
Figure 74.  
 

 
Figure 74: Temperature distribution of the deployed structure 

 
The main structural responses of interest for the deployed structure are the stress and the 
displacement.  The stress and displacement response of the structure to the three load cases can be 
seen in Figure 75, left and right respectively. From top to bottom, Figure 75 shows the response of 
the deployed structure for the burst pressure case. Figure 76 shows the stress in the (bottom of the) 
structure in the nominal case. As expected the stress distribution is quite similar to the burst 
pressure case. Figure 77 shows the displacement for the structure in the unpressurized case, 
indicating a flattening of the structure on the top and bulging at the sides. 
 
The burst pressure case was analyzed as non-linear static, while the other two cases were analyzed 
as linear static. 
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Figure 75: Stress (Top) and Displacement (Bottom) of the deployed structure. Burst pressure case. 

 

 
Figure 76: Stress of the deployed structure. Nominal case. 
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Figure 77: Stress of the deployed structure. Unpressurized case. 

 
Finally, to account for the fact that the Kevlar used in the flexible section of the greenhouse is 
unlikely to be isotropic, but rather part of a 3D-orthotropic rigidizable composite, the displacement 
and stresses of the deployed structure are determined using the material properties listed in Table 
42 [174]. The Kevlar material was modelled as a triple ply (45/0/-45 degrees) laminate. 
 
The same wall thickness was applied and again non-linear static analysis was used for the burst 
pressure case. As can be seen in Figure 78 the stress distribution has changed substantially, resulting 
in an increased stress in the rigid sections of the structure floor.  
 

Table 42: Kevlar composite material properties [174] 

Parameter Value Parameter Value 

E11 , E22 18.5 GPa G12 0.77 GPa 

E33 6.0 GPa G23 , G31 2.715 GPa 

ν12 0.25 Density 1230 kg/m3 

ν31 , ν23 0.33   

 

 
Figure 78: Stress of the deployed structure with 3d-orthotropic Kevlar composite. Burst pressure case  
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8. Conclusions  
 
The main research question for this thesis was: 
 
What is the optimal design for a (fully-equipped, deployable) Greenhouse module on the Moon? 
 
To facilitate answering this main question, several secondary research questions were formulated.  
 

- What are the requirements for a Lunar Greenhouse Module? (Specifically with regards to the 
structure) 

 
52 requirements were defined based on a literature review and front-end system engineering tasks, 
such as a functional analysis and requirements discovery.  

 
- What possible structural designs/configurations would meet the requirements placed on a 

Lunar Greenhouse Module and which design would be most optimal? 
 
Several design options were presented and evaluated, resulting in a trade-off with the Analytical 
Hierarchy Process. The selected design is a semi-cylindrical structure with rigid end-caps and a 
flexible mid-section. 
 
A preliminary design of the various functional layers of the structure was carried out, followed by aa 
(limited) design verification of the thermal and load-bearing properties of the structure. 
 
It was found that the initial requirement on the amount of plant cultivation area within the 
greenhouse could not feasibly be met and as such the maximum length of the structure was limited. 
 
The total length of the structure was set to 20 m, the radius of the greenhouse was 3 m and the total 
weight was ~44000 kg. Al 2024-T4 and Kevlar were the main materials used for load-bearing and 
micro-meteoroid protection, with layers of HDPE providing (additional) gas retention performance 
to the flexible section of the structure. 
 
It was envisioned that regolith-filled bags will be placed against the outside of the structure to 
provide radiation shielding (and also micro-meteoroid shielding). A total regolith thickness of 
roughly 2,5 m was required to reduce the expected radiation dose per year to less than 250 mSv. 
This dose is half of the yearly dose limit set by ESA to account for fluctuations in the severity and 
frequency of solar energetic particle events. 
 
An internal configuration was presented for the greenhouse and an available plant cultivation area 
of 80 m2 was calculated. A possible rigid-to-flexible material interface was presented and a potential 
design for a structure-to-airlock interface was described. 
 
The conservative nature of the preliminary design was shown through finite element analysis with 
MSC Nastran.  
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9. Future Work 
 
The work carried out for this thesis and detailed in this report represents only the very early phase of 
the development of a lunar greenhouse module. Based on the preliminary results and performed 
calculations and simulations, it is possible to determine the work items which will need to be 
addressed in order to further mature the design. 
 
The (non-extensive) list of work items briefly mentioned in this section are divided into groups, 
based on the corresponding (sub-)systems, such as the GHM systems and the lunar base 
infrastructure. 
 
Greenhouse subsystems 
 
The design of the greenhouse module structure is partly dependent on the design of the systems 
within the greenhouse, such as for example the crop cultivation system. 
 
The crop cultivation system (and cultivation scheme) will impact the total amount of plants which 
can be grown within the GHM at any given time. This, in turn, influences such system aspects as the 
required nutrient solution flow rate, air flow rate, as well as the power and cooling system 
requirements. Therefore, an evaluation of (and trade-off between) different cultivation systems (e.g. 
Grow Units/Grow Pallets/Grow Lids system, wire-culture system) should be performed, and the 
impact on the structure should be determined. 
 
Similarly, the design of the other systems and the influence on the structure should be investigated.
  
Lunar base 
 
The lunar GHM will need to interface with a number of other buildings within the lunar base. The 
exact number of interfaces and their design will depend on the design of these lunar base structures 
and as such more information will be needed to further mature the greenhouse structure design. 
 
Greenhouse structure 
 

- Trade-off comparison 
 

The concept trade-off discussed in Chapter 5 is of a highly subjective nature, meaning that it 
might differ from one evaluator to the next. It might be beneficial to gather input from experts 
in the fields of greenhouses and structure design to obtain a more objective overview of the 
relative suitability of different concepts. 

 
- Functional Layer Analysis 

 
Based on the literature study of existing concepts which was performed in Chapter 2 it was 
found that some additional material layers (e.g. flame-retardant and/or puncture-resistant) may 
need to be placed at the inside of the greenhouse 

 
 
 



  
Design of a Deployable Structure 
for a Lunar Greenhouse Module 

 

Page | 144  
 

Gas retention layer 
 
Based on the available literature data and relevant equations, it was determined that a very small 
thickness of the gas retention layer was sufficient to limit the gas loss rate to acceptably low rates, 
even when neglecting the impact of the other structural layers and the applied regolith. As such, the 
gas retention layers might not be necessary and could then be removed from the structure. A scale 
test could be used to show the validity of such a design decision. 
 
MMOD shielding 
 

- Probability of impact and critical failure 
 

The micrometeoroid and debris shield was designed to ensure a 99% probability of no critical 
failure over the (roughly 2 year) mission lifetime. However, the regolith shielding which will be 
applied to the structure to provide protection against radiation will also prevent meteoroid 
impacts from penetrating the structure. Thus, it should be evaluated whether the MMOD shield 
layers of the lunar GHM may be reduced in size, or perhaps even removed entirely, without 
adversely impacting the capabilities of the structure. 

 
- MMOD shield design equations 

 
Ballistic Limit Equations from NASA were used to evaluate different shielding types and to 
determine the required thicknesses of the shield layers as well as the spacing between layers. 
These BLEs are based on empirical data and can only be used for a limited set of materials and 
conditions. Especially for the flexible section of the structure, the number of materials which 
have been tested is quite limited, so some ballistic tests may be required to determine the actual 
performance of specific materials. 

 
Radiation shielding 
 

- Engineering design equations 
 

The equations described in section 6.4.1 should be checked for their validity, specifically the 
relationship between secondary neutron flux and incident primary proton flux. Simple equations 
for the flux of other secondary particles should be found from literature, or developed, in order 
to allow for a more accurate first design. If sufficient accuracy cannot be achieved using 
relatively simple equations, a Monte Carlo simulation may be a better option. 

 
- GEANT4 modeling 

 
GEANT4 radiation modelling was planned to verify the radiation shield design carried out in 
Chapter 6. This work is ongoing. 

 
Thermal protection design 
 
The thermal environment of the structure should be modelled with increased accuracy by moving 
from one-dimensional analysis to a full three-dimensional model and taking into account all of the 
functional layers in the structure walls. The relative orientation of the Sun with respect to the lunar 
GHM should be considered, as well as the influence of the additional buildings of the lunar base.  
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Load-bearing structure design 
 

- Material selection and comparison 
 

To allow for stowing and deploying of the structure, while retaining desired properties in the 
deployed state, a rigidizable material for the flexible section of the structure is likely the best 
option. Significant work will be needed to select and/or develop a material which can be stored 
for a long period of time, which is rigidizable through some easily controllable method (e.g. 
thermal), which has suitable structural characteristics and which does not degrade overly much 
when exposed to the conditions on the lunar surface. 

 
- Load-bearing members 

 
The structural analysis described in this report has focused on a structure where all the loads are 
born by the outer walls. A more efficient design can be achieved by adding in load-bearing 
members (e.g. inflatable arches) in specific locations within the greenhouse.  

 
The optimal location, size and material for such load-bearing members should be investigated, 
for example as described in [175]. 
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Appendix A. Habitat and Greenhouse concepts 
 

  
Figure 79: Deployable habitats using inflatable technology [Source: 176] 

 

  
Figure 80: The Surface Endoskeletal Inflatable Module (SEIM) [Source: 177] 

 

  
Figure 81: NASA Habitat Demonstration Unit concepts (Left) Oklahoma State University concept. (Right) 

University of Wisconsin-Madison [Source: 178] 
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Figure 82: the IntelliHab concept [Source: 48] 

 

  
Figure 83: SICSA concepts (Left) Interior pop-out structure (Right) MarsLab concept [Source: 41] 
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Figure 84: Self-deployable lunar habitat. (Top) Volumetric section (Bottom left) 2D Top view (Bottom right) 

Partial cross.section [Source: 179] 
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Figure 85: Lunar Farm concept (Left) Rigid solution (Right) Hybrid structure [Source: 42] 

 

 
Figure 86: The Independence Torus [Source: 36] 
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Figure 87: Inflatable structure [Source: 180] 

 

 
Figure 88: Livermore Habitat Module [Source: 41] 

 

 
Figure 89: Antarctic Habitat Demonstrator [Source: 181] 
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Figure 90: Inflatable membrane structure – construction sequence [Source: 182] 

 

  
Figure 91: Primary telescopic structure (Left) Stowed configuration (Right) Deployed configuration  

[Source: 183] 
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Figure 92: Surface habitat concept: Semi-rigid module [Source: 183] 

 

  
Figure 93: KEPLER lunar base design [Source: 183] 
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Figure 94: Example of an Inflatable Habitat [184] 

 
Figure 95: Cylindrical habitat [185] 

 
Figure 96: Genesis II Advanced Lunar Outpost [185] 
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Figure 97: Cubical modular habitat [185] 

 
 

 
 

 
Figure 98: Fused regolith habitat [185] 
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Figure 99: Mobitat2 habitat in parked position [186] 

 

 
Figure 100: Top view of the MMOD panels of the FLECS expandable module [187] 
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Figure 101: Green Habitation Orbital Module for Exploration [188] 

 

 
Figure 102: Monolithic concept B geometry [189] 

 

 
Figure 103: Conceptual views of cylindrical and toroidal inflatable habitats [190] 
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Figure 104: CyclopsHUB – modular inflatable habitat [191] 

 

 
Figure 105: T:W:I:S:T – modular inflatable habitat [191] 
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Appendix B. Materials for Inflatable Space Structures 
 
During the literature review a number of materials were found which can be used for deployable 
space structures. A (non-exhaustive) overview of these materials is given in this Appendix.  
 
Note: For a number of materials no data could be found on some of the characteristics. Additionally, 
for the non-metals, the material properties varied widely between different manufacturers and in 
this case the median value was used. Furthermore, for several properties, such as impact strength, 
there are multiple tests which can be used to determine the material performance, leading to 
possible difference in result. Where possible, the type of test has been indicated for such 
parameters.  
 

Table 43: Material properties for materials applicable for hybrid and inflatable space structures. 
Density, Tensile strength. Tensile modulus and Yield strength  

[63,151,152,153,154,166,167,192,193] 

Material Name Density 
[g/cm^3] 

Tensile strength 
[Mpa] 

Tensile modulus 
[Gpa] 

Yield 
Strength 
[Mpa] 

Kevlar 49 1,44 3600 124  

Twaron 2200 1,44 2950 99  

Dyneema 0,975 3500 115  

Vectran HS 1,41 2900 72  

Poly Benzol Oxylene (PBO) 1,56 5800 180 189,6 

Technora 1,39 3400 73  

Spectra 2000 0,97 3250 116  

Ethylene Vinyl alcohol 
(EVOH) 

1,17 57,3 2,16 (??) 66,8 (?? 
Tensile) 

PolyVinyliDene Chloride 
(PVDC) 

1,69    

PolyAmide-Nylon 1,13   70 

Polyurethane adhesives 1,21 9,82 0,0638 0,522 

Capran Oxyshield OEB (0.6 
mil) 

1,16   68,9 - 82,7 
(TD) 

SCLAIRFILM SL-1 0,918  0,17  

PA 6 1,12 - 1,14 48 - 85 2,3 - 2,5 35 - 40 

Kapton H    69 

Kapton V    69 

Kapton E    103,4 

Aorimide (Triton)    60,7 (TD) 66,2 
(MD) 

LaRC CP1 Polyimide 
(*datasheet) 

1,54 87 2  

Kapton 100HN 1,42 231 2,55 69 (MD) 

Mylar 1,39 20 [kg/mm2 MD] 
24 [TD] 

490 [kg/mm2 MD] 
510 [TD] 

10 [kg/mm2] 
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Material Name Density 
[g/cm^3] 

Tensile strength 
[Mpa] 

Tensile modulus 
[Gpa] 

Yield 
Strength 
[Mpa] 

Tedlar 1,37 - 1,72    

Nextel 312 AF10 2,7 1700 150  

Polyurethane foams 
(unreinforced) 

0,381 13,3 0,111 1,95 

Combitherm VPC 140     

Combitherm XX 170     

Urethane coated Nylon     

Urethane coated Polyester 
scrim 

    

Amm Flex TM     

Combitherm-Kevlar 
laminate one sided 

    

Combitherm-Kevlar 
laminate two sided 

    

Kevlar 149 1,47 3450 179  

Spectra 1000 0,97 3000 172  

E37X1 Base resin  64,5 2,69 53,9 

Handi-foam two 
component 

0,028 0,317   

Handi-foam one 
component 

0,0192    

Great stuff foam 0,0272 0,154   

Dacron Type 68 1,38  14  

Kevlar 29 1,44 3620 70,3  

Zylon HM 1,56  27  

Nextel 312  2,7 1700 (ult) 150  

Celanese Type 710 
polyester 

1,38    

Nylon Type 331 1,14    

Toyobo PBO-AS 1,54    

Nomex 1,38 600   

Goretex Teflon 2,1    

Ti-5Al-2.5Sn ELI 4,48 719,936 110,208  

Al 7075-O 2,81 94,978 71,936  

Al 2048 2,75 414,975 70,125  

Al 2024-O 2,78 75,06 72,28  

Al 2219-O 2,84 69,864 72,136  

Viton coating 1,84    

HDPE (Impact Grade) 0,951 13,7 0,702 21,5 

Polypropylene (Fiber 
Grade) 

0,525 179 1,59 34,9 
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Table 44: Material properties for materials applicable for hybrid and inflatable space structures. 

Impact strength, Breaking strength, Breaking tenacity, Tenacity and Tear Strength 
[63,151,152,153,154,166,167,192,193] 

Material Name 
Impact 
strength 

Breaking 
strength 

Breaking 
tenacity 
[Mpa] 

Tenacity 
[N/tex] 

Tear 
strength  

Kevlar 49   3000 2,08  

Twaron 2200      

Dyneema    3,53  

Vectran HS    2,03  

Poly Benzol Oxylene 
(PBO)    3,62  

Technora    2,47  

Spectra 2000      

Ethylene Vinyl alcohol 
(EVOH)     690 

PolyVinyliDene Chloride 
(PVDC)      

PolyAmide-Nylon      

Polyurethane adhesives 
    

32,9 
[kN/m] 

Capran Oxyshield OEB 
(0.6 mil) 

    

925-1400, 
1000-1400 
graves tear 

SCLAIRFILM SL-1 
 

34 [MPA 
MD]    

PA 6 0,44 - 3 
[J/cm]     

Kapton H      

Kapton V      

Kapton E      

Aorimide (Triton)      

LaRC CP1 Polyimide 
(*datasheet)      

Kapton 100HN 
0,780 [J]  221 [Mpa]   

7,2 [N 
Graves] 

Mylar      

Tedlar      

Nextel 312 AF10 
 

20 - 39 
[kg/cm]    

Polyurethane foams 
(unreinforced) 

1,43 
[J/cm^2]    

84,6 (2,13 
kN/m) 

Combitherm VPC 140     155 [N] 

Combitherm XX 170     40,2 [N] 

Urethane coated Nylon     101 [N] 
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Material Name 
Impact 
strength 

Breaking 
strength 

Breaking 
tenacity 
[Mpa] 

Tenacity 
[N/tex] 

Tear 
strength  

Urethane coated Polyester 
scrim     393 [N] 

Amm Flex TM     55,4 [N] 

Combitherm-Kevlar 
laminate one sided     540 (N) 

Combitherm-Kevlar 
laminate two sided     567 (N) 

Kevlar 149      

Spectra 1000    3,09  

E37X1 Base resin      

Handi-foam two 
component      

Handi-foam one 
component      

Great stuff foam      

Dacron Type 68    0,741  

Kevlar 29  338 [N ??] 2920 2,03  

Zylon HM    3,71  

Nextel 312       

Celanese Type 710 
polyester    0,733  

Nylon Type 331    0,741  

Toyobo PBO-AS    3,71  

Nomex    0,397  

Goretex Teflon    0,15  

Ti-5Al-2.5Sn ELI 44 (Charpy 
Impact) [J]     

Al 7075-O      

Al 2048 10,3 (Charpy 
Impact) [J]     

Al 2024-O      

Al 2219-O      

Viton coating      

HDPE (Impact Grade) 1,6 [J/cm] 
75,7 [kJ/m2] 
(Izod 
Notched)     

Polypropylene (Fiber 
Grade) 

0,3 [J/cm] 
3,67 [kJ/m2] 
(Izod 
notched)   0,255  

 
 



  
Design of a Deployable Structure 
for a Lunar Greenhouse Module 

 

Page | 171  
 

 
Table 45: Material properties for materials applicable for hybrid and inflatable space structures. 

Elongation, Poisson’s ratio, Thermal conductivity, Coefficient of thermal expansion 
[63,151,152,153,154,166,167,192,193] 

Material Name 

Elongation at 
break [%] 

Poisson's 
ratio 

Thermal 
conductivity 
[W/m*K] 

Coefficient of 
thermal 
expansion 
[µm/m*°C] 

Kevlar 49 2,9 0,36 0,04  

Twaron 2200 2,9    

Dyneema 3,2    

Vectran HS 3,3  0,37  

Poly Benzol Oxylene 
(PBO) 3,5   

-7,6 (MD) , 7,6 
(TD) 

Technora 4,6    

Spectra 2000 2,9    

Ethylene Vinyl alcohol 
(EVOH) 233  0,341 90,4 / 120 

PolyVinyliDene Chloride 
(PVDC)     

PolyAmide-Nylon 55-80    

Polyurethane adhesives 293  0,57 161 

Capran Oxyshield OEB 
(0.6 mil) 

55-80 (Machine 
D) 180-425 
(Tensile D)    

SCLAIRFILM SL-1 600    

PA 6 100 - 320  0,245 - 0,27 83 - 120 

Kapton H    20 

Kapton V    24 

Kapton E    12 

Aorimide (Triton)    42 

LaRC CP1 Polyimide 
(*datasheet) 16   51 

Kapton 100HN 75 0,34 0,12 20 / 32 

Mylar 

91 (TD) 116 
(MD) 

0,38 
(before 
yield) 
0,58 

3,7*10°-4 
[cal*cm/cm2*sec*°
C] 17 

Tedlar     

Nextel 312 AF10    3 

Polyurethane foams 
(unreinforced) 187  0,085 180 

Combitherm VPC 140     

Combitherm XX 170     

Urethane coated Nylon     

Urethane coated Polyester     
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Material Name 

Elongation at 
break [%] 

Poisson's 
ratio 

Thermal 
conductivity 
[W/m*K] 

Coefficient of 
thermal 
expansion 
[µm/m*°C] 

scrim 

Amm Flex TM     

Combitherm-Kevlar 
laminate one sided     

Combitherm-Kevlar 
laminate two sided     

Kevlar 149     

Spectra 1000 2,7    

E37X1 Base resin     

Handi-foam two 
component     

Handi-foam one 
component     

Great stuff foam     

Dacron Type 68 17    

Kevlar 29 3,6  0,04  

Zylon HM 2,5    

Nextel 312     3 

Celanese Type 710 
polyester 16,3    

Nylon Type 331 18    

Toyobo PBO-AS 3,5    

Nomex 25  0,035  

Goretex Teflon 35    

Ti-5Al-2.5Sn ELI   7,8 9,4 

Al 7075-O   173 23,6 

Al 2048   159 23,5 

Al 2024-O   193 23,2 

Al 2219-O   170 23,3 

Viton coating   0,202  

HDPE (Impact Grade) 415    

Polypropylene (Fiber 
Grade) 268    
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Table 46: Material properties for materials applicable for hybrid and inflatable space structures. 
Specific heat, Melting point, Glass temperature, Brittleness temperature, Temperature limits 

[63,151,152,153,154,166,167,192,193] 

Material Name 
Specific 
heat 
[J/g*°C] 

Melting 
point or 
decomposi
tion [°C] 

Glass 
temperature 
[°C] 

Brittleness 
temperature 

Temperature 
limitations 

Kevlar 49 

1,42 400   

Max service 
temp 149 - 
177 °C 

Twaron 2200  550    

Dyneema 
 150   

Max service 
temp 150 °C 

Vectran HS 1,26 330  -160  

Poly Benzol Oxylene 
(PBO)  650    

Technora  550    

Spectra 2000  <170    

Ethylene Vinyl alcohol 
(EVOH) 2,4 176 60,8   

PolyVinyliDene Chloride 
(PVDC)      

PolyAmide-Nylon 
    

Max service 
temp 180 °C 

Polyurethane adhesives 
  -34,4  

Min. -54,5 
Max. 111 

Capran Oxyshield OEB 
(0.6 mil)      

SCLAIRFILM SL-1      

PA 6 1,592 - 
1,7 223 50-75  -70 to 105 

Kapton H      

Kapton V      

Kapton E      

Aorimide (Triton)      

LaRC CP1 Polyimide 
(*datasheet)   263   

Kapton 100HN 1,09  360-410  -269 to 400 

Mylar 0,28 
[cal/g*°C] 254   

Max service 
temp 150 

Tedlar      

Nextel 312 AF10      

Polyurethane foams 
(unreinforced)    -36,5 -39,1 to 95,9 

Combitherm VPC 140      

Combitherm XX 170      

Urethane coated Nylon      
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Material Name 
Specific 
heat 
[J/g*°C] 

Melting 
point or 
decomposi
tion [°C] 

Glass 
temperature 
[°C] 

Brittleness 
temperature 

Temperature 
limitations 

Urethane coated 
Polyester scrim      

Amm Flex TM      

Combitherm-Kevlar 
laminate one sided      

Combitherm-Kevlar 
laminate two sided      

Kevlar 149 
 500   

Max service 
temp 425 °C 

Spectra 1000  147  -25  

E37X1 Base resin      

Handi-foam two 
component      

Handi-foam one 
component      

Great stuff foam      

Dacron Type 68  256    

Kevlar 29 

1,42 427-482 °C  -196 

Max service 
temp 149 - 
177 °C 

Zylon HM  427    

Nextel 312  1,05 1800    

Celanese Type 710 
polyester    -55  

Nylon Type 331    -55  

Toyobo PBO-AS      

Nomex 1,47   -157  

Goretex Teflon    -268  

Ti-5Al-2.5Sn ELI      

Al 7075-O      

Al 2048      

Al 2024-O      

Al 2219-O      

Viton coating 1,65     

HDPE (Impact Grade)    -55,4  

Polypropylene (Fiber 
Grade)  162    
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Table 47: Material properties for materials applicable for hybrid and inflatable space structures. 
Adhesion strength, Permeability, Corrosion resistance, Abrasion resistance 

[63,151,152,153,154,166,167,192,193] 

Material Name Coating adhesion 
/Adhesion bond 
strength 

Permeability 
[cc*mm/m^2*day*

atm] 
Corrosion 
resistance 

Abrasion 
resistance 

Kevlar 49     

Twaron 2200     

Dyneema     

Vectran HS Excellent   Good 

Poly Benzol Oxylene 
(PBO)    Poor 

Technora     

Spectra 2000     

Ethylene Vinyl alcohol 
(EVOH) 

 
1,13 (H2O) 0,019 

(O2)  

1,65 
[mg/1000 

Cycles Taber 
abrasion] 

PolyVinyliDene Chloride 
(PVDC)  0,0219 (O2)   

PolyAmide-Nylon     

Polyurethane adhesives 2,59 [Mpa]    

Capran Oxyshield OEB 
(0.6 mil) 

 

140 [g/m^2*day 
water], 0,23-0,93 
[cc/m^2*day O2]   

SCLAIRFILM SL-1 
 

0,47 [Moisture 
vapor] 236 [O2]   

PA 6     

Kapton H     

Kapton V     

Kapton E     

Aorimide (Triton)     

LaRC CP1 Polyimide 
(*datasheet)     

Kapton 100HN  3,5 (H20) 9,9 (O2)   

Mylar     

Tedlar     

Nextel 312 AF10 
 

46 - 229 
[l/min*dm2]   

Polyurethane foams 
(unreinforced)     

Combitherm VPC 140 

 

1,09 
[cc/m^2*day*atm 
O2]   

Combitherm XX 170 

 

1,40 
[cc/m^2*day*atm 
O2]   
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Material Name Coating adhesion 
/Adhesion bond 
strength 

Permeability 
[cc*mm/m^2*day*

atm] 
Corrosion 
resistance 

Abrasion 
resistance 

Urethane coated Nylon 

 

257 
[cc/m^2*day*atm 
O2]   

Urethane coated Polyester 
scrim 

 

399 
[cc/m^2*day*atm 
O2]   

Amm Flex TM 

 

4,97 
[cc/m^2*day*atm 
O2]   

Combitherm-Kevlar 
laminate one sided 

 

1,55 
[cc/m^2*day*atm 
O2]   

Combitherm-Kevlar 
laminate two sided 

 

0,311 
[cc/m^2*day*atm 
O2]   

Kevlar 149     

Spectra 1000 Poor   Excellent 

E37X1 Base resin     

Handi-foam two 
component     

Handi-foam one 
component     

Great stuff foam     

Dacron Type 68     

Kevlar 29 Fair   Poor 

Zylon HM     

Nextel 312      

Celanese Type 710 
polyester Excellent   Fair 

Nylon Type 331 Excellent   Good 

Toyobo PBO-AS    Good 

Nomex Fair   Fair 

Goretex Teflon Poor   Fair 

Ti-5Al-2.5Sn ELI   High  

Al 7075-O 
  

medium (C 
??)  

Al 2048   low  

Al 2024-O   low (D ??)  

Al 2219-O   low  

Viton coating     

HDPE (Impact Grade)     

Polypropylene (Fiber 
Grade)     
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Table 48: Material properties for materials applicable for hybrid and inflatable space structures. 

Shrinkage, Toxicity, Outgassing, Metallizability, Bondability, UV resistance 
[63,151,152,153,154,166,167,192,193] 

Material Name Shrinkage 
[%] Toxicity 

Outgassing 
[%] 

Metalliz-
ability 

Bond-
ability 

UV 
resistance 

Kevlar 49 0,1      

Twaron 2200       

Dyneema       

Vectran HS Minimal 
(0,1 ??)     Fair 

Poly Benzol Oxylene 
(PBO)    Yes Yes  

Technora       

Spectra 2000       

Ethylene Vinyl alcohol 
(EVOH) -6,99      

PolyVinyliDene Chloride 
(PVDC)       

PolyAmide-Nylon 1      

Polyurethane adhesives 0,8  0,544    

Capran Oxyshield OEB 
(0.6 mil) 

11 (MD), 
2,5 (TD)      

SCLAIRFILM SL-1       

PA 6 0,3 - 2      

Kapton H 

0,17  

0,02 
(CVCM) 
0,77 (TML) Yes Yes  

Kapton V 

0,03  

0,02 
(CVCM) 
0,77 (TML) Yes Yes  

Kapton E 0,03   Yes Yes  

Aorimide (Triton)   <2 Yes Yes  

LaRC CP1 Polyimide 
(*datasheet)    Yes Yes  

Kapton 100HN       

Mylar       

Tedlar       

Nextel 312 AF10       

Polyurethane foams 
(unreinforced) 0,627      

Combitherm VPC 140  OK     

Combitherm XX 170  OK     

Urethane coated Nylon  OK     

Urethane coated Polyester 
scrim       



  
Design of a Deployable Structure 
for a Lunar Greenhouse Module 

 

Page | 178  
 

Material Name Shrinkage 
[%] Toxicity 

Outgassing 
[%] 

Metalliz-
ability 

Bond-
ability 

UV 
resistance 

Amm Flex TM       

Combitherm-Kevlar 
laminate one sided       

Combitherm-Kevlar 
laminate two sided       

Kevlar 149       

Spectra 1000      Good 

E37X1 Base resin       

Handi-foam two 
component       

Handi-foam one 
component       

Great stuff foam       

Dacron Type 68       

Kevlar 29 0,1     Poor 

Zylon HM       

Nextel 312        

Celanese Type 710 
polyester 1,6     Good 

Nylon Type 331 8     Fair 

Toyobo PBO-AS      Fair 

Nomex 0,5     Good 

Goretex Teflon minimal 
(0,1 ??)     Excellent 

Ti-5Al-2.5Sn ELI       

Al 7075-O       

Al 2048       

Al 2024-O       

Al 2219-O       

Viton coating       

HDPE (Impact Grade)       

Polypropylene (Fiber 
Grade) 1,75      
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Table 49: Material properties for materials applicable for hybrid and inflatable space structures. 
Creep, Oxidization resistance, Cure time, Flammability, Puncture resistance 

[63,151,152,153,154,166,167,192,193] 

Material Name 
Creep [%] 

Oxidization 
resistance 

Expansion 
/ Cure time 

Flammability 
[LOI] 

Puncture 
resistance 

Kevlar 49      

Twaron 2200      

Dyneema      

Vectran HS Excellent Excellent  28  

Poly Benzol Oxylene 
(PBO) 

0,0055 
(@1500 psi 
76 days)   >56  

Technora      

Spectra 2000      

Ethylene Vinyl alcohol 
(EVOH)      

PolyVinyliDene Chloride 
(PVDC)      

PolyAmide-Nylon      

Polyurethane adhesives 
  

3680 
[minutes]   

Capran Oxyshield OEB 
(0.6 mil)      

SCLAIRFILM SL-1      

PA 6      

Kapton H      

Kapton V      

Kapton E 0,0065 
(@300 psi 
76 days)     

Aorimide (Triton)      

LaRC CP1 Polyimide 
(*datasheet)      

Kapton 100HN 
   

37 (V-0 on 
UL94 test)  

Mylar 0,9 (@500 
psi, 4000+ 
hrs)     

Tedlar      

Nextel 312 AF10      

Polyurethane foams 
(unreinforced)    

(HB-5VA on 
UL94 test)  

Combitherm VPC 140     9,59 (??) 

Combitherm XX 170     6,91 (??) 

Urethane coated Nylon      

Urethane coated Polyester      
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Material Name 
Creep [%] 

Oxidization 
resistance 

Expansion 
/ Cure time 

Flammability 
[LOI] 

Puncture 
resistance 

scrim 

Amm Flex TM      

Combitherm-Kevlar 
laminate one sided      

Combitherm-Kevlar 
laminate two sided      

Kevlar 149      

Spectra 1000 Poor Excellent  18-19  

E37X1 Base resin      

Handi-foam two 
component   

0,5 - 1 
[minute]   

Handi-foam one 
component   

12-24 
[hours]   

Great stuff foam      

Dacron Type 68      

Kevlar 29 Good Excellent    

Zylon HM      

Nextel 312       

Celanese Type 710 
polyester Good Good    

Nylon Type 331 Poor Fair    

Toyobo PBO-AS Excellent Excellent    

Nomex Good Excellent    

Goretex Teflon Poor Excellent    

Ti-5Al-2.5Sn ELI      

Al 7075-O      

Al 2048      

Al 2024-O      

Al 2219-O      

Viton coating      

HDPE (Impact Grade)      

Polypropylene (Fiber 
Grade)      
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Table 50: Material properties for materials applicable for hybrid and inflatable space structures. 
Solvent resistance, H2O absorption, Coefficient of hygroscopic expansion, Hydrolytic stability, Resistance to 

flex cracking [63,151,152,153,154,166,167,192,193] 

Material Name 

Solvent 
resistance 

H2O 
absorption 
[%] 

Coefficient of 
hygroscopic 
expansion 
[PPM/%RH] 

Hydrolyti
c stability 

Resistance 
to flex 
cracking 

Kevlar 49  3,5    

Twaron 2200      

Dyneema  0    

Vectran HS    Excellent Good 

Poly Benzol Oxylene 
(PBO) Excellent 0,8 0,8  Poor  

Technora      

Spectra 2000      

Ethylene Vinyl alcohol 
(EVOH)  7    

PolyVinyliDene Chloride 
(PVDC)      

PolyAmide-Nylon  9    

Polyurethane adhesives  0,215    

Capran Oxyshield OEB 
(0.6 mil)      

SCLAIRFILM SL-1      

PA 6  2,0 - 4,0    

Kapton H Excellent 1,8-2,8 22   

Kapton V Excellent 1,8-3 17   

Kapton E Excellent 2,4 9   

Aorimide (Triton) Excellent 2 to 8    

LaRC CP1 Polyimide 
(*datasheet) 

sol. In MEK, 
MIBK, 
CHC13 0,4    

Kapton 100HN  2,8    

Mylar 

  6 

Water 
content 
must be 
<0,1%  

Tedlar      

Nextel 312 AF10      

Polyurethane foams 
(unreinforced)  8,34    

Combitherm VPC 140      

Combitherm XX 170      

Urethane coated Nylon      

Urethane coated Polyester 
scrim      
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Material Name 

Solvent 
resistance 

H2O 
absorption 
[%] 

Coefficient of 
hygroscopic 
expansion 
[PPM/%RH] 

Hydrolyti
c stability 

Resistance 
to flex 
cracking 

Amm Flex TM      

Combitherm-Kevlar 
laminate one sided      

Combitherm-Kevlar 
laminate two sided      

Kevlar 149      

Spectra 1000    Excellent Excellent 

E37X1 Base resin      

Handi-foam two 
component      

Handi-foam one 
component      

Great stuff foam      

Dacron Type 68      

Kevlar 29  7  Excellent Poor 

Zylon HM      

Nextel 312       

Celanese Type 710 
polyester    Good Excellent 

Nylon Type 331    Poor Excellent 

Toyobo PBO-AS    Excellent  

Nomex    Excellent Good 

Goretex Teflon    Excellent Excellent 

Ti-5Al-2.5Sn ELI      

Al 7075-O      

Al 2048      

Al 2024-O      

Al 2219-O      

Viton coating      

HDPE (Impact Grade)      

Polypropylene (Fiber 
Grade)  0,01    
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Appendix C. System Analysis 
 

C.1 Requirements List 
 
Table 51 lists the top level requirements for the overall GHM and in Table 52 the specific 
requirements related to the GHM structure are presented. A code is assigned to each requirement to 
ensure that lower level requirements can be traced to a higher level requirement. This ensures that 
low level requirements flow logically from the initial top level requirements and can be verified later 
on. 
 

Table 51: Top level requirements for the lunar GHM 

Code Requirement Rationale 
GHM.1 GHM shall successfully be delivered to the surface of the 

Moon 
To ensure the mission 

GHM.2 GHM shall successfully be utilized to cultivate fresh food  Main function of the lunar 
greenhouse 

GHM.3 GHM shall be designed for a mission lifetime of at least 
twenty-four lunar days (about two years) 

Requirement from the Statement of 
Work [128] 

GHM.4 GHM shall be designed to provide a safe environment for 
humans 

Astronauts may be around the 
Grow Unit for harvesting or 
maintenance and should be safe 
while doing so 

GHM.5 GHM shall be designed such that it has minimal mass Cost and launch considerations 

GHM.6 GHM shall be designed such that it has minimal launch 
volume 

Cost and launch considerations 

GHM.7 GHM shall be designed such that it has minimal power 
consumption 

Cost reduction 

GHM.8 GHM shall be designed such that it has minimal resource 
consumption 

Cost reduction, development of 
closed loop life support systems 

GHM.9 GHM shall be designed such that it has minimal mission 
cost 

Cost reduction 

 
Table 52: Requirements for the structure of the lunar GHM 

Code Requirement 

GHM.1 GHM shall successfully be delivered to the surface of the Moon 

Struc.1 GHM shall fit within the launcher 

Struc.2 GHM shall withstand launch loads 

Struc.3 GHM shall withstand loading and environmental conditions experienced during 
transfer to Moon 

Struc.4 GHM shall withstand loads occurring during descent and landing 

GHM.2 GHM shall successfully be utilized to cultivate fresh food 

Struc.5 GHM shall successfully deploy on the Moon 

Struc.5.1 GHM shall automatically inflate on the Moon 

Struc.5.2 GHM structure shall rigidize after inflation 

Struc.5.3 GHM shall allow deployment of equipment after rigidization 

Struc.5.4 GHM shall have a single-point-of-failure free deployment system  

Struc.6 GHM shall withstand loading conditions during operations 

Struc.6.1 GHM structure shall withstand an internal pressure of 1010 mbar 

Struc.6.2 GHM structure shall support the combined weight of the structure and the equipment 
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Code Requirement 

Struc.6.3 GHM structure shall be designed with a TBD safety factor 

Struc.7 GHM shall connect with lunar base structures 

Struc.7.1 GHM structure shall contain a minimum of two airlocks 

Struc.7.2 GHM structure shall have interfaces for power supply 

Struc.7.3 GHM structure shall have interfaces for air flow 

Struc.7.4 GHM structure shall have interfaces for water and nutrient delivery 

Struc.7.5 GHM structure failure shall not affect other lunar base structures 

Struc.8 GHM shall maintain internal radiation levels within proscribed limits for plants 

Struc.8.1 GHM shall ensure the nominal absorbed dose of radiation absorbed by plants is below 
TBD 

Struc.8.2 GHM shall ensure the peak absorbed dose of radiation absorbed by plants is below 
TBD 

Struc.9 GHM shall maintain the gas leakage rate below approximately 8.5 g/day 

Struc.9.1 GHM structure shall have an effective permeability of TBD 

Struc.9.2 GHM structure shall reduce gas leakage at openings and interfaces to TBD 

Struc.9.3 GHM structure shall prevent hull breach by (micro-)meteorites 

Struc.10 GHM shall have sufficient volume to fit all required subsystems and equipment 

GHM.3 GHM shall be designed for a mission lifetime of at least twenty-four lunar days 
(about two years) 

Struc.11 GHM structure shall withstand loading conditions during operations for a period of 
at least twenty-four lunar days 

Struc.11.1 GHM structure shall be designed to withstand loading conditions during operation 
taking into account radiation-degraded material performance  

Struc.12 GHM structure shall allow maintenance and repair operations  

GHM.4 GHM shall be designed to provide a safe environment for humans 

Struc.13 GHM shall maintain internal radiation levels within proscribed limits for humans 

Struc.13.1 GHM shall ensure the nominal absorbed dose of radiation absorbed by humans is 
below 250 mSv/year 

Struc.13.2 GHM shall ensure the peak absorbed dose of radiation absorbed by humans is below 
500 mSv/year 

Struc.14 GHM shall maintain the gas leakage rate below approximately 8.5 g/day (See 
Struc.9) 

Struc.15 GHM shall maintain the internal lunar dust concentration below TBD 

Struc.15.1 GHM structure shall prevent lunar dust from entering at a rate exceeding TBD 

GHM.5 GHM shall be designed such that it has minimal mass 

Struc.16 GHM structure shall strive for minimal mass 

GHM.6 GHM shall be designed such that it has minimal launch volume 

Struc.17 GHM structure shall be stowed in the most efficient method 

Struc.17.1 GHM structure shall be stowed such that the internal stress does not exceed TBD 

Struc.17.2 GHM structure shall be stowed such that deployment is not hindered or prevented 

Struc.17.3 GHM structure shall be stowed such that the structure occupies a minimal volume 

GHM.7 GHM shall be designed such that it has minimal power consumption 

Struc.18 GHM structure shall use minimal power  

Struc.18.1 GHM structure shall have a deployment system which uses minimal power 

GHM.9 GHM shall be designed such that it has minimal mission cost 

Struc.19 GHM structure shall strive for minimal cost 
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Appendix D. Concept Trade-off 
 

D.1 Analytic Hierarchy Process description 
 
The Analytic Hierarchy Process (AHP) was developed by T.L. Saaty and uses pairwise comparisons 
to aid in the decision making process. 
 
The first step of the process is to define the criteria which affect the decision making. These criteria 
are defined in a hierarchy, with criteria being divided into lower level sub-criteria, until the desired 
level of detail has been achieved. Here it is important to ensure that the criteria on the same 
hierarchy level are independent to each other. 
 
Once the criteria have been defined, pairwise comparison is performed between the elements of 
each level of the hierarchy. This is done according to the rating system indicated in Table 53, which is 
adapted from [194]. 
 

Table 53: Rating system for the AHP pairwise comparison 

Intensity of importance on 
an absolute scale 

Definition Explanation 

1 Equal importance Two activities contribute equally 
to the objective 

3 Moderate importance of one 
over another 

Experience and judgment slightly 
favour one activity over another 

5 Essential or strong importance Experience and judgment strongly 
favour one activity over another 

7 Very strong importance An activity is strongly favoured 
and its dominance demonstrated 
in practice 

9 Extreme importance The evidence favouring one 
activity over another is of the 
highest possible order of 
affirmation 

2, 4, 6, 8 Intermediate values between 
the two adjacent judgments 

When compromise is needed 

 
Aside from the ratings listed in the table above, the reasonable assumption of reciprocity is used. 
For example, when considering the design of a satellite, mass may be strongly more important than 
cost, giving it a rating of 5. Due to reciprocity, cost would then have an importance of 1/5 with 
respect to mass. 
 
The pairwise comparisons between the different criteria on the same hierarchy level are entered into 
matrices, with a separate matrix for each level of the hierarchy. An example of such a matrix is given 
below in Table 54. 
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Table 54: Example of a comparison matrix with 3 elements 

 A B C 

A 1 6 8 

B 1/6 1 4 

C 1/8 1/4 1 

 
The comparison matrices are then normalized, after which the weights of the different criteria are 
found by computing the average values of each of the rows of the normalized matrices. 
 
It should be noted that these weights are only with respect to the current hierarchy level and need to 
be multiplied with the weights of all corresponding higher level criteria before being applied in the 
final ranking.  
 

Table 55: Normalized comparison matrix with 3 elements and corresponding weights 

 A B C Weights 

A 24/31 24/29  8/13 0,739055 

B 4/31 4/29 4/13 0,191522 

C 3/31 1/29 1/13 0,069393 

 
The AHP incorporates a check to ensure that the evaluation is consistent. To do this, the eigenvalue 
of each element is calculated. This is done by creating a mean matrix, through multiplication of the 
columns of the initial comparison matrix with the corresponding weights. Then, the sum of each row 
is calculated to obtain a mean value. This mean value is then divided by the value of the diagonal 
matrix entry in that row. An example of this process is shown in Table 56. 
 

Table 56: Mean matrix with 3 elements and corresponding mean values and eigenvalues 

 A B C Mean values Eigenvalues 

A 0,739055 1,149132 0,555144 2,443331 3,306021 

B 0,123176 0,191522 0,277572 0,59227 3,092438 

C 0,092382 0,047881 0,069393 0,209656 3,021285 

 
From the eigenvalues of the different elements, the so called maximum eigenvalue is calculated, by 
taking the sum of the eigenvalues and dividing this by the number of elements, n. For the matrix 
shown in Table 56, this would yield: 

 
139915,3

3

021285,3092438,3306021,31

max 







n

n

i

i

  

 
Using this maximum eigenvalue the consistency index CI is calculated as shown below. 

069958,0
13

3139915,3

1

max 










n

n
CI


 

 
This consistency index is then finally divided by a random consistency value, R, which is dependent 
on the size of the matrix, as shown in Table 57. 
 

Table 57: Random consistency, R, as a function of matrix size 

Number of elements, n 1 2 3 4 5 6 7 8 9 10 

Random consistency, R 0 0 0,52 0,89 1,11 1,25 1,35 1,40 1,45 1,49 
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Dividing the consistency index, CI, by the random consistency, R, yields the consistency relationship, 
CR: 
 

13,0
52,0

069958,0


R

CI
CR  

 
The evaluation can be considered consistent when CR < 0,1. For the example presented here, this is 
not the case, meaning that there is an inconsistency in the evaluation and the pairwise comparison 
will need to be reviewed. For example, changing the relative importance of criteria B with respect to 
criteria C from 4 to 3 would result in a consistent AHP evaluation. 
 

D.2 Pairwise comparisons and intermediate AHP results 
 
This section contains the comparison matrices and the intermediate calculation results for the 
concept trade-off discussed in chapter 5. 
 

Table 58: Comparison matrix 

  Mass Volume Reliability Complexity Crew Time 

Mass 1 0,333333 0,333333 2 5 

Volume 3 1 1 5 9 

Reliability 3 1 1 4 9 

Complexity 0,5 0,2 0,25 1 3 

Crew Time 0,2 0,111111 0,11111 0,333333 1 

 
Table 59: Normalized comparison matrix 

  Mass Volume Reliability Complexity Crew Time 

Mass 0,129870 0,126050 0,123711 0,162162 0,185185 

Volume 0,389610 0,378151 0,371134 0,405405 0,333333 

Reliability 0,389610 0,378151 0,371134 0,324324 0,333333 

Complexity 0,064935 0,075630 0,092784 0,081081 0,111111 

Crew Time 0,025974 0,042017 0,041237 0,027027 0,037037 

 
Table 60: Sums of normalized comparison matrix rows and corresponding weights 

 Sums of row entries Normalized Weights 

Mass 0,726979 0,145396 

Volume 1,877634 0,375527 

Reliability 1,796553 0,359311 

Complexity 0,425541 0,085108 

Crew Time 0,173292 0,034658 

 
Table 61: Mean matrix 

  Mass 
Deployed to stowed 

Volume Reliability Complexity Crew Time 

Mass 0,145396 0,125176 0,119770 0,170216 0,173292 

Volume 0,436188 0,375527 0,359311 0,425541 0,311926 

Reliability 0,436188 0,375527 0,359311 0,340433 0,311926 

Complexity 0,072698 0,075105 0,089828 0,085108 0,103975 

Crew Time 0,029079 0,041725 0,039923 0,028369 0,034658 
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Table 62: Mean values and eigenvalues 

 Mean values Eigenvalues 

Mass 0,73385 5,047256 

Volume 1,908492 5,082171 

Reliability 1,823384 5,074671 

Complexity 0,426714 5,013787 

Crew Time 0,173756 5,013376 

 
 

Table 63: Consistency check 

Maximum eigenvalue CI R CR 

5,046252 0,011563 1,11 0,010417 
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