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Abstract

Mankind cannot go into space by itself. Plants and animals that are part of a
sustainable biosphere will have to go with us. The key to developing a colony on the
Moon, or anywhere else, will be the question of how it can feed itself. Tuber (Yam and
Potatg agriculture on the Moon is not just a matter of finding water and building a
greenhouse. First you have to create soil, then you have to go at leasttd@ m

underground to avoid cosmic rays, and still you need solar energy.
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1 Introduction

A main objective of several of the Space Policy IQPs is to determine the
feasibilty of a permanent or se#fustaining lunar settlement. Other IQP groups are
researching important aspects of this settlement; in particular, the Gas Harvesting group
i's investigating the profitable harieesting o
their focus is the low Earth orbit (LEO) market, some of the gases are also essential for
the creation of an artificial lunar base atmosphere. A Lunar Habitat group is examining
gener al Il ssues of the habitatds radiaidnr astr uc
shielding question. Our group has chosen to focus on the question of permanence, in
particular with regard to the settlement's food supply. Can it beswsfining in this
regard or must it forever be dependent on trade from Earth for food?

Permanence implies a certain degree ofsgfficiency: a base whose continued
existence depends on monthly shipments from the Earth cannot truly be considered
permanent. The food supply is a crucial part of this; so far every manned space mission
has réied completely on food brought with them or transported to them from Earth at a
later time. While this is adequate for a thpseson station crew or a weklng Space
Shuttle mission, this will not be the case for the staples of a larger settlemeaemis
inevitable that, within the first twenty years of arrival to build a base (about2020),
lunar inhabitants will need to learn to produce some of their own food.

The objective of our project, therefore, is to determine the feasibility of a
compldely selfsustaining system of lunar agriculture, requiring little to no supplies from
Earth after its initial construction. By t
foods would still be imported. We have determined that there are three magn that

are pertinent in meeting this objective: providing an energy source, creating and



maintaining an artificial atmosphere in the lunar habitat, and providing an adequate
supply of soil and water for the crops.

We have accessed articles in scholgolyrnals and books, previous and current
space policy IQPs, and other related sources of information that we deemed necessary in
order to complete our objectives. For example, we have consulted with a knowledgeable
inventor, who has served as an informartd provided unique insight into the
development of a lunar base.

We have ascertained that potatoes would be an ideal crop to grow in a lunar
habitat, due to their ability to grow in relatively harsh conditions. In addition, potatoes
would be an ideal fad source, since they would provide several vital nutrients to the
inhabitants of a lunar base who would possibly be limited in their selection of food.

The first issue that was examined is the source of energy required for agriculture
on the Moon. This mergy source is required for the potatoes to be able to
photosynthesize. Solar energy has been chosen as the energy source best suited for the
lunar environment because the Moon is about as far from the Sun as Earth and solar
energy supports Earth agritule. However, the Moon has no atmosphere, and, as a
result, the solar radiation reaching t@on's surface is much more intense. However,
this also means that the habitat must be shielded from solar as well as cosmic radiation.
Therefore, we have detemed that it would be necessary for a lunar habitat to be
constructed under the surface of the regolith, for reasons involving the need for shielding.
However, the lunar fidayo of 14 Earth days f
The extremesail i ght 6 and hot , cold and dark faced
except at the poles.

The three main methods for harnessing solar energy and converting solar energy



starch that we considered are as follows: convert solar energy to electrjmoyéo grow

lights, implement a bionic leaf, and directly convert solar energy to laser form. There are

many different photovoltaic systems available for converting solar energy into electricity,

and the main differences between them are cost and effigien Basically, a
|l eaf, 0 which may resemble a factory rather t
the photosynthetic functions of a leaf and can be placed on the surface of the Moon as it

is made of silicon andron, stee] or alumirum. Converting sunlight into a laser

facilitates reflecting ivia mirrors so that it can be directed around the radiation shielding

and into the habitat. In order for the plants to be able to use this laser energy, it must first

be converted back to fuspectrum lighting once underground. Each of these methods

has its own strengths and weaknesses. The two main criteria for comparison are
feasibility and efficiency. Regardless of what method is implemented, it is vital to
determine the location whetke solar collectors should be placed. The solar collectors

are exposed to varying amounts of sunlight based on their location okadbed s

surface.

The second issue that was examined the c
plants. This will requirece ar e f ul bal ancing of the plants?o
transporting or locally producing those gas@s.should be noted that, if the plants were
grown in a traditional greenhouse, this atmosphere would also need to meet the needs of
the settlerent's human occupantsl. t may i n fact be better t
at mosphere from the humansd atmosphere and
flourish in a higher concentration of G

The habitat will need to include systems for maintanithis artificial

atmosphereThe same systems which maintain overall pressure and temperature for the



human habitat will also work for the plant®. more important question is maintaining
the concentration of gases, especially carbon dioxide, in the air

While an increased concentration of £€an be deadly to humans, plants can
tolerate, and in fact thrive in, substantially higher concentrations than that found naturally
in the Earth's atmosphere. Thus, although the habitat could simply arrangeatarad, n
passive flow of carbon dioxide from humans to plants, it may be better to actively remove
CO, from the human areas of the habitat and transport it to the plants.

Moreover, carbon in any form will be a precious resource oMiben. Unlike
the filtering systems currently in use, carbon dioxide cannot simply be vented into space
or absorbed in a nereversible chemical reaction. Therefore, some sort of -fully
reversible mechanism will be needed to absorb, transport, and releasé& @@mber of
sud systems are currently in development: chemical "scrubbing" using a solid amine or
metal oxide, physical scrubbing using a "molecular sieve", and reactions with hydrogen
gas (the Sabatier and Bosch processes.)

The third issue that was examined in orderd&termine the feasibility of
sustaining agriculture on the Moon is how the composition of the Moon and the
availability of water would affect the ability to successfully grow potatoes and other plant
|l ife under the Moonds icant diffeeerceinthe c8mpostian t her e
of the fAsoil 6, or regolith, of the Moon in
Earth, the ideal growing conditions for potatoes in the soil present on the Earth was
examined. Thus, the composition of flnear regolith must be adjusted in such a way
that it is able to support an agricultural system.

For example, the substances that are required to be present in the soil in order to

ensure minimal to optimal growth of potatoes have been considered. Tioiaqzbe



percentages of these elements and compounds and their roles in the growth of potatoes
have also been taken into consideration in order to determine how cavernous spaces on
the Moon can be transformed into a suitable environment in which planthgaam

occur. Since these spaces will be expensive to create they must be highly productive, so
optimizing them for plant growth is our goal. Although it may be possible to add to or
alter the composition of the lunar regolith in the region that willdesignated for
agricultural purposes, it may be just as feasible to import a sample of soil from the Earth
that is known to have a composition that allows for optimal potato growth, or if the water
shortage on the Moon can be alleviated, turn to hydropsystems. However, we
selected potatoes since they are capable of growing in poor Earth soil conditions.

In addition to the compounds present in the soil found on the Earth, it was
determined that certain types of organisms that are present in the gdiemacessary in
order to maintain an environment that can support the growth of potato plants.
Organi sms that are found in the Earthos
earthworms, may be useful in that they consume chemicals found in ithe ¥ee
resulting waste that is excreted from these organisms could then be used as nutrients that
the potato plants would need in order to remain healthy. This act of replenishing the soil
with nutrients that are necessary for the potato plants to gpald also be aided through
the use of a compost system in the lunar base.

Other factors pertaining to the lunar regolith, such as the optimal acidity of the
soil needed to grow potatoes and the ability of the lunar regolith to hold water without
continuows irrigation have been addressed as well in order to understand how
composition of the lunar regolith must be modified, such that it is capable of sustaining

the growth of potatoes on the Moon. Since the regolith found on the Moon has a

10
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different consistecy than the soil found on the Earth, it may not be able to allow the
roots of the potato plants to fully support the plants during growth in its present state. In
addition, the water that will be used to irrigate the soil may either turn the regatita int
cementlike substance or not have the ability to hold the water at all. Thus, as mentioned
earlier, it may be necessary to transport a quantity of soil found on Earth to the lunar base
in order to provide an environment that is capable of growinggp@ilants. However,

we hope to take some lunar regolith to Earth first and try to convert it into an acceptable
medium.

Therefore, after research into the three aforementioned issues, it has been
determined that the idea of a lunar habitat capable ofyjbsifsustainable is indeed
feasible. We predict that, given a few, surprisingly minor, scientific breakthroughs, the
first stages of such an agricultural system could very well be implemented within the next

twenty years.

2 Literature Review

The ideaof constructing a lunar habitat istmeew, but many scientists, engineers,
and other professionals in space policy have varying ideas of what a typical lunar habitat
would look like. We have determined that a lunar habitat would most likely be
constructedy building a base under the surface of the Moon and covering the top of the
habitat with a layer of lunar regolith several meters thick. This protective shield would
prevent solar radiation from entering the habitat, as well as protect the inhabamts fr
the freezing temperatures on the lunar surface (Harrison, 2001). A layer of regolith alone,
however, may not be completely impervious to the harmful ultraviolet rays from the Sun.
Thus, a layer of water, in addition to the layers of regolith, wouldsbd to better protect

11



the inhabitants of a lunar base from the hazards of radiation.

In addition to the requirement of the lunar habitat being located under the lunar
surface, due to the harshness of the environment on the Moon, space experts have tried to
determine the composition of an artificial atmosphere that would be optimal for both
humans in the residential areas of the base, and plants located in designated agricultural
sections of the habitat. A system in which an atmosptheates oxygen rich fendin the
areas primarily used by humans and an atmospheteis carbon dioxiderich in the
agricultural areas of the habitat would be beneficial for both groups. Also, it would be
possible for the gases expelled by each group to be transferred tinéneea of the
habitat, such that humans would benefit from the oxygen produced by plants, and plants
would be able to take advantage of the carbon dioxide exhaled by the human inhabitants
(Harrison, 2001).

As mentioned previously, a means by which potalants and other future crops
that are grown in the lunar habitat can convert solar energy to starch needed to be
considered. One such invention, referred t
idea by physicist Freeman Dyson. Although thgioal idea involved bioengineering the
leaves of a plant such that they would be able to more efficiently convert solar energy
into a usable food source for the plant (Dys2d00Q, we have envisioned that a bionic
leaf would more closely resemble a tydefactory placed on the surface of the Moon.

This piece of machinery would process solar energy and convert it to a nutrient source

t hat would be usable by plants. Tcarbon bi oni ¢
dioxide and water fothe potato plastto store carbohydrates in the tulder the lunar

surface. Not only would the potato plants be receiving a sufficient amount of energy from

the bionic leaf, they would also be protected from any solar radiation that may adversely
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affect the growth oftte plants. Although we foresee this kind of breakthrough would be
very useful fifty years after an agricultural system has been established on the Moon, we
feel that the technology required to bring this idea to fruition is not available at this

current tme, and it is not necessary to get the job done in a less efficient manner

3 Investigation and Analysis

Discussed in this chapter are the three main issues that were investigated in this
project: providing an energy source for a lunar agricultural systeeating an artificial
atmosphere for the potato plants, gmdviding a suitable amount of soil and water for
the crops In addition to these issues, we also addressed concerns about the lunar habitat
that would house not only an agricultural systén, also a growing population on the

Moon.

3.1 Energy Sources

One issue of living or growing plants on tMoon is the fact that there is no
atmosphere to protect its surface from solar radiation. Therefore, the base must be
shielded from cosmic and swol radiation. The easiest solution is to build the base
underground. Initially, one expert stated that a 20 foot layer of lunar regolith would
provide adequate radiation shielding for the habitat. However, after further consultation
with an expert at MC, it is evident that this would not be enough and some radiation
would still pass throughHer estimate was that 10 meters would block about 90% of the
incoming radiation.One possible solution is to have a layer of water included along with

the layerof regolith. This would decrease the amount of radiation traveling through the
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shielding, but this method would still not eliminate the radiation. Another possible
solution is using a layer of hydrogen. This would block most of the radiation, but
requires a large amount of hydrogen. Besides the radiation problem there is the problem
of the plants needing some solar energy for photosynthesizing underground.

Energy for photosynthesis is essential for the potatoes to grow. The four main
sources of energgre converting solar to electric energy, the bionic leaf, solar pumped
lasers, and the reflecting of a concentrated beam of light. Each of these methods has its
own positive and negative aspects.

The first method examined was the idea of converting solargy to electricity.

This electricity would then be used to power grow lights. The use of grow lights is a
popular idea among science fiction writers. For example, it is mentionedhie Mo on 6 s

a Harsh Mistressby Robert A. Heinlein. However, most them call for the use of a

nuclear generator to power them. This is because an enormous amount of energy would
be needed to power a large number of grow lights. Since the problem is too much solar
energy on the surface, ignoring that source and bugildinuclear reactor seem silly.

There are many different approaches for converting solar energy to electricity.
The most popular method in use is photovoltaic cells. Photovoltaic cells convert sunlight
into direct current. The advantages of such aesystre that there are no moveable parts,
low maintenance, and long operation lifetirfleieb, 1997). However, photovoltaic
systems are relatively inefficient and very expensive. On the other hand, the main
component of photovoltaic cells is silicon, whics found all over the surface of the
Moon. Therefore, it may be possible to manufacture mass quantities of photovoltaic cells
for low costs. This idea was explored last year by a team that wanted to literally pave the

Moonwith solar collectors made kayselfreplicating systeniGupta 2006)
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The most efficient system to convert solar energy to electricity is theSidimg
system(Trieb, 1997). It consists of a paraboloidal dish reflector and sterling engine. The
sterling engine converts the hapte ner at ed by the sun to el ect
have multifuel capacity, high efficiency, low emissions, long life, and operate very
quietlyd (T 19B7% BHowever, it requires gaseous hydrogen or helium for cooling.
Moreover, it requires pegtt tracking of the sun. Also, since it has moving parts some
maintenance would be required.
The next system for obtaining solar energy is the bionic leaf. A previous group
determined that this is the best system forNwon. The bionic leaf was ins@d by
Freeman Dyson. However, Freeman Dyson had a distinctly different idea of how a
bionic leaf would look. Dyson described the bionic leaf as having a blachkikeaf
structure. He believes it would be fifteen times more efficient than real Eartbsleav
mostly due to the change in the color of the leaves pig(@sision, 2000) Therefore, he
sees it as being a device that requires bioengineering. Conversely, our current concept of
the bionic leaf is that it may resemble a factory rather than a tehtft artificially carries
out all of the photosynthetic functions of a leaf. This would allow the photosynthesis to
take place on the surface of thioon. H2O and CO2 are piped wup
and the nutrients would then be sent to the pasatoet h a t are the HAroot
underground. The feasibility and efficiency of a system is still unknown since it has not
been invented yet. However, a recent survey of a NIAC panel showed that most experts
believe it will take at least 30to 50 yearshbefe a si |l i con and steel i
The third system for using solar energy for photosynthesis is solar pumped lasers.
Instead of converting solar energy into electricity we examined the possibility of using

lasers to harness solar energy. hassible to convert the light emitted from the sun into
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focused laser form. This laser could then be reflected via mirrors so that it can be
directed around the radiation shielding and into the habitat. In order for the plants to be
able to use this laseenergy, it must first be converted back to full spectrum lighting.
One benefit of using lasers for transporting the light energy is that it is theoretically more
efficient than using solar panels. One study had record collection efficiency for a solar
sidepumped laser of 6.7 W/of primary mirror surfacgLandg 2003). The main

issues with solar lasers on Earth are an unstable input power source caused by clouds and
heliostat tracking errors. The issue of clouds or other weather related probleids wou
not be an issue on tihdoon. However, solar pumped lasers are still in development and

arestill relatively inefficient.

10 m

L

Figure 17 Underground Lunar Base with Solar Pumped Lasers

The fourth system is the simple method of using mirrors to reflelcsealctrum
light into the habitat. A solar concentrator would transform sunlight into a concentrated
beam of light. Current solar concentrators and reflectors can create beams of light that
have maximum intensity of 5 times the energy of the(dlilsson 2007). Then a series
of mirrors would reflect the light around the radiation shielding and into the habitat. This

16



method is highly efficient since remergyconversion process takes place.

The best system for providing the necessary energy for pmbesis
underground is the use of mirrors to reflect concentrated sunlight. The result is a side lit
underground fAgreenhouseodo with a glass side
would require no major scientific breakthroughs. However, ther aédthnologies should
still be monitored because they may prove useful in the future. When the bionic leaf
finally exists it will provide a far more efficient means to grow the potatoes and many
other types of plants in a much cruder and cheaper undexdfacility that could be
integrated with the human habitat. You could grow feaith the roots in the radiation
shield roof of the Biodome and have it dangtiown into the Biosphere for easy
collection.

A further concern is the storage of energy. mMentioned earlier, each side of the
Moon only receives light for half of the time over the course of one revolution of the
Moon. This presents a problem concerning how grow lights or bionic leaf would be
powered during the 14 days of darkness if solarggnis to be used. This will only be a
problem if the agricultural facility is located in a place other than the South Pole. Earth
based solar systems usually rely on fossil fuel backup systems to provide power when it
is dark. However, this would noelfeasible for theMoon so you want a place that is
usually nearly continuously Jifike the South Pole The best backup solution for other
lunar sites would most likely be an electrochemical battery sygimb, 1997).
However, if lasers are used,satellite equipped with the necessary elements to turn
sunlight into a laser can be used to foaemsl directenergyto any point on the lunar

surfaceeven when the sun it visible above the habitat.
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3.2 Artificial Atmosphere

In any space habitat, peggmthe most immediate and pressing challenge to the
occupantsd survival i's the maintenance of
magnified further when the habitat contains hundreds of people as well as plants, and
when supplies from the Earth desv and far between.

A permanent, selustaining lunar settlement, therefore, must have the ability to
recycle its own air supply, maintaining the proper concentrations of oxygen, water, and
particularly carbon dioxide in the air. Carbon dioxide is anpriy concern for two
reasons: first, a highehannormal concentration of Gposes immediate health risks,
so it must be constantly and actively removed from human living spaces. Secondly, for
plants during the fdayitmustbe constantlyesupgigdpo si t e
provide a raw material for photosynthesis.

In an ideal world, these two forces would complement each other perfectly, so
that the humans (and other organisms, such as composting bacteria) would exhale CO
which would then be fedirectly to the plants, and the plants would use up all of that
CQO, through photosynthesis, returning oxygen to the humans to breathe, and so forth.
The real world is far from ideal; it would be impossible to calibrate this system perfectly,
and neither te CQ production of a human nor the @@onsumption of a plant is
constant. So the system must be robust enough to handle these varying levels of CO
production and consumption. At the same time, due to its extreme scarcity on the Moon,
carbon in any fan will be a precious resource that must be conserved.

The most wehldeveloped and widely used method of L@moval is,
unfortunately, completely incompatible with these goals. This method is also very simple

and relatively easy to implement for a shdutation space mission: filter the air through
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a chemical filter that will spontaneously react with carbon dioxide, leaving the product in
solid form. The most commonly used reaction is that with lithium hydroxide:

2LIOH+CO, ¥ ,@Gs + H,O
The difficulty is that, since this reaction is spontaneous, it is also effectively irreversible.
If this were used in Moonbase, all of the baseb6s avail abl
in used filters, with no way of extracting it and returning it to the plani$he (on
reusable nature of LiOH filters was one of the many serious problems that plagued the
Apollo 13 mission.) Thus, new methods will be needed in order for the base to-be self
sustaining.

There are essentially three different scenarios that suchesrsgsust cope with:

T TheCQproduction of the baseds human occu|
consumption of the plants. This will be true in the early stages, while the base is
still relying on shipments of food from the Earth. At this point, the thesgtto
do is to provide the plants with as much &GO they can handle, and store the rest
(either as compressed €@r in some other form, such as solid carbon or

met hane) in a Areservoiro for | ater wuse.

1 The CQ consumption of the plants greatly excedids CQ production of the
humans. This is unlikely to happen often; due to the other difficulties of setting
up agriculture, it is unlikely for there to be substantially more plants than
necessary. In this situation, however, there is presumably aswifdood, so the
crops could be fed from the reservoir temporarily, then harvested early and stored,

or even shipped back to the Earth.
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1 The CQ consumption of the plants approximately equals the production of the
humans. Carbon dioxide will be removed om t he humansd air an
pl antso. Smal | variations in the produ
absorbed by the reservoir, and compensated by varying the number of plants

growing at a time and the concentration of;@@vided to those phts.

One fairly welttested alternative system is the Regenerable Carbon Dioxide
Removal System (RCRS), which has been designed for use on the Space Shuttle orbiters
(Ouellette, 1990) The RCRS works wusing a solx d amine
The CQ is released by exposing the filter to vacuum, and the filter itself can then be
reused. This method, though far superior to an irreversible reaction, would still be
difficult to use in a lunar agriculture system, since unlike the Space Shh#ldéyrtar
base needs to be able to trap and store the removed T@s could be done either by
creating an artificial vacuum, or by heating the filter (which has a similar effect to
exposing it to vacuum.) Either way would involve considerable energgnexpre; and
in any case the amine could not, at least initially, be produced on the Moon. There is,
however, considerable ongoing research in this area, and an-lbasie@ system may
well be the first implemented, in the early stages of the lunar base.

Another system similar to the RCRS has been proposed, which would use a metal
oxide, such as silver, zinc, or magnesiunidex ratter than an amine (Nacheft989)
Although this has not yet been used in ad$ifgport system, metal oxides have been used
successfully as CQOscrubbers for industrial processes. Similar to an amine system, air

would be pumped through a filter, which would stick to,@@d trap it. Releasing the
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CO, would require heating the filter. This system has the distinct advaniage tight

be possible to find all of the needed materials locally, since metal oxides make up a
substantial fraction of thévloond s crust, and relatively it
required. Therefore a metakide based system will most likely be thesfisystem that

can be constructed locally.

A third possibility, which has been used on a few spacecraft such as the Skylab
and Mir space stations, is to use a fAimol ecu
dioxide from the air, rather than a chealisorbent. The most common sieve materials
are zeolites, crystal structures made primarily from aluminum and silicon, with small
amounts of other elements such as calcium and sodium. This requires substantial
processing and will probably not be done thie Moon for some time. Eventually,
however, as the settlement expands, it may well become possible to produce molecular
sieves on théMoon, and they may even end up becoming the filters of choice, if they
require less energy input than the amine andlrosdide methods.

Once the carbon is removed from the air, it must be stored in a reservoir of some
kind. This could be simply a tank of compressed, dfut another possibility is to
retrieve the oxygen and store either solid carbon or methdine advardge being that
the oxygen is then available for other uses. Converting carbon dioxide to methane is a
simple, exothermic reaction known as the Sabatier process:

CO+4H, Y £HR2H0

Obtaining hydrogen gas, of course, is a separate problem; butladl bfdrogen
will later be retrieved along with the carbon when the methane is burned. A similar
reaction, known as the Bosch process, converts carbon dioxide to solid carbon:

CO,+2H, Y cC @ 2H
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Unfortunately, the Bosch reaction is less efficient, slovemd solid carbon is
more difficult to transport and store. In any case, the form used for carbon storage will

ultimately depend on the supply and demand for other gases in the base; but there are

several possibilities.

Human habitat

Plant habitat

Figure 27 Gas Exchange System

One final point worth mentioning in terms of the atmosphere is the level pf CO
that will be supplied. It has been well established that increasede@€)s in earthly
greenhouses can stimulate groiiong, 1979) but the relationship is not clear or lve
understood, and varies greatly from one species to the next. Current research with

potatoes suggests that increased, G&els will lead to faster growth but not to a
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substantially larger final produ¢De Temmerman2002) Faster growth, however, is

exactly what is needed for a lunar base. The more quickly a potato can be grown, the

fewer potatoes need to be growing at once in order to supply a given amount of food.
Sweet potatoes, in contrast, will apparently continue to grow larger and larger

underincreased C@concentrationgDempster, 2005) Different plants react differently,

and each crop will need to be studied thoroughly to determine its suitability for growing

on theMoon. Nevertheless, it seems clear that it will be possible, by manipitte

CO; level, to substantially improve the rate of production.

3.3 Soil Composition

The final issue that needed to be addressed in order to determine the feasibility of
an agricultural system on the Moon is the composition of lunar regolith and Hdfers
from the soil found on Earth that is typically used for growing crops. Several elements
that are vital to potato plant growth, such as nitrogen, phosphorus, and potassium (Peet,
2006), are not present or are only available in trace amounke inpper layer of the
lunar regolith(Prado, 2002) Although potato plants are known for their vitality and
ability to survive in relatively harsh conditions on Egfleet, 2006)an attempt to grow
these plants in a region of soil that lacked a sufiicemount of these key elements
would prove to be Afruitlesso (or in our
supplementing the lunar regolith with these elements or transporting a sample of soil

from Earth needed to be considered.
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LUNAR SOIL COMPOSITION

Aluminum: Magnesium:
7% 6%
Calcium: 8% Other: 3%

Iron: 13%
Oxygen: 42%

Silicon: 21%'

Figure 31 Lunar Regolith Composition by Element WeightSpace Studies Institute,

2007)

Nitrogen could certainly be gathered in LEO, but the potassium and phosphorus
would need to be imported from Earth. These elements could probably be shot into space
by a mass driverraam accelerator and later retrieved from orbit; since this would not be
fragile freight, it would be able to withstand massive G forces.
In addition to the differences in the types and amounts of elements present in
lunar regolith and Earth soil, diffevec e s i n t he texture and consi
needed to be addressed. The upper | ayer of
while lower layers of the lunar regolittontain fragments of minerals angdlasslike
particles (Robens, 2007) Thus, anyattempts at growing potato plants in the lunar
regolith may prove to be completely futile, due to the dusty composition of the soil. One
possible reason may be due to the roots of the potato plants not being able to grasp the
soil and support #mselves when growing. Another reason for the plants being unable to
grow in the lunar regolith due to its consistency is that the water that would be used in

irrigation may either turn the soil into a cemdiké substance or not be able to be held
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nearthe roots by the particles in the regolith. Thus, the idea of transporting a sample of
soil from t hwas dmsidered  be apassibie gzatugon to this prgldemn

to the difficulties in converting the lunar regolith into a soilttleaoptmal for plant
growth. However, it would certainly not be cesffective to transport a massive quantity

of Earth soil to the Moon.

By implementing a compost system, a significant amount of soil may not need to
be imported from the Earth, and instead beycled. However, since the Moon is in
principle made of the same compounds as the mantle of the Earth, but Earth soil has been
Aprocessedd by the action of water, wind, pl
A pr oc e slsnarrockicrudhing ana-sorting factory to approximate the right mix of
minerals, particle sizes and the like, and add in the water and organics at the end. Then,
real pl ants and ani mals such as worms can fi

One possible alternative fdealing with the issue of the composition of the lunar
regolith and its possible effect on plant growth would be to implement a system of
hydroponics in the lunar habitat. Thus, instead of requiring the lunar regolith to be a
consistency and compositiomslar to the soil found on Earth, potato (and other) plants
may instead be grown in a water solution containing all of the elements needed for
optimal plant growth. While such a system may have other advantages, such as the ability
to grow the same amounf potato plants in a smaller area in comparison with potato
plants traditionally grown in soil, the implementation of hydroponics in a lunar habitat
may be far more expensive and require a more significant amount of manpower than that
needed by traditiad methods of plant growtfuniversity of Arizona, 2000)The method
of using hydroponics would be considered a last resort, however, especially as it requires

more wateii a scarce resourgethan is actually needed to do the same process on Earth.
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It might make sense on a space statioloiog duration mission spacecraft constructed on

Earth. However, in our opinion, it is currently not the right solution for lunar agriculture.

3.4 The Water Question

The problem concerning a lack of a substantial smof water on the Moon was
to some extent related to the issue dealing with the differing soil composition found on
the lunar surface. Sinceome scientists believiae Moon was formed from an Earth
mantle whose surface had not yet cool@@ylor, 1998) many of the compounds
commonly found on the surface of the Earth are not naturally available on the Moon in
substantial amounts. Just as elements such as nitrogen and phosphorus are only found in
trace amounts on the lunar surface, only a small quantiatdr is also believed to be
present on the Moon. Although some scientists speculate that there may be sizable
regions of water in the form of liquid and ice in the craters found on either of the poles,
the majority of the water, like other trace elemeishe lunar surface, is considered to
be the result of solar winds and meteor or comet imp@ateks, 2002) Even if a
significant amount of water was <confirmed
such an amount of water would most likely na¢ bufficient for supporting an
agricultural system in a lunar habitat, in addition to sustaining all of the other needs of a
human population.

Thus, in order to solve this problem, a supply of water (or the necessary elements
for creating water) would nedd be gathered in space or imported from Earth. Several
possible methods for water delivery and recycling then needed to be considered in order
to determine which method would not only be the easiest to implement, but also the least

costly. One means fasupplying water from an outside source would involve simply
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importing water either in liquid or ice form from the surface of the Earth. A ram
accelerator would have to be built into the side of a mountain and devoted to shooting
water and carbon, in therfon o f ice and dry i ce, i nto sp
requirements. Due to the large cost of transporting water in this form to LEO much less
to delivering it to the Moon, other methods for water delivery or production would need
to be devised. This methatiould be a last resort, however.

A second method for water production would be implemented by mining
hydrogen gas from the surface of the Moon deposited by the solar(@autts, 2002)
and combining this local hydrogen with oxygen extracted from lundsrd@ne of the
major disadvantages of this method is that a fission or fusion nuclear reactor would most
likely be required in order to provide enough energy to extract oxygen from the rocks
found on the lunar surface. The method used to extract oxygentfre lunar rocks
probably could not be solapowered. Due to the small size of a starting human
population on the Moon and tlehallenges andangers involved concernirsgttings up
a nuclear reactasn the Moon this methodf oxygen extractionomay not e feasible for
decades. To beuly self-sufficient, the reactor would need to be able to use the local
nuclear fuel, Heliun8, as well, which is hard to get to fugéven the capability of
current technologyOn the other hand, deuterium and tritium riegast will most likely
be available by 2040V e feel that Heliur8 will be a 239 century fuel rather than one in
our proposed time frame for the initial implementation of an agricultural system

(D6Souz.a, 2006)
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Figure 47 Lunar Hydrogen Trap Prototype (Klinkman, 2007)

A third method for obtaining water for an agricultural system would involve the
extraction of hydrogen and oxygen gas from LEO and a means for combining these two
elements in order to create water. The water could then be delivered to dneirMibe
form of ice. This method of water retrieval may prove to be the best choice. However,
hydrogen is much harder to retrieve in LEO than oxygen. In the short run, before the
inhabitants of a lunar base have built a nuclear reactor, a hybrid satudipribe best.

One such solution would involve gathering oxygen in LEO at approxima2&400 km

in altitude and turning it into liquid oxygen (LOX). Then, if hydrogen cannot be easily
obtained to manufacture water in LEO, the LOX can be brought to tlws.Mdere it

can be used to combine with hydrogen gathered from the regolith of the Moon, or trapped
as it streams by the Moon on the solar wind. It is the same thing really; the hydrogen in
the regolith was deposited there and trapped in the top mettee ofgolith as it tried to

pass the Moon on the solar in

Anything that disturbs the regolith witeleaseit, so it must be in an enclosure,
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preferably one filled with oxygen, with which it would bind, to become relatively heavy
and valuable water, bafe the regolith is disturbed. Each aoéaegolithc an be fAmi nedo
this way only once.
In the long run, a sustainable water source will require gathering hydrogen from
the solar wind on or near the Moon or capturing that which escapes thesoated
Eath. The primariyhy dr ogen | ayer of the Earthodés exos
from the surfacgLiwshitz, 1966) The dominant layers are nitrogen from sea level to
about 300 km, then oxygen, helium, and hydro@g¥ercheval, 2008 As they are
increasngly light and diffuse as one travels away from the Earth, hydrogen is the hardest
element to gather from this source. On the other hand a balloon full of hydrogen is lighter
than air, and with no load will rise naturally to about 30 ((eerts 1998) Since LEO
starts at about 120 km, there may be some way to carry hydrogen that critical 90 km
which could be devised. In any case, the key to lunar agriculture is water, and hence a
hydrogen supply, givethat there is a local source of oxygen once theraasigh energy
available to extract it. So, local ice is used fitken LOX is imported from LEO, and

finally oxygen is locally produced. The question is where best to obtain hydrogen.

3.5 Lunar Habitat

In order for an agricultural system in a lunar eomment to be feasible, a
population of at least five hundred people should be present on the Moon. This number of
people would provide the necessary labor pool to require and maintain an agricultural
system, in addition to having the agricultural systeanting to pay for itself. Once the
human population living on the Moon increases and the size of the lunafapiarsl

balanced habitat increases, more interiorsgeed spaces may be able to begiesed
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for agriculture.

Once it has been establishit it is entirely feasible to grow potato plants on the
Moon, other crops in addition to potatoes may be grown. Certainly other tubers such as
sweet potatoes, carrots, and beets will follow rapidly. Ttenatoes and other fruits that
do not require a ¢&e, like strawberries and grapes, may be grown in order to provide a
more diverse selection of fresh foods available in the habitat. Further advances in the
development of the agricultural system could result in the growth of cerealthemd
another statt, such as corn or ricéhat is harder to grow than potato&snally, fiber
plants such as flax and cotton could be grown in order to allow the inhabitants of the
colony to make their own clothing.

Although potato plants were chosen to be grown on thenMiowl are able to
support a lunar habitat due to the several essential vitamins and minerals present in
potatoes(lsmail, 2002) an all potato diet is not very healthy. vitamin supplement
would most likely need to be administered to the lunar inhabitantsder to prevent
diseases that would be caused by deficienciezitainvitaminsif other plants are not
grown as well In addition, while the agricultural system is in its initial stages of
implementation, with a staple crop of tubers only it wélrecessary for the lunar habitat
to import food from the Eartho as to diversify the diets of the inhabitants. The point is
that there would be luxurynports with health advantages.

The inhabitants of the lunar colony must be able to avoid starvatithrowyi
imports from Earth if a calamity befalls the Eaatid interrupts supply trip§he colony
must be fully capable of supporting itself should a situation arise in which all contact
with Earth has been disruptéal six months to a yearor longer Thelunar inhabitants

would be the first human population at a remove from the Earth. Therefore, the Moon
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wi || be t h e-Editk givéizdtiore the TagfiEuphfafes River Valley of the
shift toward an agricultural revolution in spate.case of disster befalling the human
population of Earth, the lunar colony must survive until it can repopulate the home

planet.

4 Social Implications

If successfulgevising amagriculural system fothe Moon may have many social
implicationson Earth There arenumerous regions on Earth with harsh environments
where it is difficult to implemenad traditionalagricultural system. For example, many of
the deserts around the world are currently too dry to support vegetation, and there are
many other climates sucls #éhe tundra that have relatively uninhabitable environmental
conditions. Consequently, lunar agriculture could provide a blueprint for growing plants
in such harsh environments. Growing agriculture onMuo®n presents a far greater
level of harsh contibns for plant growth. Therefore, if it is possible to grow plants on
the Moon it should prove to be much easier to grow plants in harsh conditions on the
Earth.

The social implications of the technologies being researched for lunar agriculture
would have significant social implications on Earth. If developed, the Bionic Leaf could
be used to exponentially increase the level of agriculture production on Eiah it
could operate at the poles or the Sahara Dedéoreover, the gas exchange systaat
is being developed for the lunar base could be used in underdemilitces on Earth.

A Moon base also leads to other unique societal implications. Agriculture on the
Moon would allow for a permanemiloon base. The idea of people eventually livioy
the Moon for long periods of time, or even for an entire lifetime, would be one step closer
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to becoming reality. This presents the possibility of an entirely new society developing
on theMoon.

A Moon base would also have a significant impact on puisiierest in NASA
and the space program. With a lunar base prawdpe feasible, the idea of extending
space colonies to other planets in the future could be considered. Thus, the
implementation of a lunar agricultural system could be the catalystiiggs interest in

furtherdeepspace exploratiowhere supplies from Earth could not be counted upon

5 Conclusion

After examining past and current research in a variety of areas related to lunar
agriculture, we feel fairly confident in stating that rwtly is it feasible for a lunar
settlement to be se#fustaining, but it may well be possible using current technology.
This conclusion came as something of a surprise to us, given that our project began as a
study of a theoretical agriculture systemteeed around the bionic leaf. Considering
how little information we could find about the bionic leaf concept, we were initially at a
loss as to how to proceed. If largeale lunar agriculture requires a technological
breakthrough that no one has eveardeof, we assumed we were dealing with something
far off in the future. When the same idea was presented to a panel of NASA experts,
their consensus was that while the bionic leaf described was theoretically possible, it
would not be developed untiltiiel at eo ti me frame (2035 to 205

We came to realize, however, that there were other ways of obtaining the
necessary energy solarpumped lasers, and later, simple concentratoteat already
exist and are being actively developed. At the same tima|swerealized that the bionic
leaf concept presented to us could be substantially improved by creating it in the form of
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a factory rather than thousands of individual leaves. While impractical at present, we feel
this Afactoryo c velopged goonerjand ohce #@egeloged wilbhelppte d e
make lunar agriculture much easi®n the other hand, a prior IQP team seems to think a
selfreplicating system to build solar collectors is possible in the time frame we see for

the bionic leaf(\Webster,2006). If so, we suggest thahe idea ofthousands of leaves

each capable of supporting one potato plant at a totethousands over timdoes not

look so outlandislfior the next century.

It should be clear from the preceding pages that constructingaa &griculture
system will not be easy. Many of the technologies we have discussed are still in the early
stages of development. They amederdevelopment, however, and they have ten years
or so to mature beforge will need to use thewwn theMoon.

It should also be clear that our concept of lunar agriculture is one possibility, and
we feel it is currently the most feasible one, but it is not the only possibility. From
energy, to soil and atmosphere, to the basic material requirements of the systesmew
found validation of the engineering princip
These decisions will depend on which of the technologies become cheapest, easiest to
use, and most reliable.

When humans next set foot on t@on, perhaps tegears from now, it seems a
virtual certainty that they will bring plants with them. Ten years from then, people living
on theMoon may very well be relying on locaHgrown food for much of their diet. Ten
years from then could also see thousands oplpelving in fully selfsustaining lunar
colonies-- humanity's first steps into the universe beyoAdthat point the demand for a
bionic leaf will be great and one will probably be invented. After that, humanity will

experience its second agriculturavolution.
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Appendix A

The following slides were presented at the 2007 International Association for Science,
Technology and Societgonferenceon February 2, 2007 in Balitmore, MDChis
presentatiorutlined our initial problem in determining the fealiy of a selfsustaining
agricultural system on the Moon and described the challenges of implementing such a

system.
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Sustaining Agriculture
on the Moon

Rob Groezinger
Ben Moody
Chrisiopher Songer

Main lssues

# Source of energy for photosynthesis
# Soil composition and the water question

» Anificial atmosphere

Habitat

# Base is undengrownd

% A thick layer of regolith should be used as.
radiation shielding

# Polatoes and their "
leaves are
underground

Goals

= Self-sufficient

» Mot reflant on Earth far majority of food

s Can survive If supplies from Earth ane cut off
# Trade System

# Helum-3 for resounces.

s Oiher necessary suppilles

Potatoes!

» Mutriticus
# Easy o grow in harsh emironments
# Can be prepared in a vanety of ways

e

i ek cntmred wda!

Energy Source

# Solar energy
= Moon has no aimosphere 50 50lar energy |5
unfitered
» [55uEs
= Amaunt of sunlight depends on lacation
=« Energy must be able o pass arcund shiziding
e
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Solar Energy Sources

» Conversion of solar energy io electricity io
power grow lights

= Bionic Leaf

» Solar pumped lasers

# Mirrors focus light inio a coneentrated
beam

Blonic Leaf

# Pros

s Hignly eMecient

« PaEses anound radialian shiehling
» Cons

» Does nof exist. . yet

» Experts predict It will take at least 5O years in
Imverit

Solar Concentrators and Mirrors

% Pros

» Established technology

# Passes anound radlaan shickding
» Cons

« Range may be miked

Solar to Electricity

= Pros
# Eslablished technology
& Large amounis of silcon in regolith
« Bleciricily has addiional uses

Solar pumped lasers

% Pros

# Can be u=ed to redirect solar energy via
satelibe

« Passes around radiation shieloing
& Long range

& Cons
» Cumenity ineMclent
» Mot @ mature technolgy |

were b Lo

Soil Compaosition

# Lunar regolith lacks significant amounts of
certain elements needed for plant growth.
= Miirogen
" H'll}E.Fhu'Ll-E
= Potassium
= MiCroanganisme

= Consistency of

regalith may
not be ideal.
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Hydroponics

# | ack of suitable soil for plant growth would
nof be & concem.

» Less water may be needed in relation to
soil irigation.

# May take up less space inthe lunar
habital.

The Water Question

» ‘Waler may be transported from another
source at first.
s Transported in ice Tarm.
s Hydrogen and oxygen fransported in

gas/iquid farm.

# Hydrogen on lunar surace
» Majarity of lLnar rocks are oxides

» ‘Wailer could be later filteredfrecycled in
order io lessen dependence on other
SOUIMGES.

Arificial Atmosphere

# 'We also need to provide the proper
miidture of gases for plant growth
# Supply carbon dioxide
« Remave oxygen and water vapor
# At the same fime, we can recycle the
carbon dicxide exhaled by humans.

The Water Question

= Water is not guaranieed o be present on
the lunar surface.
» POSSILRLY of lunar ke caps,
= TFraGe amounis of waler due io cometimeteor
Impact or solar wind.

« Even IT prasant, may mol b sufficient to
support a lunar habitat.

Potatoes in Space!

« Polaipes grown in micrograwvity are not
miuch diffierent compared to Earth-grown
potatoes.

# Potato plants are known to be able to
survive in and emvircnments.

# Changes in water usage, environment
temperaiure, etc. may be used io optimize
poiato growth.

Requirements for Gas Exchange

# Must allow storage and retrieval of carbon
dioxide
& Dumping It into space is not suficient!

# Must be regenerable

# Must allow fine-tuning of the rate of COy
upiake and release
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