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Abstract 

This master thesis in space engineering is a result of collaboration between Lulea University of 

Technology and NASA Ames Research Center, CA.  Since the space shuttles stop to fly 2010 and 

NASA has planned to have a human base on the moon by 2020 there is both a gap in commercial 

interest and a massive amount of preparations that need to be done for the lunar base. One thing that 

is of interest for both NASA and the public is the ability to grow plants on the moon. A successful 

plant growth mission on the moon would generate massive publicity and be an important step towards 

a human base on the moon, and in the future Mars. This master thesis is a pre-study for a plant growth 

module concept to put on the lunar South Pole. The South Pole conditions are very favorable because 

the sun will be up for at least 6 months. At the same time the sunlight will need to be mirrored down 

to the plants, since they would not grow correctly if the incoming light angle is almost horizontal. A 

design has been made and different materials have been considered in this pre-study, with the purpose 

to see if it theoretically could be possible to grow a generation of genetically designed Arabidopsis 

thaliana plants in a plant growth module on the moon. We want them to grow and see if they are able 

to produce a second generation plants and monitor what kind of genes that are affected by the lunar 

conditions.  

It is found that placing a plant growth chamber on the South Pole could be possible, although there 

are many uncertainties and the design is very sensitive to changes in the materials. The plant growth 

module is small, which makes it sensitive to small changes in incoming and outgoing radiation. Small 

changes could put the temperature of the system to non-habitable conditions. To get better certainty in 

the model the design needs to be built and tested. 

The program used has been Matlab, to make programs and calculations. Pro E was used in the 

beginning to make 3d models, but lack of computer power forced a switch to PowerSHAPE-e, which 

is a freeware 3d program that has been used to make 3d models for the calculations. 
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1. Introduction 

To be able to grow plants of the moon, there are a number of critical conditions, which might be taken 

for granted on earth, but needs a solution in space. Temperature conditions in space are nowhere near 

our conditions on earth. The temperature on the lunar equator fluctuates from 123 K to 373 K, while 

the temperature at lunar south pole on a constantly illuminated area would result in 233 ± 10 K.
1
 

Water supply is a major obstacle. There is no water in space and no gravity to pull the water down to 

the ground. Fortunately the moon has 0.16 G, which should help quite a bit.  

Under the supervision of Chris McKay and collaboration with Robert Bowman at NASA Ames this 

project has been developed step by step. It started with a quick check if it would be possible by 

radiation means to put a plant growth module on the moon. Since the results of the preliminary 

analyses came out encouraging, two pre-concept studies started for a plant growth module. The 

modules were only to use ambient light and should be placed on the lunar equator respectively south 

pole. In collaboration with Annika Eriksson from Luleå University of Technology, whose main 

assignment has been working with a design for the lunar equator, two concepts have been developed 

where I have been working with a design for the lunar South Pole. A proposal has been made with the 

purpose to get funding to continue the study and build a model for testing. 

A genetically modified Arabidopsis thaliana has been chosen as plant for testing. The Arabidopsis 

plant has been optimized to lunar and Mars conditions and can handle extreme environments. 

The lunar South Pole conditions provide 6 months of constant sunlight while the sun is just above the 

horizon. To get the plants to grow strait, the sunlight needs to be mirrored so that the plants get their 

light from “above”, else they would start to twist. The Arabidopsis does not need to sleep like other 

plants do, which combined with other superior survival properties makes it a perfect candidate for the 

lunar South Pole plant growth module.  
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2. Plant information 

Arabidopsis thaliana is well known to plant biologists and was the first plant to have its plant genome 

sequenced. Arabidopsis is native to Europe, Asia and southwest Africa and usually grows 20 to 25 cm 

tall. The lifecycle of Arabidopsis is very short and can complete an entire life cycle in six weeks. 

Robert Bowman at NASA Ames has made gene modifications in Arabidopsis for six years and been 

able to grow a smaller and more viable version of the Arabidopsis plant optimized for lunar and Mars 

conditions. The plant that is planned to be used will complete a lifecycle in only 35 days under perfect 

conditions and will only grow to be a few centimeters tall.  A regular plant will need the night 

conditions to rest, else it will die. This gene modified Arabidopsis do not need any rest. It will 

continue to grow as long as photosynthesis can happen.
2
 It can even withstand a couple of degrees 

below 0 
o
C without freezing.  

Side effects are often a problem in smaller greenhouses and even when growing corn on big fields it 

is found that the sides of the fields often have smaller and fewer plants. In the model there will be 

some space at the sides. Hopefully this will help the plants grow a little. There will be room for 19 

plant modules to grow, each with a diameter of 3 cm and height of 3.5 cm
2
, plus plant height. 

 

Figure 1. The growth chamber and the 19 plant modules. 
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Figure 2. The size of a modified Arabidopsis Thealis approximately 45 days old. Courtesy: R. Bowman 

As can be seen in Figure 2 the genetically modified Arabidopsis is much smaller and shorter than the 

original plant with its 19 cm. 
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3. Restrictions  

Restrictions in the project to be considered can be categorized into plant and design. 

 

3.1 Plant restrictions 

The plants need a certain amount of light to grow at full speed and they can only live within a given 

temperature range. The incoming light is desired to be in the visible spectrum since that is what the 

plants use for photosynthesis although they can withstand some UV radiation without dying. 

Humidity and water supply is a major problem in space. The plants need to get their water from the 

roots, and with no gravity available to force water into the soil, some sort of device is needed to give 

the plants water from the ground. Hopefully the lunar conditions with 0.16 G will help take care of 

this problem, but there is still a humidity problem that needs to be calculated. This is not been taken 

into consideration in this master thesis. The plants will consume carbon dioxide in the photosynthesis 

process. At the same time the oxygen level will rise in the growth chamber and a bi-product of 

ethylene, which is toxic for the plants, will be present. This will require small tanks with carbon 

dioxide, which can regulate the carbon dioxide levels in the growth chamber. 

Table 1. The table shows some plant environment parameters that are aimed for. 

Ideal amount of light in the visible spectra 800-900 
μ moles

m2s
 

Ideal temperature 20-22-24 
o
C 

Viable temperature range 18-28 
o
C 

Preferred relative humidity 80% 

 

3.2 Design restrictions 

Design restrictions involve different material and mechanical choices. The plant growth module has 

been restricted in the design to no moving parts. If an electric motor would fail in space there is no 

support available to change the broken part and the whole project would risk failing. The material 

coefficient of thermal expansion will have to be low, since the space environment is harsh and 

massive temperature changes are present.  
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4. Model description 

4.1 Overview 

 

Figure 3. The figure illustrates an overview of the model. 

As can be seen in Figure 3, the model can be divided into 3 main pieces, mirror section, base mirror 

section and habitat section (also referred to as the system).  In figure 3 some of the light rays have 

been traced and plotted to illustrate what areas of the mirror section will result in one to two bounces 

in the construction before entering the system. The black lines shows what area of the mirror section 

that only has one bounce before entering the system. The blue lines show the areas that have two 

bounces before entering the system. The red lines show the areas that do not have any light rays 

entering the system. 
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4.2 Mirror section 

 

The top of the model is shaped like half a cone with a cylinder shaped hole inside. It is made of 

synthetically fused silica with a MAXBRIte (/009) coating from Melles Griot. 

 

Figure 4. The measured mirror section. Dimensions in mm. 

The mirror section is cone shaped with a cylinder shaped hole in the middle, where a camera or other 

equipment can be mounted to monitor the plant growth process. The outer side is at 45
o
 angle to lead 

the incoming incident light downwards into the system.  The light beams will bounce once on the 

outer side of the mirror section. When bouncing some light will be reflected directly down into the 

system and some will bounce an extra time on the base mirror section before entering the system.  
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Figure 5. The dimensions in mm of one of the four instances where the steel bars go. 

The mirror section is mounted on the main section by 4 steel bars with 90
o
 angles between.  Figure 5 

shows the measurements of the instances for the steel bars in the mirror section. 
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4.3 Steel bars 

 

 

Figure 6. The four steel bars going between the mirror section and the base mirror section. Dimensions in mm. 

As can be seen from Figure 4 there are four small holes (1 × 3 mm
2
) with an angle of 90

o
 between 

each other in the mirror section. These steels bars should make a spine between the base mirror 

section and the mirror section to keep the mirror section in place. 

The steel bars must have a very low coefficient of thermal expansion so that when affected by the 

sunlight they do not expand and put the mirror section out of order. 
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4.4 Base mirror section 

 

 

Figure 7. The mirror base. Dimensions in mm. 

The mirror base thickness is a little over dimensioned compared to the mirror section, since it has to 

hold the mirror section. The base has 4 holes for steel bars going between the mirror section and the 

base mirror section. As can be seen from Figure 7 the angle of the mirror cone is 64.09
o
. Most of the 

incoming light from the mirror section that hits the base mirror section will bounce and change 

direction into the system.  
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4.5 Habitat volume 

The habitat volume, also referred to as the system, is built up by four main parts, insulation, growth 

chamber, glass window and seal. 

 

Figure 8. An overview of the growth chamber, built up by a seal, glass, growth chamber and insulation. 
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4.5.1 Seal 

 

 

Figure 9. The seal for the glass. Dimensions in mm. 

The seal is used to keep the glass tight in the growth chamber so there could be no air leakage. The 

seal should be glued and screwed to the growth chamber shell. 
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4.5.2 Glass 

 

 

Figure 10. The glass plate. Dimensions in mm. 

The glass plate is a 6 mm thick with a diameter of 180 mm calcium fluoride glass. The 6 mm thick 

glass should withstand the hydrostatic pressure from a vacuum environment on the outside and 

atmospheric pressure on the inside. 
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4.5.3 Inner growth chamber shell 

 

 

Figure 11. The inner shell of the growth chamber as seen from above. Dimensions in mm. 

 

Figure 12. The inner shell of the growth chamber as seen from the side. Dimensions in mm. 

The growth chamber inner shell should be made of a nickel alloy because of its very good corrosion 

resistance and strength. 
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4.5.4 Insulation 

 

 

Figure 13. The growth chamber insulation layer. Dimensions in mm. 

Figure 13 shows the outermost layer of the growth chamber. In this part there should be multi-layer 

insulation (MLI) and a few centimeters outside the multi-layer insulation there should be solar panels 

to provide the growth chamber with electricity for electric equipment needed for the mission. The 

solar panels will also provide shadow to the multi-layer insulation, which will result in no added 

power from the sun via the MLI. They will only radiate heat. 
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5. Materials and properties 

5.1 Mirrors 

When choosing the mirrors to use one generally needs to consider five different parameters.
3 

 Substrate material  

 Coating 

 Flatness or surface quality 

 Cosmetic surface quality 

 Shape and dimensions 

To get a good match between substrate and coating, combinations from Melles Griot have been 

considered. The flatness and surface quality can be neglected in this case, because there will be no flat 

mirrors in the model, so no data can be taken into account before the model is manufactured. A 

surface flatness of λ/4, which is usually good enough for general research and industry
3
, would most 

likely be sufficient. The cosmetic surface quality is neither to put a lot of consideration into, because 

the light source used is the sun. A cosmetic surface quality of 40-60 should be good enough for this 

application. Shape and dimensions are to be manufactured specially for this application. 

5.2 Substrate material 

When choosing a substrate material it is important to find a material with a low thermal expansion 

coefficient, since one side of the mirror construction will be in the sunlight and the other side in the 

shadows. There is no room for a big size difference in the construction. If the material is expanding 

and shrinking a lot there will be stresses and cracks in the coating, which is not acceptable. 

5.2.1 Synthetically fused silica 

Synthetically fused silica has a very low coefficient of thermal expansion, which makes it an ideal 

optical material for many applications where a changing temperature environment is present.
3
 It is 

also resistant to scratches and thermal shock. Synthetically fused silica (amorphous silicon dioxide) is 

produced by chemical combination of silicon and oxygen. 

Table 2. The parameters for synthetic fused silica from Melles Griot.3 

 

SYNTHETIC FUSED SILICA CONSTANTS 

Abbé constant: 67.8 ± 0.5 

Change of refractive index with temperature (0° - 700 °C): 1.28×10 
-5

/ ºC 

Homogeneity (maximum index variation over 10-cm aperture): 2×10
-5 

Density: 2.20 g/cm
3
 @ 25 °C 

Continuous operating temperature: 900 °C maximum 

Coefficient of thermal rxpansion:  5.5×10
-7

/ ºC 

Specific heat: 0.177 cal/g/ºC @ 25°C 
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5.2.2 Low-expansion borosilicate glass (LEBG) 

Low-expansion borosilicate glass (LEBG) is best known as Pyrex, made by Corning. LEBG is well 

suited for applications where high temperature, thermal shock and chemical environments are present. 

LEBG is not suited for an application where a high transmittance is required, because of the structure 

of the glass. LEBG has a lot of bubbles and striae in the glass compared to other glasses, such as BK7 

or SFS.
3
  

Low-expansion borosilicate glass is ideal as mirror substrate because of the low thermal expansion 

coefficient, it is also inexpensive to manufacture. 

Table 3. The  parameters of low-expansion borosilicate glass from Melles Griot.3 

 

LOW-EXPANSION BOROSILICATE GLASS CONSTANTS 

Abbé constant: 66 

Density: 2.23 g/cm
3
 @ 25 °C 

Young’s modulus: 5.98×10
9
 dynes/mm

2 

Poisson’s ratio: 0.20 

Specific heat: 0.17 cal/g/ °C @ 25 °C 

Coefficient of thermal expansion: 3.25×10
-6 

/ °C (0 – 300 °C) 

Softening Point: 820 °C 

Melting Point: 1250 °C 
 

 

Because synthetically fused silica has a lower coefficient of thermal expansion it will suite better as 

substrate material. 

 

5.3 Coating 

The mirror coating is very important, since the coating basically will decide what properties the 

mirror will have.  Since the model uses multiple light bounces before entering the system it is 

important to use a mirror with good reflectance so that even a light beam that bounces twice still 

enters the system with a decent amount of energy. By looking at the solar spectra vs. reflectance in 

different wavelengths on coatings, one can find what kind of coating would be preferred to use. By 

choosing right mirror coating it is possible to get rid of the UV light, which could be harmful for the 

plants and their DNA structure. Since no or little UV light is wanted, a coating that does not reflect 

any wavelengths under 400 nm is wanted.  Four coatings have been considered in this study, all 

depending on different models, protected aluminum, protected silver and two dielectric MAXBRIte 

coatings. 
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5.3.1 Protected aluminum (/011) 

The advantage with protected aluminum is that its average reflectivity from 400 nm to 10.0 µm is 

over 92% and the average reflectivity between 400 nm and 800 nm is over 87%
3
, which are both 

comfortable values. Aluminum in general is also less sensitive to variations in incident angle, 

polarization, and wavelength compared to dielectric coatings.
3
 According to Melles Griot, protected 

aluminum coating is the best general-purpose metallic coating for external reflectors in visible and 

infrared spectra.  If using an aluminum coating for the mirrors, all substrate materials can be chosen. 

 

Figure 14. The reflectance vs wavelength of protected aluminum. The left plot shows the spectrum from 400 nm to 

10000 nm and the right plot shows a more detailed plot in the visible spectrum. Source: Melles Griot.3 

Protected silver (/038) 

According to Melles Griot protected silver coating combines high reflectance and great durability 

throughout the visible and near infrared spectral region. The protected silver has an average 

reflectance ≥ 95% in the visible and near infrared region, which is better than the protected aluminum 

coating. The protected silver coating is also less sensitive to variations in incident angle, polarization 

and wavelength compared to a dielectric coating.  One disadvantage with protected silver versus 

protected aluminum is that only two substrates are available for this kind of coating, the synthetically 

fused silica (SFS) and the low expansion borosilicate glass (LEBG). 

 

Figure 15. The reflectance in percent vs wavelength of a mirror with protected silver coating. Source: Melles Griot.3 
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5.3.2 MAXBRIte /001 

The MAXBRIte mirror coating is a coating ranging from 480 nm to 700 nm in the transmission 

interval with a very high percentage of reflection (≥ 98% within that interval). The surface flatness is 

λ/4 and the substrate material to be used is synthetic fused silica. 

 

Figure 16. The percent reflectance vs wavelength within the interval 400 nm to 800 nm of the MAXBRIte /001 

coating. The dotted line shows the reflection percent of normal incidence and the regular line the reflection percent 

of 45o incidence. Source: Melles Griot.3 

Outside the interval of 480 nm to 700 nm the reflectance is going down fast. Since the first bounce on 

the mirror section will be around 45
o
 angle, that curve will be used. If the light is bouncing on the 

mirror, base the incident angle for the light on the mirror base will not be at 45
o
, but not too far away 

so that the 45
o
 incidence curve should be a fair approximation to use. 

5.3.3 MAXBRIte /009 

MAXBRIte /009 coating have superior reflection in the wavelength interval of 400 nm to 700 nm, 

which is of interest in the model.  

 

Figure 17. The percent reflectance vs walength withing the  interval 400 nm to 700 nm of the MAXBRIte /009 

coating. The dotted line shows the reflection percent of normal incidence and the regular line the reflection percent 

of 45o incidence. Source: Melles Griot.3 
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The same type of conditions apply for MAXBRIte /001 as for MAXBRIte /009, the curve to be used 

is the 45
o
 incidence curve and outside the 400 nm to 700 nm interval the measured reflectance drops 

to 0 according to Melles Griot support. Melles Griot also provided a theoretical reflectance curve for 

both MAXBRIte /001 and MAXBRIte /009. 

 

Figure 18. The theoretical simulation shows percent reflectance vs wavelength over the interval of   

 0 nm to 2000 nm of a MAXBRIte /001 coating. Source: Melles Griot. 
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Figure 19. The theoretical simulation shows percent reflectance vs wavelength over the interval of                                

0 nm to 2000 nm of a MAXBRIte /009 coating. Source: Melles Griot. 

As can be seen, the theoretical and the measured plots of the material properties that Melles Griot 

have in catalog X are not the same. They cannot guarantee that the theoretical values are true. They 

will only guarantee the measured and plotted values. 
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Figure 20. The chart provides an overview of the reflectance for metallic and broadband dielectric coatings offered 

by Melles Griot.3 The different colors respond to different percentage of reflectance. 

From this chart we can see that /038 (protected silver) is superior to /011 (protected aluminum) 

because the aluminum coating reflects too much in the UV spectra, which is not of interest. The 

MAXBRIte coatings have a small reflection interval with a superior reflectivity in the visible spectra. 

If one would allow the whole sun spectrum to be reflected into the system, the system would be 

overheated. Therefore one of the MAXBRIte coatings will be chosen. 

 

5.4 Glass 

The glass that is to be chosen has to have the right properties compared to the mirror chosen. By 

using a mirror with a tight reflection interval and a glass material with a wide transmission interval 

the wanted temperature can be achieved. According to Planck’s radiation law, a hotter body radiates 

more energy with shorter wavelengths compared to a cooler body – there is a shift in radiation density 

from longer wavelengths towards shorter wavelengths as the body heats up. Since the solar spectrum 

peaks around 500 nm and about 37% of the energy lies within the 400 nm to 700 nm interval, which 

is also the interesting interval for the plants, a mirror with tight reflection interval around the visible 

spectrum is chosen. The system will have a very low temperature compared to the sun and it will 
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radiate most energy in the IR spectra. To be able to get an equilibrium temperature around 25 
o
C the 

glass has to have a good transmission rate in the IR radiation interval.  

 

Figure 21. The solar spectrum at the lunar equator, radiated power per square meter per meter vs wavelength. 

 

 

Figure 22. The radiated power per square meter per meter vs wavelength for a body with temperature 25 oC.  

As can be seen in Figure 21 and Figure 22 the radiation peak for the solar spectrum lies around      

500 nm compared to 10000 nm for the plant growth module spectrum. 
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Figure 23. The calcium fluorides transmittance in percent vs. wavelengths. Source: Melles Griot.3 

The glass chosen is a calcium fluoride window, illustrated in figure 23. Calcium fluoride transmits 

wavelengths from about 130 nm to 10 µm. If Planck’s radiation law is integrated between 130 nm and 

10 µm for the design with a radiating area of 𝜋𝑟2 and temperature 298 K the radiated power is 2.4 W. 

If the same system is integrated between 0 nm and 200 µm the radiated power is 8.95 W. For the 

calcium fluoride window 
2.4

8.95
 ≈ 27 % of the total radiated power from PGM will be transmitted 

through the glass, which is a decent percentage of radiated power achieved. A little higher value 

might be desirable though. This is just a first approximation and more accurate calculations will be 

shown later.   

Other materials like “Optical Crown Glass”, “Low-Expansion Borosilicate Glass”, ”Synthetic Fused 

Silica” and “BK7” have been considered. The problem with these glasses is the transmission range. 

Most of them have a transmission range up to 3000 nm. That would result in a transmitted power of 

0.0007 W or 0.00785% of the total radiated power of the system, which would result in a major 

overheating of the plants 

. 

Table 4 shows Calcium fluoride data from Meller Griot.3 

 

CALCIUM FLUORIDE CONSTANTS 

Density: 3.18 g/cm3 @ 25 °C 

Young’s modulus: 1.75×10
7
 psi 

Poisson’s ratio: 0.26 

Thermal coefficient of refraction: dn/dT  = -10.6×10
-6 

/°C 

Coefficient of thermal expansion: 18.9×10
-6 

/ °C (20 –60 
o
C) 

Melting point: 1360 °C 

Dispersion constants: 

B1 = 0.5675888 

B2 = 0.4710914 

B3 = 3.8484723 

C1 = 0.00252643 

C2 = 0.01007833 

C3 = 1200.5560 
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As can be seen in Table 4 the coefficient of thermal expansion is quite big and about twice as big as 

most other glass materials. Unfortunetly there is not much to do about it, since this is the glass with 

the best transmission range. The glass should not vary much in temperature since the sunlight is 

constant and there is no day/night changes, as it would be on the lunar equator. 

 

5.5 Growth chamber material 

The inner shell for the growth chamber should be made by a tough, light material with a low 

coefficient of thermal expansion. It has to be able to withstand the pressure difference with the 

vacuum environment and corrosion since there will be humid environment on the inside. Outside the 

inner shell there should be multi-layer insulation of kapton and maybe some foam insulation. With 

this multi-layer insulation the energy loss through the growth chamber will be reduced, so that most 

of the radiated energy will be lost through the glass roof. 

A material that could fit very well for the inner shell is some sort of nickel alloy. Nickel is used to 

produce corrosion free steel and it has a high strength in the aged condition. It also has a high 

permeability, which makes it an excellent shield versus magnetic fields, though eruptions from the 

sun probably would wipe out the plant it is good to have a minor protection. The emissivity of nickel 

varies depending on if it is oxidized or polished. The growth chamber shell in the model is assumed to 

be oxidized, which at room temperature, according to www.omega.com gives an emissivity εshell of 

around 0.3. 

Table 5 Data for nickel from physics handbook. 

Element Density 

10
3 
kg/m

-3 
Young’s 

modulus  

10
10

 Pa 

Shear 

modulus 

10
10

 Pa 

Thermal 

expansion 

10
-6 

K
-1 

Specific 

heat 

capacity 

J kg
-1

K
-1

 

Thermal 

conductivity 

Wm
-1

K
-1 

Nickel 8.90 20 8 12.7 444 90 

 

The total weight of the inner growth chamber shell would be 

 𝑀𝑔𝑐 = 𝑉𝑔𝑐 × 𝛿𝑔𝑐  

 

 (5.1) 

From Equation (5.1) and Figures 11 and 12 the volume of the system can be calculated: 

 𝑉𝑔𝑐 = 𝜋 × 832  ×  143 − 𝜋 ×  802  ×  140

+  𝜋 ×  982 − 𝜋 ×  802  ×  3
+  𝜋 ×  982 − 𝜋 ×  902  ×  6 − 𝜋 
× 1.52  ×  16 ×  6 − 𝜋 ×  1.52  

×  16 × 
0.87

3
= 3.3784 𝑥 105 mm3

= 3.3784 𝑥 10−4 m3 
 

 

 

 

 (5.2) 

 

http://www.omega.com
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 𝑀𝑔𝑐 = 𝑉𝑔𝑐 × 𝛿𝑔𝑐 = 3.3784 × 10−4 × 8.9 × 103  

= 3 kg 

 

 (5.3) 

A 3 kg weight of the inner shell seems reasonable. It might be able to be even lighter, depending on 

the wall thickness needed, and in this case the wall thickness is 3 mm. 

 

5.6 Multi-layer insulation 

Multi-layer insulation or MLI of kepton is to be considered as the primary shield for temperature loss 

of the plant growth module. A general formula to calculate the temperature loss will be derived 

below.
4
  

 

Figure 24. A multi-layer insulation and how the power is radiated. 

Figure 24 shows a multi-layer insulation and how it radiates power P. For example Pn will radiate 

Pn/2 both outwards and inwards, the same goes for P(n+1) and P(n-1). Consider a multi-layer of 

aluminum like in Figure 24. When in equilibrium Pn can be described accordingly 

 
𝑃𝑛 =

𝑃𝑛−1

2
+

𝑃𝑛+1

2
 

 

  

Multiplying by two results in 

  2 𝑥 𝑃𝑛 = 𝑃𝑛−1 + 𝑃𝑛+1.   

 

Changing all indices by adding 1 gives 

 2𝑃𝑛+1 = 𝑃𝑛 + 𝑃𝑛+2.  

 

P(n) can now be set alone on the left hand side 

 𝑃𝑛 = 2𝑃𝑛+1 − 𝑃𝑛+2. (5.4) 
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Equation (5.5) is the key to derive a general formula to calculate the radiated power in multi-layer 

insulation. 

 

Figure 25. The multi-layers and radiated power. Here P(3) is the outermost layer and P(0) is the base that radiates. 

By using an example with three layers, Equation (5.4) for n = 3 (third layer) it will be found 

that  𝑃3 = 2𝑃4 − 𝑃5. Since layer four and five do not exist it can be written as 𝑃3 = 𝑃3. In the same 

way the Equation (5.4) for n = 2 becomes 𝑃2 = 2𝑃3. Using n = 1 and        n = 0 in Equation (5.4) 

gives  𝑃1 = 2𝑃2 − 𝑃3 and 𝑃0 = 2𝑃1 − 𝑃2. 

  𝑃3 = 𝑃3   
 

 (5.5) 

 𝑃2 = 2𝑃3 
 

 (5.6) 

 𝑃1 = 2𝑃2 − 𝑃3 

   
 (5.7) 

 𝑃0 = 2𝑃1 − 𝑃2 
 

 (5.8) 

Inserting Equation (5.6) and Equation (5.7) in Equation (5.8) gives 

 𝑃0 = 2(2𝑃2 − 𝑃3) − 2𝑃3.  (5.9) 

 

Inserting Equation (5.6) in Equation (5.9) gives 

and 

 
𝑃3 =

𝑃0

4
. 

 (5.11) 

 

 𝑃0 =  2 2 × 2𝑃3 − 𝑃3 − 2𝑃3 = 8𝑃3 − 2𝑃3 − 2𝑃3 
= 4𝑃3  

 (5.10) 
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Since 𝑃3 = 𝑃0 4  can be rewritten as 𝑃3 = 𝑃0 (3 + 1)  and the original assumption was n = 3, it can 

be found that the radiated power can be described as  

 
𝑃𝑛 =

𝑃0

𝑛 + 1
. 

 (5.12) 

 

When applying this in the model it will need to be multiplied by the emissivity ε of the material, 

resulting in  

 
𝑃𝑛 =

휀𝑃0

𝑛 + 1
.  

 (5.14) 

 

The material to be used should be kapton film (aluminum backing) with a thickness of 3 mil and 

emissivity εal = 0.82. A higher value of the emissivity gives a higher number of needed layers, which 

provides stability to the whole model. By adding or subtracting a layer one can control the heat flow 

more accurately when more layers are present. If the number of layers would be few to start with, 

every added or subtracted layer would change the radiated power critically because of the factor 
1

𝑛+1
. 
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6. Light and temperature calculations 

To calculate the temperature of the system, the area of the mirror section that will be hit and how 

many bounces between the mirror surfaces the hit will result in before entering the system, needs to 

be known. By doing beam tracing in the 3d model, the areas of interest have been mapped and 

calculated. The angle of incidence through the glass surface is also important. With a larger angle of 

incidence more of the radiation is reflected instead of transmitted.  

After a number of different designs and calculations is has been showed that by using protected silver 

coating the incoming radiation to the plant growth module will be too high, there is no way to get rid 

of all the heat in the plant growth module. 

Table 6. Constants and values used in the calculations. 

Symbol Description Value Units 

T Solar temperature 5805 K 

ε Emissivity of system (same as for dust) 0.78  

εshell Emissivity of growth chamber shell 0.3  

εal Emissivity of Kapton 0.82  

Rsun Solar radius 0.696 × 10
9
  m 

Rsun-earth Sun-Earth distance 0.1496 × 10
12

 m 

σ Stefan-Boltzmann constant 5.6705 × 10
-8

 
 

W/m
2
K

4
 

co Speed of light 2.998 × 10
8
  m/s 

h Planck’s constant 6.6260755 × 10
-34

  Js 

r Radius of Plant Growth Module 0.08 M 

A Area of the glass 0.0064π m
2
 

 

  



32 
 

6.1 Incident angles 

To calculate the amount of transmitted power through the glass (calcium fluoride) an average index of 

refraction for the interesting wavelengths has been taken, n = 1.433. An approximation that air has the 

same index of refraction as vacuum has been made. 

 

Figure 26. The situation with vacuum - glass – air for an incoming light ray. Coming from vacuum environment with 

an incident angle Theta 1, when passing through the glass with index of refraction 1.433 it will change direction. 

When the light ray enters the growth chamber atmosphere the incident angle Theta 3 will be the same as Theta 1. 

Snell’s law 

 𝑛1 ×  sin𝜃1 = 𝑛2 × sin𝜃2.  (6.1) 

 

This gives 

 
𝜃2 = sin−1(𝑛1 ×  

sin 𝜃2

𝑛2
). 

 (6.2) 

 

The reflected P and S polarized power is then calculated 

 
 𝑅𝑝 =

tan2(𝜃1 − 𝜃2)

tan2(𝜃1 + 𝜃2)
 

 

 (6.3) 

 

 
 𝑅𝑠 =

sin2(𝜃1 − 𝜃2)

sin2(𝜃1 + 𝜃2)
 

 (6.4) 
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Since the light is non-polarized a decent approximation for the total reflected power is 

 
 𝑅 =

𝑅𝑝+𝑅𝑠

2
. 

 (6.5) 

 

The transmitted light through the first surface is then 

  𝑇1 = 1 − 𝑅.   (6.6) 

 

There is also a reflection when the light leaves the glass and enters the growth chamber.  From 𝑅𝑝 , 𝑅𝑠 

and an approximation for 𝑅 the total percentage transmitted power can be calculated accordingly:  

 𝑇𝑡𝑜𝑡 =  1 − 𝑅1  × (1 − 𝑅2) 

  
 (6.7) 

 

Figure 27. The transmittance and reflectance factor vs incident angle for calcium fluoride. 

The reflectance will be the same when the light enters the glass and when the light leaves the glass, 

Figure 27 only shows the plotted reflection of one surface interaction, and the total transmitted power 

for both the interactions when the light passes through the glass. 
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6.2 Mirror section 

 

Figure 28. The projected measured area A1bot (limited by black line) of the mirror section, as seen from the 

incoming light angle. It is half the area on which the light bounces. Light hitting A1bot will bounce once before 

entering the system. All dimensions in mm. 

The projected area A1bot of the mirror section, on which light bounces and then is reflected down to 

the glass is shown in Figure 28. A1bot is calculated with help of beam tracking and by looking at the 

projected mirror area as seen from the incident light angle in Figure 28. 

𝐴1𝑏𝑜𝑡 = 2 ×   
0.00141 ×  0.01355

2
+

0.00424 ×  0.01169

2
+

0.00707 ×  0.00812

2
        

+ 0.00424 ×  0.01355 + 0.00707 ×  0.01169 + 0.01355                       

+ 0.00673 ×  0.03341 = 0.001 m2 

A bounce in the centre of area A1bot will result in an incident angle on the glass of 0
o
 while a bounce 

on the sides of the area will result in an incident angle of 40
o
 for the light beams entering the system. 

From Figure 27 for the glass it is found that the incident light will result in an average transmission 

rate of 94%. 
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Figure 29. The measured projected area A2bot (limited by blue and black lines) of the mirror section, as seen from 

the incoming light angle. This is half the area on which the light bounces, a hit on A2bot will bounce twice before 

entering the system. All dimensions in mm. 

The projected area A2bot of the mirror section, on which light bounces and then is reflected down to 

the glass via the inside of the mirror base is shown in Figure 29. A2bot is calculated with help of 

beam tracking and by looking at the projected mirror area as seen from the incident light angle in 

Figure 29. 

𝐴2𝑏𝑜𝑡 = 2 ×  
0.00141 ×  0.01355

2
+

0.00424 ×  0.01169

2
+

0.00707 ×  0.00812

2

+
0.00414 ×  0.03513

2
+

0.03182 ×  0.00477

2
+

0.01803 ×  0.00891

2
  

+ 0.00414 ×  0.01980                                                                                                     

+ 0.00141 ×   0.01169 + 0.00812 + 0.00805 + 0.00891                          

+ 0.00424 ×  0.00812 + 0.01803 ×  0.00805 + 0.05016 ×  0.03182 

= 0.0044 m2 

The incident angles on the glass from A2bot will range from 64.3
o
 to 51.8

o
, which results in a 

transmission rate of 81% to 90.7%. This gives an average of 86% transmission through the glass for 

A2bot. 
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6.3 Temperature calculations 

To get the equilibrium temperature, the following assumption for the system has to be valid. The 

incoming radiation to the system should be equal to the transmitted outgoing radiation from the 

system, plus the outgoing radiation from multi-layer insulation, plus the transmitted and reflected 

incoming radiation. 

 𝑇𝑟𝑎𝑛𝑠𝑚𝑖𝑡𝑡𝑒𝑑 𝑖𝑛𝑐𝑜𝑚𝑖𝑛𝑔 𝑟𝑎𝑑 = 

 𝑇𝑟𝑎𝑛𝑠𝑚𝑖𝑡𝑡𝑒𝑑 𝑜𝑢𝑡𝑔𝑜𝑖𝑛𝑔 𝑟𝑎𝑑 𝑓𝑟𝑜𝑚 𝑠𝑦𝑠𝑡𝑒𝑚
+ 𝑅𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛 𝑏𝑦 𝑀𝐿𝐼
+ 𝑇𝑟𝑎𝑛𝑠𝑚𝑖𝑡𝑡𝑒𝑑 𝑟𝑒𝑓𝑙𝑒𝑐𝑡𝑒𝑑 𝐼𝑛𝑐𝑜𝑚𝑖𝑛𝑔 𝑟𝑎𝑑 

 

 

 (6.8) 

 

6.3.1 Incoming radiation 

The incoming power is calculated by multiplying every wavelength of the incoming solar radiation 

(solar constant) with the number of bounces in the mirror section, illuminated projected mirror area, 

the mirror reflectance for that specific wavelength and the incident angle transmission in the glass. In 

the calculations a factor 0.984 has been added to the incoming radiation. This is to compensate for the 

difference in measured solar radiation flux outside Earth’s atmosphere (1367 W/m
2
) compared to the 

theoretical value for a blackbody with temperature of 5805 K (1389.2 W/m
2
). The incoming solar 

radiation is derived from Planck’s radiation law for spectral radiant exitance: 

 
𝑃𝑠𝑢𝑛 =

2𝜋𝑐2

𝜆5(𝑒
𝑐
𝑘𝑇𝜆 − 1)

 . 
 

 (6.9) 

 

Equation (6.9) is multiplied by the compensation factor, and the solar area divided by the area of a 

sphere with the radius of the earth-sun distance. The incoming radiation at the moon becomes 

 
𝑃𝑖𝑛 =

2𝜋𝑐2 ×  0.984

𝜆5(𝑒
𝑐
𝑘𝑇𝜆 − 1)

 ×  
4𝜋𝑅2

𝑠𝑢𝑛

4𝜋𝑅2
𝑠𝑢𝑛−𝑒𝑎𝑟𝑡 

. 
 

   (6.10) 

 

The transmitted incoming power (λ) is achieved by multiplying the incoming radiation, Pin, by the 

projected mirror area, the mirror reflectance of certain wavelengths to the power of the number of 

mirror bounces before hitting the glass, the transmission of the glass of certain wavelengths and 

transmission for the incident angle of the glass that the particular projected mirror area will result in. 

 
𝑇𝑟𝑎𝑛𝑠. 𝑖𝑛𝑐𝑜𝑚𝑖𝑛𝑔 𝑟𝑎𝑑 𝜆 =

2𝜋𝑐2  ×  0.984

𝜆5(𝑒
𝑐
𝑘𝑇𝜆 − 1)

 × 
𝑅𝑠𝑢𝑛

2

𝑅𝑠𝑢𝑛−𝑒𝑎𝑟𝑡 
2 

×  𝑡𝑟𝑎𝑛𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑔𝑙𝑎𝑠𝑠  𝜆   

×  𝑝𝑟𝑜𝑗𝑒𝑐𝑡𝑒𝑑 𝑖𝑙𝑙𝑢𝑚𝑖𝑛𝑎𝑡𝑒𝑑 𝑚𝑖𝑟𝑟𝑜𝑟 𝑎𝑟𝑒𝑎 

× 𝑚𝑖𝑟𝑟𝑜𝑟 𝑟𝑒𝑓𝑙𝑒𝑐𝑡𝑎𝑛𝑐𝑒# 𝑏𝑜𝑢𝑛𝑐𝑒𝑠  

×  𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝑎𝑛𝑔𝑙𝑒 𝑡𝑟𝑎𝑛𝑠𝑚𝑖𝑠𝑠𝑖𝑜𝑛 

 

 

 

 (6.11) 
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To get the total incoming radiation for a specific part of the mirror a numerical integration of      

Equation (6.11) for wavelengths ranging from 1 nm to 50000 nm was made 

 𝑇𝑜𝑡𝑎𝑙 𝑖𝑛𝑐𝑜𝑚𝑖𝑛𝑔 𝑟𝑎𝑑 = 

 𝑡𝑟𝑎𝑛𝑠. 𝑖𝑛𝑐𝑜𝑚𝑖𝑛𝑔 𝑟𝑎𝑑 𝜆 − 𝑡𝑟𝑎𝑛𝑠. 𝑖𝑛𝑐𝑜𝑚𝑖𝑛𝑔 𝑟𝑎𝑑 𝜆 − 1 nm   ×  
1nm

2
+ 𝑡𝑟𝑎𝑛𝑠. 𝑖𝑛𝑐𝑜𝑚𝑖𝑛𝑔 𝑟𝑎𝑑 𝜆 − 1 nm  ×  1 nm
+ 𝑝𝑟𝑒𝑣𝑖𝑜𝑢𝑠 𝑡𝑜𝑡𝑎𝑙 𝑖𝑛𝑐𝑜𝑚𝑖𝑛𝑔 𝑟𝑎𝑑 

 

 

 

 (6.12) 

Stepping 𝜆 forward by 1 nm over the integration interval for the transmitted incoming radiation, 

calculating the difference in power compared to the previous wavelength, and adding what previously 

was summed, gives the total transmitted incoming radiation to the system for that particular mirror 

area. By doing this step for every mirror section of interest the total incoming radiation to the system 

is found. 

6.3.2 Reflected incoming radiation 

To get the reflected incoming radiation (λ) the transmitted incoming radiation (λ) in Equation (6.10) 

is multiplied by (1-α) and the transmission (λ) for the glass. It has been assumed that α (absorption 

coefficient) = ε (emissivity) of the system. This is because what sunlight that is not absorbed by the 

system has to be reflected back and transmitted once again. 

 
𝑇𝑟𝑎𝑛𝑠.  𝑟𝑒𝑓𝑙𝑒𝑐𝑡𝑒𝑑 𝑖𝑛𝑐𝑜𝑚𝑖𝑛𝑔 𝑟𝑎𝑑 𝜆 =

2𝜋𝑐2 𝑥 0.985

𝜆5(𝑒
𝑐
𝑘𝑇𝜆 − 1)

 × 
𝑅𝑠𝑢𝑛

2

𝑅𝑠𝑢𝑛 −𝑒𝑎𝑟𝑡 
2 

× 𝑇𝑟𝑎𝑛𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑔𝑙𝑎𝑠𝑠  𝜆 
2 

×  𝑃𝑟𝑜𝑗𝑒𝑐𝑡𝑒𝑑 𝑖𝑙𝑙𝑢𝑚𝑖𝑛𝑎𝑡𝑒𝑑 𝑚𝑖𝑟𝑟𝑜𝑟 𝑎𝑟𝑒𝑎 

× 𝑚𝑖𝑟𝑟𝑜𝑟 𝑟𝑒𝑓𝑙𝑒𝑐𝑡𝑎𝑛𝑐𝑒# 𝑏𝑜𝑢𝑛𝑐𝑒𝑠  

×  𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝑎𝑛𝑔𝑙𝑒 𝑡𝑟𝑎𝑛𝑠𝑚𝑖𝑠𝑠𝑖𝑜𝑛 𝑥 (1 − 휀) 

 

 

 

 (6.13) 

 

The transmitted reflected incoming radiation (λ) is then integrated the same way as Total incoming 

radiation (Equation (6.12)) to get the total transmitted reflected incoming radiation. 

 𝑇𝑜𝑡𝑎𝑙 𝑡𝑟𝑎𝑛𝑠. 𝑟𝑒𝑓𝑙𝑒𝑐𝑡𝑒𝑑 𝑖𝑛𝑐𝑜𝑚𝑖𝑛𝑔 𝑟𝑎𝑑 = 

 𝑡𝑟𝑎𝑛𝑠. 𝑟𝑒𝑓. 𝑖𝑛𝑐𝑜𝑚𝑖𝑛𝑔 𝑟𝑎𝑑 𝜆 𝑡𝑟𝑎𝑛𝑠. 𝑟𝑒𝑓. 𝑖𝑛𝑐𝑜𝑚𝑖𝑛𝑔 𝑟𝑎𝑑 𝜆 − 1 nm  
1 nm

2
+ 𝑡𝑟𝑎𝑛𝑠. 𝑟𝑒𝑓. 𝑖𝑛𝑐𝑜𝑚𝑖𝑛𝑔 𝑟𝑎𝑑 𝜆 − 1 nm  ×  1nm
+ 𝑝𝑟𝑒𝑣𝑖𝑜𝑢𝑠 𝑡𝑜𝑡𝑎𝑙 𝑟𝑒𝑓𝑙. 𝑖𝑛𝑐𝑜𝑚𝑖𝑛𝑔 𝑟𝑎𝑑 

 

 

 

 (6.14) 

6.3.3 Outgoing power from system 

To get the radiated power (λ) from the system, Planck’s radiation law (Equation (6.9)) is used with a 

temperature of 298 K. The radiated power (λ) is then multiplied by the emissivity ε of the system, the 

transmittance (λ) of the glass window, and the outgoing area πr
2
 to get the transmitted outgoing 

power.  
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𝑇𝑟𝑎𝑛𝑠. 𝑜𝑢𝑡𝑔𝑜𝑖𝑛𝑔 𝑝𝑜𝑤𝑒𝑟 𝜆 = 

2𝜋𝑐2

𝜆5(𝑒
𝑐
𝑘𝑇𝜆 − 1)

×  𝜋𝑟2  ×  𝑇𝑟𝑎𝑛𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑔𝑙𝑎𝑠𝑠  𝜆  ×  휀 

 

 (6.15) 

  

 

To get the total outgoing power from the system, the Transmited outgoing 

power (λ) is integrated the same way as total incoming radiation (Equation 

(6.12)). 

 

 

 

𝑇𝑜𝑡𝑎𝑙 𝑜𝑢𝑡𝑔𝑜𝑖𝑛𝑔 𝑝𝑜𝑤𝑒𝑟 = 

 𝑇𝑟𝑎𝑛𝑠. 𝑜𝑢𝑡𝑔𝑜𝑖𝑛𝑔 𝑝𝑜𝑤𝑒𝑟 𝜆 − 𝑇𝑟𝑎𝑛𝑠. 𝑜𝑢𝑡𝑔𝑜𝑖𝑛𝑔 𝑝𝑜𝑤𝑒𝑟 𝜆 − 1𝑛𝑚   
1nm

2
 

+𝑇𝑟𝑎𝑛𝑠. 𝑜𝑢𝑡𝑔𝑜𝑖𝑛𝑔 𝑝𝑜𝑤𝑒𝑟 𝜆 − 1𝑛𝑚  ×  1nm
+ 𝑝𝑟𝑒𝑣𝑖𝑜𝑢𝑠 𝑡𝑜𝑡𝑎𝑙 𝑜𝑢𝑡𝑔𝑜𝑖𝑛𝑔 𝑝𝑜𝑤𝑒𝑟 

 

 

 

 

 

 

 

 

 

 (6.16) 

6.3.4 Multi-layer insulation radiation 

The radiated power from multi-layer insulation can be described as 𝑃𝑛 = 휀𝑎𝑙 ∗ 𝑃0 𝑛 + 1 , where Pn is 

the radiated power at layer n,  𝑃0 is the incoming radiation (Stefan-Boltzmann law) to the multi-layer 

insulation and εal is the emissivity of the outermost material in the multi laying insulation. It is 

assumed that the inner growth chamber shell (Figure 11 and Figure 12) radiates 𝑃0 as a black body. 

  

  𝑃0 = 휀𝑠𝑒𝑙𝑙𝜎𝐴𝑇𝑠𝑦𝑠
4  (6.17) 

 

6.4 PAR 

The PAR, or µmoles/m
2
s, of the system is calculated by multiplying incoming radiation to the plants 

within the interval 400 to 700 nm by 4.6 and dividing by the area for the plants which is 0.08
2
π. 

 
𝑃𝐴𝑅 = 4.6 × 

𝑇𝑟𝑎𝑛𝑠. 𝐼𝑛𝑐𝑜𝑚𝑖𝑛𝑔 𝑟𝑎𝑑 (𝜆 = 400 nm to 700 nm)

𝐴
 

 (6.18) 
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6.5 Simulation 

A program has been made that has a starting temperature of the system. By choosing between 

different materials for the mirror, it is possible to see how it affects the PAR, incoming radiation and 

how many layers of multilayer insulation that are needed to achieve a temperature within the desired 

interval.  

Example: If the theoretical MAXBRIte /009 mirror coating is used, the program will illustrate light 

interaction with the MAXBRIte mirror. 

 

Figure 30. The upper plot shows a simplified version of the reflection coefficient vs wavelength for the theoretical 

MAXBRIte /009 coating. The lower illustrates a simplified version of the transmission coefficient vs wavelength for 

the calcium fluoride glass. 

As can be seen in Figure 30 the reflection coefficient versus wavelength for theoretical 

MAXBRIte/009 coating, and transmission versus wavelength of calcium fluoride are both simplified 

versions in the simulation compared to the material properties stated from Melles Griot, see Figure 19 

and Figure 23. 
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Figure 31. The incoming solar spectrum before hitting the mirrors and getting transmitted through the glass, and the 

incoming solar spectrum after bouncing on the mirrors and getting transmitted through the glass. 

As can be seen in Figure 31, it is possible to follow how the different coatings and glasses affect the 

incoming radiation for the plant growth module. 
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Figure 32. The reflected part of the incoming light and the black body radiation for the system transmitted through 

the glass. 

Figure 32 illustrates the importance of a glass with transmittance at longer wavelengths. If a glass 

with an even longer transmission spectrum would be used, more of the black body radiation from the 

system could be transmitted and an extra mirror section could be added to boost the incoming 

radiation in the visible spectrum for the plants. 

The program uses the following equation. 

 𝑇𝑟𝑎𝑛𝑠𝑚𝑖𝑡𝑡𝑒𝑑 𝑖𝑛𝑐𝑜𝑚𝑖𝑛𝑔 𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛 = 

𝑇𝑟𝑎𝑛𝑠𝑚𝑖𝑡𝑡𝑒𝑑 𝑜𝑢𝑡𝑔𝑜𝑖𝑛𝑔 𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛 𝑓𝑟𝑜𝑚 𝑠𝑦𝑠𝑡𝑒𝑚
+ 𝑅𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛 𝑏𝑦 𝑀𝐿𝐼
+ 𝑇𝑟𝑎𝑛𝑠𝑚𝑖𝑡𝑡𝑒𝑑  𝑟𝑒𝑓𝑙𝑒𝑐𝑡𝑒𝑑 𝑖𝑛𝑐𝑜𝑚𝑖𝑛𝑔 𝑟𝑎𝑑 

 

  

(6.19) 

 

All factors of the equation are known. The program checks if the difference is greater or smaller than 

0.005 or -0.005 W: 

𝐷𝑖𝑓𝑓 = 𝑇𝑟𝑎𝑛𝑠. 𝐼𝑛𝑐𝑜𝑚𝑖𝑛𝑔 𝑟𝑎𝑑 − 𝑇𝑟𝑎𝑛𝑠. 𝑂𝑢𝑡𝑔𝑜𝑖𝑛𝑔 𝑟𝑎𝑑 𝑓𝑟𝑜𝑚 𝑠𝑦𝑠𝑡𝑒𝑚 + 𝑅𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛 𝑏𝑦 𝑀𝐿𝐼

+ 𝑇𝑟𝑎𝑛𝑠. 𝑟𝑒𝑓𝑙𝑒𝑐𝑡𝑒𝑑 𝐼𝑛𝑐𝑜𝑚𝑖𝑛𝑔 𝑟𝑎𝑑 

If the power difference is greater than 0.005 W, the temperature of the system is increased by 0.1 K 

and all the calculations are run again. If the difference is smaller than -0.005 W the temperature is 

decreased by 0.1 K and the calculations are remade. Once the radiation difference is between -0.005 
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and 0.005 W the equilibrium temperature is found and the calculations stop, although the equilibrium 

temperature will be within a small interval. 

It will be found that by using the MAXBRIte /009 theoretical coating, calcium fluoride glass and       

4 layers of kapton insulation the system temperature will become 22.45 to 22.55 
o
C depending on if 

the initial temperature is above or below the final system temperature. PAR is calculated to be    

474 µmoles/m
2
s. 

Table 7. How the different coatings, glasses and layers affect the temperature and PAR. 

Coating Glass Temperature 

(
o
C) 

PAR  

(µmoles/m
2
) 

Layers 

MAXBRIte /001 Calcium fluoride 23.65 392 18 

MAXBRIte /001 BK7 25.65 404 4 

MAXBRIte /009 Calcium fluoride 24.65 487 13 

MAXBRIte /009 Calcium fluoride 23.45 487 12 

MAXBRIte /009 theoretical Calcium fluoride 22.55 474 4 

MAXBRIte /009 theoretical Calcium fluoride 28.15 474 5 

MAXBRIte /009 theoretical BK7 26.05 488 2 

MAXBRIte /009 theoretical BK7 -2.85 488 1 

 

As can be seen in Table 7 (lines 3-4 and 7-8) the temperature will be affected a lot by a change in 

number of layers when a few layers are needed compared to when more layers are needed. A small 

change in the emissivity with a use of fewer layers will have a great impact on the temperature, which 

is why a decent number of layers are desired in the model to ease the building and testing process.  

Heat from the electronic equipment has been ignored in the temperature calculations in the 

simulation, but assuming one extra watt in heat to the system would result in a removal of 1-2 layers 

in the multi-layer insulation for the MAXBRIte /009 theoretical coating. 
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7. Discussion 

In this pre-study the radiation aspect of plant growth module seems satisfying. However, many 

factors in the project are uncertain and small changes in the incoming or outgoing radiation can 

change the temperature of the system to a critical level.  For example, the temperature of the system 

will vary if the Earth is at perigee or apogee. Assume the MAXBRIte /009 theoretical coating and 

calcium fluoride glass with 4 layers of MLI. Then the temperature will change from 20.65 
o
C to  

24.85 
o
C when going from apogee to perigee. This will have to be considered when planning a flight. 

Even though the incoming PAR to the plants is below the ideal level of 800-900 µmoles/m
2
s the 

plants should be able to grow with a reduced speed.
2
  

It is possible to increase the incoming radiation with an extra mirror cone on top the current mirror 

sections. Modeling has been made with a design like that, and it would increase the PAR to about        

700 µmoles/m
2
s. But increasing the incoming radiation will lead to a decreased number of layers in 

the MLI, which leads to a more unstable model. To get a good idea of the real characteristics of the 

model and materials, it needs to be built, tested and measured. The model can be up-scaled if more 

space is needed for the plants and the electronics.  

To save time and money, before building the model a discussion should be held with Melles Griot 

about measuring the MAXBRIte /009 and /001 coatings in normal and 45
o 

degree incident angles 

over larger intervals than 400 nm to 800 nm, to see if the theoretical values they have are correct or 

how much they differ from the real values. When that is done a decision can be made about what 

coating to use.  The next step would be to see if there will be a condense layer on the inside of the 

glass that will reduce the incoming radiation. If so, a thin “heat” film could be added on the inside of 

the glass. It could heat the glass to the point where it keeps a temperature just 2 
o
C above the 

atmospheric temperature, so that the glass will clear.
2
 A thin condense layer could also be good to 

scatter the incoming radiation to prevent local overheating. This will also require further 

investigation. 

Overall there are a few possibilities to get the wanted temperature, but as stated earlier, the model 

needs testing. At this moment the MAXBRIte /009 coating with calcium fluoride glass and 4 layers of 

kapton isolation seems to be the most accurate design choice.  
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