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Abstract

Long term or even permanent settlement on different planets of the solar system is a fascina-
tion for mankind. Some researchers contemplate that planetary settlement is a necessity for
the survival of the human race over thousands of years. The generation of food for self-
sufficiency in space or on planetary bases is a vital part of this vision of space habitation. The
amount of mass that can be transported in deep space missions is constrained by the
launcher capability and its costs.

The space community has proposed and designed various greenhouse modules to cater to
human culinary requirements and act as part of life support systems. A survey of the different
greenhouse space concepts and terrestrial test facilities is presented, drawing a list of meas-
urable factors (e.g. growth area, power consumption, human activity index, etc.) for the eval-
uation of greenhouse modules. These factors include tangible and intangible parameters that
have been used in the development of an evaluation method on greenhouse concepts as a
subsystem of planetary habitats.

Uberblick

Permanente Ansiedlungen auf anderen Planeten unseres Sonnensystems faszinieren die
Menschheit schon seit langem. Einige Forscher behaupten sogar, dass Siedlungen auf an-
deren Planeten fur das Uberleben der Menschheit Giber Tausende von Jahren notwendig
sind. Die Erzeugung von Nahrung im Weltraum oder in planetaren Habitaten ist fur die
Selbstversorgung der Crew unverzichtbar und ein essentieller Bestandteil aller Visionen von
extraterrestrischen Kolonien. Ohne Selbstversorgung sind zukinftige Habitate auf Lieferun-
gen von der Erde angewiesen, die jedoch durch die Kapazitat der Tragersysteme und die
entstehenden Kosten begrenzt sind.

Zahlreiche Entwiirfe fir Greenhouse-Module als Nahrungsquelle und Teil der Lebenserhal-
tungssysteme planetarer Habitate wurden bereits von Wissenschaftlern vorgeschlagen. In
der vorliegenden Arbeit wird eine Erfassung verschiedener Greenhouse-Konzepte und ter-
restrischer Testanlagen durchgefuhrt. Weiterhin erfolgt die Erstellung einer Liste messbarer
Vergleichsfaktoren (z.B. Anbauflache, Energiebedarf). Die Faktoren beinhalten quantitative
und qualitative Parameter und werden fir die Bewertung ausgesuchter Greenhouse-
Konzepte mit einer geeigneten Bewertungsmethode genutzt.
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1 Introduction

1.1 Motivation and Structure of Work

The continuous provision of food for the crew in spacecraft around or even beyond Earth is a
challenge. Today’s astronauts are addicted on resupply vessels from Earth to get provided
with food. The launch costs of resupply vessels are generally high and therefore, the launch-
es occur rarely and only when necessary. Therefore, the provision of fresh fruit and vegeta-
bles is limited to the time after the arrival of resupply. Consequently, today’s space dishes
mainly consist of dehydrated and thermo-stabilized food. However, a diet high in fresh fruit
and vegetables provides excellent nutrition content to help maintain the health and well-being
of astronauts and cosmonauts, whilst also providing significant benefits on the crew’s psy-
chological health.

The production of food during crewed space missions can reduce the required resupply
mass for short duration missions and are an asset for long duration missions to other plane-
tary bodies of our solar system. Until now several experiments were conducted in this re-
search field and several terrestrial test facilities of greenhouse modules exist. In addition a
large number of conceptual designs of greenhouses for food production in space are pub-
lished. Some of them are simple concepts, while others are detailed designs including calcu-
lations and simulations.

One task of this thesis is the establishment of a comprehensive list of plant growth cham-
bers, greenhouse module concepts and terrestrial test facilities. A methodology for the anal-
ysis and evaluation of greenhouse modules will be developed. Therefore, a comprehensive
list of measurable factors will be implemented. The proposed methodology will be tested on
selected greenhouse modules.

Scientific background related to greenhouse modules is investigated in Chapter 2. The envi-
ronmental conditions in free space and on Moon and Mars are explained in the first subchap-
ter, followed by the listing of metabolic and physiological requirements of humans in the se-
cond subchapter. Greenhouse modules are usually part of the environmental control and life
support subsystem (ECLSS) of spacecraft or planetary habitats. Consequently, the different
types of ECLSS are investigated during this thesis, see the third subchapter. An overview
over past and present food provision during space mission is given in the fourth subchapter.
A greenhouse module subsystem definition is provided in the fifth subchapter.

Another task of this thesis is the development of an analysis and evaluation strategy. Chap-
ter 3 explains the developed analysis and evaluation methodology in the first subchapter.
The selected analysis method, the Morphological Analysis, is described in the second sub-
chapter. The third subchapter provides two suitable methods for the evaluation of green-
house module, the Equivalent System Mass (ESM) concept and the Analytical Hierarchy
Process (AHP). The ESM concept was developed by NASA researchers to evaluate different
ECLSSs, while the AHP is a more general evaluation method. The fourth subchapter estab-
lishes measurable factors related to greenhouse modules. Therefore, the proposed factors
are categorized in four major sections, fundamental, environmental, agricultural and interface
factors. A detailed description for each factor is provided by the fourth subchapter. Finally,
the AHP is selected for an exemplary evaluation of greenhouse module concepts.
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A demonstration of the developed methodology is executed in Chapter 4. The first subchap-
ter offers a list of flown plant growth chambers, greenhouse module concepts and terrestrial
test facilities. Furthermore, three greenhouse modules are selected for the demonstration
and a detailed description is given for each. The second subchapter defines the goal of the
exemplary evaluation. In the third subchapter evaluation criteria are selected out of the pre-
viously established compilation of measurable factors and formed to a criteria hierarchy. Af-
terwards the selected criteria are weighted for the following AHP. Therefore, local and global
weighting values for each element of the hierarchy are calculated. The fourth subchapter
provides the result of the evaluation of the three selected greenhouse modules based on the
previously established weightings.

Chapter 5 discusses the results of this thesis and describes potential future tasks for the im-
provement of the developed methodology.

In Chapter 6 a summary of this thesis is given.

1.2 Previous Work

This thesis is part of the greenhouse research efforts expedited by the department of System
Analysis Space Segment of the Institute of Space System of the German Aerospace Center
(DLR) Bremen. During the last few years the research plans are evolved and preliminary re-
search in the field of greenhouse modules was conducted.

The goal of the efforts is to enforce the research in bio-regenerative life support systems with
the focus on food production with greenhouse modules. However, the ability of plants to puri-
fy water, absorb carbon dioxide and generate oxygen will be investigated too. Therefore, the
system analysis of existing greenhouse module concepts and terrestrial test facilities is an
essential part to determine advantages and disadvantages of different subsystem solutions.
The design, construction and testing of a high-efficient food producing greenhouse module is
the long term target of the research conducted by the greenhouse project team of the DLR
Bremen.

Bachelor, master and diploma thesis related to different topics of the research field were su-
pervised by the researchers of the DLR Bremen during the last year. Leigh Glasgow from the
Cranfield University finished his master thesis in July 2011. His task was the development of
a phase A design of an innovative greenhouse. Muhammad Shoaib Malik also from the
Cranfield University analyzed power and illumination subsystems suitable for the lighting of
plants in greenhouse modules in his master thesis, September 2011. Markus Dorn from the
University of Applied Science in Dresden investigated plant species and cultivation methods
for the usage in greenhouse modules for space application during his bachelor thesis. He
finished his work in September 2011.

Besides the author of this thesis, three other students are currently working on their thesis
regarding greenhouse modules at the DLR Bremen. Thereby, a market analysis for the use
of greenhouse modules in different terrestrial areas is executed and investigations in the
monitoring of plant development and growing are accomplished.

Plans for the design and construction of a laboratory at the DLR Bremen for further research
in the field of greenhouses are becoming concrete. Thereby, systems for greenhouse mod-
ules will be developed and their influence on plant development and growing will be investi-
gated.
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2 Scientific Background

Chapter 2 provides fundamental scientific background required for the following parts of this
thesis. In the first subchapter the environmental conditions in free space, on Moon and on
Mars are summarized. The second subchapter describes the physiological, metabolic and
other requirements for the survival of human beings. In the third subchapter an overview over
Environmental Control and Life Support Systems is given. The fourth subchapter describes
the development of food provision during the last decades. The fifth subchapter defines the
different subsystems of greenhouse modules and explains their functions.

2.1 Environmental Conditions

2.1.1 Free Space Environment

The environment in free space is different from that on Earth. This topic is extensively dis-
cussed in several publications. However, in this subchapter the effects of

- magnetic fields,
- radiation,

- vacuum and

- gravity

in free space are briefly described.

Magnetic fields in free space are originated by planets, stars or other celestial bodies. The
intensity of magnetic fields lowers with increasing distance from the origin. Consequently,
effects of magnetic fields on spacecraft have to be considered wisely in close range or on the
surface of celestial bodies. According to reference [1], the trapped charged particles in the
magnetosphere of celestial bodies, like the Van Allen belts around Earth, has the main effect
on spacecraft. Furthermore, magnetic fields interact with spacecraft and cause magnetic in-
duction in their systems. That has to be considered during the design process [1].

In reference [1] radiation is defined as all kinds of particle and wave radiation, and can be
divided into electromagnetic and ionizing radiation. The electromagnetic radiation is the
combination of rays of the whole spectrum: gamma-rays, X-rays, UV, visible light, infrared
and radio waves. Inside the solar system nearly the whole electromagnetic radiation is emit-
ted by the Sun. However, in close range to planets, moons, asteroids and comets the radia-
tion emitted by them affects the spacecraft too. The energy density of the electromagnetic
radiation of the Sun at a distance of one Astronomical Unit (AU) from the Sun is 1368 W/m?

[1].

The ionizing radiation consists of solar cosmic rays, galactic cosmic rays and the Van Allen
Belts in the near Earth environment. The solar cosmic rays are produced by the sun as solar
wind or solar flares and mainly consist of protons and electrons. The galactic cosmic rays are
emitted by distant stars and galaxies and contain high energetic heavy patrticles like protons,
a-particles and heavy nuclei. The Van Allen belts are regions in the Earth magnetic field,
where high energetic electrons and protons are caught and oscillate along the magnetic field
lines. The interaction of high energetic radiation with living cells can cause physical damage
to the cells and mutations of the DNA. On Earth humans, animals and plants are protected
against the effects of cosmic radiation by the magnetic field and the atmosphere. In free
space environment, living creatures have to be protected against the effects of radiation. Fur-

3
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thermore, the impact of radiation on structural materials has to be considered in the design of
spacecraft [1].

According to reference [1], the vacuum in free space influences the heat transfer and the ma-
terials of spacecraft. Due to the very low density of particles in free space, convective and
conductive heat transfer between the spacecraft and the environment are negligible. Howev-
er, conductive heat transfer between parts of the spacecraft exists. Consequently, spacecraft
can emit and absorb heat only via radiation. That has to be considered in the design process
of spacecraft. In addition to the impact of vacuum on the heat transfer mechanisms, it also
affects the materials of spacecraft. Three different physical and chemical processes are re-
sponsible for changes in materials: outgassing, sublimation and diffusion. Due to the outgas-
sing, materials lose gaseous components. Sublimation is problematic for materials with a
high vapor pressure: the higher the vapor pressure, the more the mass loss. Outgassing and
sublimation can result in a lower stiffness, hardness and durability. Solid materials without a
gas layer between them can be affected by cold welding caused by diffusion of atoms of the
used materials into each other; this can result in malfunctions of mechanisms [1].

Humans, animals and plants originated on Earth are adapted to the existent gravity field.
Therefore, reference [1] declares the state of microgravity in free space as the most dramatic
environmental condition. Reduced gravity causes several effects on the human body, e.g.
bone mass and muscle loss. Plants are also affected by reduced gravity. Due the failure of
the gravity-sensing system the plants can lose their normal relative orientation of shoot and
root. The gravitational force of the Earth can be imitated by spacecraft, due to the rotation of
sections with a defined angular velocity resulting in a centripetal acceleration [1].

2.1.2 Local Environment of Moon and Mars

The properties of other planets and moons and the conditions on their surfaces vary from the
Earth’s. Moon and Mars are probable targets for the first long-time or even permanent
crewed base. Therefore, this subchapter describes the properties and environmental condi-
tions of Moon and Mars and compares the conditions to that on Earth. The general proper-
ties, the magnetic field, the radiation, the atmosphere, the surface temperature as well as the
composition of the local soil are discussed. A comparison of properties between Earth, Moon
and Mars is shown in Table 2-1.

The Moon is the sole natural satellite orbiting around Earth. According to reference [2], he
has a radius of 1738 kilometers and surrounds the Earth in a mean distance of 384400 kilo-
meters in 27.32 days. The Moon’s gravity constant has a value of 1.62 m/s?; this is around
one sixth of the Earth’s. Earth and Moon have the same mean distance from the Sun; hence
both have the same mean solar constant of 1368 W/m?. However, opposed to Earth the
Moon’s day and night at the equator have a length of 14 Earth days each [1]. The poles of
the Moon are subject to a half-year day-night-cycle. Due to the low gravity, the Moon cannot
maintain an atmosphere. The temperature on the surface at the equator ranges from 120 °K
during night to 380 °K during day [2]. Nevertheless, at the poles the temperature can fall to
40 °K in permanently shaded craters [1]. As a consequence of absent atmosphere and mag-
netic field, the Moon receives twice as much UV radiation the Earth does and a higher
amount of ionizing radiation. The lunar soil consists of 42 % oxygen, 21 % silicone, 13 %
iron, 8 % calcium, 7 % aluminum and 6 % magnesium. Usually, these elements are bound in
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oxides. Basically it is feasible to extract hydrogen, oxygen, water and other useful materials
out of the soil, but the processes require either high power or high temperatures [1].

Mars is the fourth planet of our solar system as seen from sun. He surrounds the Sun in
686.98 days in a distance of 1.54 AU [1]. Phobos and Demios are the names of the two
moons orbiting around the Mars. The Martian equatorial radius is around 3396 kilometers.
Due to the higher distance from the Sun, the mean intensity of the solar radiation is 615
W/m?. However, the orbit of Mars is more eccentric than the Earth’s; hence the solar con-
stant varies from 493 W/m? at aphelion to 718 W/m? at perihelion [1]. Mars possesses a thin
atmosphere consisting of 95.3 % carbon dioxide, 2.7 % nitrogen and 1.6 % argon. The mean
surface pressure of the atmosphere is around 6 mbar [3]. The mean surface temperature is
210 °K, but the temperature varies from 130 °K to 300 °K, depending on the region [1]. Due
to the thin atmosphere and the low concentration of ozone, the UV radiation reaching the
Martian surface is higher than reaching the surface of the Earth. Mars maintains a magnetic
field, but it is not strong enough to keep the particles of ionizing radiation outside the atmos-
phere. The atmosphere itself provides protection against ionizing radiation, but the level of
protection varies with the composition and dimension of the atmosphere [1]. The Martian soil
consists of 43 % oxygen, 21 % silicone, 13 % iron, 8 % potassium, 5 % magnesium, 4 % cal-
cium, 3 % aluminum and 3 % sulfur [1].

Table 2-1: Properties of Earth, Moon and Mars

Earth Moon Mars

Equatorial Radius 6378 km 1738 km 3396 km

Mean Surface Gravity 9.81 m/s’ 1.62 m/s’ 3.72 m/s’

Mean Distance from Sun 149.6 * 10°km | 149.6 * 10°km | 227.9* 10° km

Mean Solar Constant 1368 W/m? 1368 W/m? 615 W/m?

Atmospheric Composition 78 % N, none 95.3 % CO,

21% O, 2.7 % N,

0.93 % CO, 1.6 % Ar

Mean Surface Pressure 1 bar 3*10™ bar 0.006 bar

Mean Surface Temperature 288 °K day: 380 °K 210 °K
night: 120 °K

Reference [4] (2] 3]
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2.2 Human Requirements

In this subchapter the requirements of humans are summarized, which are divided into phys-
iological, metabolic and miscellaneous requirements. Temperature, relative humidity, pres-
sure and composition of the atmosphere are physiological requirements, while food and wa-
ter are metabolic requirements. The miscellaneous requirements are the result of the effects
of light, radiation, noise, vibration and human factors.

Physiological requirements are necessary for the survival of human beings and have to be
guaranteed at any time. Basically, humans can resist a wide span of temperature assuming
optimal clothing. For long durations an ambient temperature from 18.3 to 26.7 °C is the opti-
mal zone for humans, in which their performance of routine activities is not affected by ther-
mal stress [5]. Relative humidity stands in close relation to the temperature. The optimal rela-
tive humidity of the ambient air is between 25 % and 70 % [6]. Is the relative humidity below
25 %, the air is too dry to maintain nominal functioning of mucous membranes over a long
duration. Exceeds the relative humidity the limit of 70 %, the crew comfort is reduced and the
condensation of water on surfaces is increased [5]. The combination of the optimal tempera-
ture range and the optimal humidity range forms the comfort box for humans, as seen in Fig-
ure 2-1.

—0.030

70 % RH —0.025
—0.020

100 % RH

0,
25% RH —0.015

Humidity Ratio

—0.010
—0.005

| T T T T T T T T T 1 0
1.7 10.0 18.3 26.7 35.0 433 489
Temperature, °C

Figure 2-1: Temperature and humidity ranges for best comfort of humans [6]

Atmospheric pressure and composition are basic requirements to allow human lungs to pro-
vide enough oxygen for all organs and functions of the human body. Thereby, a strong rela-
tion between the absolute atmospheric pressure and the partial oxygen pressure exist. Fig-
ure 2-2 illustrates the relationship between the percentage of oxygen and the total air pres-
sure of a breathable atmosphere. Is the partial pressure of oxygen too low, humans are af-
fected by hypoxia, while they suffer from hyperoxia when the partial pressure is too high [7].
For long term space missions an Earth-like atmospheric composition and pressure is suita-
ble. Therefore, the total air pressure of manned spacecraft should range from 99.9 to 102.7
kPa with a partial oxygen pressure of 19.5 to 23.1 kPa and a partial nitrogen pressure of 79
kPa. The ECLSS has to assure, that the partial pressure of carbon dioxide does not exceed
0.4 kPa [6]. A higher carbon dioxide percentage results in increased respiration, heart rate,
blood flow to brain as well as hearing loss, mental depression, headache, dizziness, nausea,
decreased visual discrimination and unconsciousness [6].

For maintaining the atmospheric requirements it has to be considered, that humans convert
oxygen to carbon dioxide. Humans need a definite amount of oxygen per day, depending on
their activity level, sex, and size. The relation is shown in Table 2-2. The amount of required

6
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oxygen ranges from 0.52 to 1.11 kg per person and day [8]. The carbon dioxide output of
humans is between 0.726 and 1.226 kg per person and day [6].

103.1 1
96.2
89.3 —
82.5 —

©
Q 75.6
& 68.7 —
? 61.9
[72]
0 55.0
o
§ 48177
0 41.6
34.4
27.5
20.6 —
13.7 | | | | | | | T | |
0 10 20 30 40 50 60 70 80 90 100
Oxygen Percentage

Unimpaired
Performance

Minimum Tolerable
Pressure

Figure 2-2: Breathable percentage of oxygen as a function of total pressure [7]

The metabolic requirements are demands of humans for missions that last longer than a few
hours. The metabolic load of a person depends on his/her activity level, sex and, age, body
mass and height. Exemplary values for the metabolic load of different activity levels are
shown in Table 2-2. However, the metabolic load is calculated with the equation for the En-
ergy Efficiency Ratio (EER) for men 19 years and older [5]:

EER [kcal/d] = 622 — 9.53 * Age [y] + Activity Level * (15.9 * Body Mass [kg] +
539.6 * Height [m]) Q)

and for women 19 years and older with the equation:

EER [kcal/d] = 354 — 6.91 = Age [y] + Activity Level * (9.36 « Body Mass [kg]| +
726 * Height [m]). (2

Table 2-2: Human metabolic load and oxygen requirements [8]

Metabolic Load | Oxygen Requirements

Activity level [kcal/(CM*d)] [kg/(CM*d)]
Low Activity 2618 0.78
Nominal Activity 2822 0.84
High Activity 3223 0.96
th . B
5" Percentile Nominal 1812 0.52
Female
th . B
95" Percentile Nominal 3718 111

Male

The demands of water and food per day depend on the metabolic load. According to refer-
ence [8], the daily fluid intake can be assumed from 1.0 to 1.5 milliliters per kcal. However,
the minimum fluid intake has to be at least 2 liters per person and day. Reference [5] de-
clares, that 50 to 55 % of the daily energy intake shall be provided by carbohydrates. There-
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by, complex carbohydrates (e.g. starches) have to be preferred and simple sugars should not
exceed 10 % of the total carbohydrate intake. Furthermore, 12 to 15 % [8] and not more
than 35 % [5] of the daily energy intake has to be delivered by proteins. The suitable ratio of
animal and plant based proteins is 3:2. Higher and lower intakes of proteins can amplify
space-induced musculoskeletal changes. The daily energy intake provided by fat should
range from 25 to 35 % [5] with a ratio of 1:1.5 to 2:1 for polysaturated, monosaturated and
saturated fat [8]. A detailed compilation of the daily energy intake through macronutrients
(carbohydrates, protein, fat, cholesterol and fiber) is shown in Appendix 2-1. In addition to
macronutrients humans require several micronutrients like vitamins and minerals. A detailed
list of the recommended intake of them is shown in Appendix 2-2: Recommended Micronutri-
ent Daily Dietary Intake. Altogether each person needs 0.5 to 0.86 kg (dry mass) food per
day [6].

Besides the physiological and metabolic requirements are others, which are grouped under
miscellaneous requirements. The necessities of humans for light, radiation shielding, noise
and vibration protection as well as human factors are part of this group. The description of
these requirements is neglected by this thesis. However, the references [5] and [8] provide
further information about this topic.

2.3 Environmental Control and Life Support Systems

The Environmental Control and Life Support System (ECLSS) is a subsystem of crewed
spacecraft. The task of the ECLSS is the maintenance of all human requirements, as dis-
cussed in the previous subchapter, to assure the survival, optimal work performance and
comfort of the crew. According to reference [9], the ECLSS can be split into the functional
parts atmosphere management, water management, food supply and waste management,
as shown in Figure 2-3. However, the systems for crew safety and Extravehicular Activities
(EVAS) are also part of the ECLSS.

The atmosphere management maintains the desired percentage of nitrogen and oxygen for
the crew and removes the carbon dioxide from the air. Furthermore, this part of the ECLSS
controls the temperature, humidity and pressure of the atmosphere. The ventilation and filtra-
tion of the air is also a function of the atmosphere management.

The food supply has to provide enough nourishment to assure the desired daily nutritional
intake of each crewmember. The production, processing, storage and distribution of the food
are also tasks of this part of the ECLSS.

The water management is responsible for the provision, storage and distribution of potable
and hygiene water with the anticipated temperature. It has also the duty of filtering the water
and treating the liquid feces of the crew.

The waste management stores and recycles the solid feces of the crew, the waste of food
production, packaging, expendable parts and residual substances from payloads and water
processing.

The crew safety consists of several functions, which provide welfare for the crew. Parts of the
crew safety are systems for fire detection and suppression as well as shielding against radia-
tion, micrometeoroids and space debris. In addition the crew safety is responsible for the
treating of contaminations inside spacecraft.
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Figure 2-3: Tasks and interfaces of life support systems [9]

Environmental Control and Life Support Systems can be classified on their required relative
supply mass as open, partly closed or closed loop systems. Crewed spacecraft with an open
loop ECLSS need a constant resupply of all goods required for the survival of the crew, see
Figure 2-4 (derived from table 1V.2 of reference [6]). Traditionally, open loop ECLSS are used
in transfer vehicles and during short missions. The ECLSS of the Vostok, Voskhod, Soyuz,
Mercury, Gemini and Apollo casuples are examples for open loop systems. Partly closed
ECLSS can be achieved by closing the water, oxygen and carbon loops. Each closed loop
reduces the required relative resupply mass. The closure of the water loop due to the recy-
cling of the waste and wash water reduces the relative supply mass to 45 %. A regenerative
carbon dioxide absorption and the production of oxygen out of carbon dioxide reduce the rel-
ative resupply mass by 15 %, respectively 10 % [6]. An exemplary partly closed system is the
International Space Station (ISS). Due to the closing of the carbon loop by the use of food
production from recycled wastes and the elimination of all leakage and needs of spare parts,
a closed loop ECLSS can be implemented. Currently, no closed ECLSS for space application
exists. However, some terrestrial testbeds achieved nearly closed ECLSS for a limited dura-
tion. A detailed analysis of this testbeds can be found in Chapter 4.1.
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Figure 2-4: Reduction of relative supply mass by successive loop closure [6]
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Closure of the individual loops can be achieved with Physico-Chemical (P/C) or Biological
Life Support Systems (BLSS). Physico-chemical life support systems use physical or chemi-
cal processes to fulfill the tasks of an ECLSS. They are capable of accomplishing the tasks
of the atmosphere, water and waste management and close the water and oxygen loop [10].
Several technologies for P/C life support systems exist. Available P/C systems for the water
management are shown in Appendix 2-3: P/C Technologies for the Water Management,
while P/C technologies for air revitalization are shown in Appendix 2-4: P/C Technologies for
Air Revitalization. P/C systems are not capable to produce food, therefore, biological sys-
tems are necessary. A BLSS uses plants, algae or other creatures to produce food and fulfill
the tasks of the atmosphere, water and waste management. However, the design and opera-
tion of a BLSS is complex and the mass of such systems is high. When a combination of P/C
systems and BLSS are used in a crewed spacecraft, the ECLSS is a hybrid system, while a
life support system containing only BLSS is called Controlled Ecological Life Support System
(CELSS). Figure 2-5 shows the cumulative mass of different forms of ECLSS as a function of
the mission duration, and the break even points at which one system is more suitable than
another [11].

Hybrid P/C - Biological

Cumulative Mass

Regenerable P/C, with Water and
Oxygen Recovery

»
N
\
\

Regenerable P/C, with Water Recovery

Nonregenerable P/C O Breakeven Point

\

Mission Duration
Figure 2-5: Cumulative mass of different ECLSS as a function of mission duration [11]

Hence, nonregenerable systems are only applicable for short duration missions, regenerable
P/C systems are suitable for mid duration mission, and hybrid or CELSS are required for long
duration missions like permanent bases on other planets.

2.4 Survey on Past and Present Food Provision in Crewed Spacecraft

The food provision for humans in crewed spacecraft changed in the past decades with the
increasing mission duration. This subchapter illustrates the evolution of food provision sys-
tems from Apollo to the space stations Mir and ISS. According to reference [12], the provi-
sion of high nutritional, well-balanced food for all members of the crew is important to assure
their welfare and possibility to work in space and during Extravehicular Activities (EVAS).
Food for astronauts has to be easy to prepare, but still attractive to eat. Furthermore, the
food must be small in volume, low in weight and low in waste to reduce launch and operation
costs. Besides the delivery of nutrients, food preparation, cooking and eating together are
important social events for the crew of spacecraft. Therefore, a suitable eating place is re-
guired inside the spacecraft [12].
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The Apollo spacecraft were designed for crewed missions to the Moon, including a landing
and EVAs on the lunar surface. The crew of an Apollo mission consisted of three astronauts;
two of them were assigned for the lunar surface mission segment. The whole mission time
was supposed to be not longer than 14 days. The food system design for the Apollo space-
craft was based on the experiences of the Mercury and Gemini programs [12]. Food during
the Apollo missions was available in four different forms, bite-sized, rehydratables and semi-
solid thermostabilized food, and beverage powder. The bite-sized food was dehydrated small
cubes with different tastes like meat, cheese and fruits. The cubes were rehydrated with sali-
va inside the mouth. Rehydratables were precooked and dehydrated meals, which could be
rehydrated with water in less than 15 minutes. Tuna, salmon or chicken salads, and shrimp
cocktail were available as rehydratables. The semisolid thermostabilized food was served in
flexible metal tubes and consisted of high-nutrient fluids. Figure 2-6 shows a typical Apollo
food package. Inside the Apollo spacecraft was no dedicated area for food preparation and
consumption. However, the food provision evolved during the Apollo program. During later
missions new kinds of flavors were introduced and sandwiches were available too [12].

The food for the Soviet Salyut missions was prepared to last up to 18 months and consisted
primarily of canned, dehydrated and in aluminum tubes stored meals. The meals rotated in a
six day cycle. In addition to the food the cosmonauts took vitamin pills. Fresh food was
sometimes provided by visiting crews. During the Salyut missions several small plant growth
chambers were tested for the usage of growing fresh food in space [12]. The food of the Sal-
yut program has improved over time. From Salyut 7 on a pantry system replaced the pre-
cooked and packed food. A folding table for preparing and eating food was installed inside
the work compartment. Two electrical ovens and tools for the meal preparation were also in-
cluded in the eating table. Furthermore, the cosmonauts were allowed to select their food by
themselves within a calculated caloric ratio [12].

According to reference [12], the American Skylab space station had a dedicated food pro-
cessing and eating area, the wardroom. Figure 2-7 shows the Skylab food tray, which could
be placed into a table inside the wardroom, which was located in the center, so that all three
crewmembers could eat together at the same time. In addition to the table and food prepar-
ing tools, the wardroom had a freezer and a refrigerator. The astronauts were able to select
their food from rehydratables, thermostabilized and frozen meals. Beverages were also
available. Each astronaut had his own food tray, where they could heat their meals individu-
ally. The trays consisted of four small and four large openings for holding the food packages,
and one opening to hold a plastic bottle filled with beverages. Three of the large openings
were able to heat the food packages [12].

Y

Apollo Food (1968-1972)

Skylab Eood and Tray (1973 - 1974

Figure 2-6: Apollo space food [13] Figure 2-7: Skylab food tray [13]
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During the missions of the Space Shuttle the food of the astronauts consisted of rehydrata-
bles, thermostabilized, irradiated and fresh food. The astronauts could select their menu
several months before the flight. They were able to combine meals out of over 200 food
items. After the selection, the meals were analyzed on their nutritional content and corrected
by NASA physicians. The usual short mission durations allowed the provision of a variety of
fresh food, such as bread, fruits and vegetables. The fresh food was stored inside the fresh
food locker. Each crewmember had his own locker tray which contained his meals. On the
middeck of the Shuttle a galley rack was installed, which included an oven, a rehydration
unit, a water dispenser for hot and cold water, and the provision of hygiene water. There was
no dedicated eating area inside the Space Shuttle. Astronauts had to use a food service tray
attached to their legs to prepare their food [12], see Figure 2-8.

The food consumed on board the Mir space station was storable for up to 18 months due to
dehydration. Usually, the food was chopped in bite-sized pieces and packed in plastic bags.
The periodic resupply with Progress spacecraft allowed the delivery of fresh food for the Mir
crew. The cosmonauts were allowed to select their food for each day, as long as it met the
nutritional requirements. In addition to the food, vitamins were applied due taking pills. Inside
the Mir base block a food cabinet existed, which included a refrigerator and an eating table.
The table was used to prepare the meals. The Russians continued their research in plant
growth chambers and small greenhouses for space applications. Therefore, several plant
growth chambers were tested aboard the Mir station. These chambers provided some fresh
food for the crew [12].

Shuttle Food Tra International Space Station Food Container

Figure 2-8: Space Shuttle food tray [13] Figure 2-9: ISS food container [13]

The ISS food facility is similar to the Mir’s, because of its location inside the Russian Zvezda
module. It consists of a table, hot water dispenser, food storage and heaters. Usually, the
meals are a combination of thermostabilized rehydratables, intermediate moisture, and pre-
cooked, fresh and irradiated food. Beverages are also provided. Each crewmember can cre-
ate an own menu, based on a 16-day rotation. Therefore, several food items from Russia,
USA, Europe and Japan can be combined. In addition to the normal meals, each crewmem-
ber has a bonus container which can be filled with any food that meets the microbiological
requirements [12]. Figure 2-9 shows a filled food container for the ISS.
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2.5 Greenhouse Module Subsystems

2.5.1 Classification

Comparable to spacecraft, greenhouse modules can be divided into several subsystems.
However, the existing greenhouse module subsystem classifications are not consistent, be-
cause each research team established their own nomenclature. Consequently, this chapter
describes the classification of greenhouse module subsystems used in this thesis. The se-
lected approach is a fundamental classification, in which every subsystem has its own tasks.
Nevertheless, some subsystems could be merged, because of their close relations to each
other.

The ten subsystems of greenhouse modules are the Plant Cultivation Subsystem (PCS), the
Nutrient Delivery Subsystem (NDS), the Harvest & Cleaning Subsystem (HCS), the Atmos-
phere Control Subsystem (ACS), the Water Control Subsystem (WCS), the Lighting Control
Subsystem (LCS), the Thermal Control Subsystem (TCS), the Structures & Mechanisms
Subsystem (SMS), the Power Control & Distribution Subsystem (PCDS) and the Command &
Data Handling Subsystem (CDHS). They can be assigned to three groups of subsystem, as
shown in Figure 2-10. The groups are named Agricultural Subsystems, Environmental Con-
trol Subsystems and Fundamental & Interface Subsystems.

Greenhouse
Module
Subsystems

Water
Control

Subsystem
(WCS)
Control

Thermal

Control

Subsystem Subsystem
(LCS)/ (TCS)

Figure 2-10: Classification of Greenhouse Module Subsystems
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2.5.2 Fundamental & Interface Subsystems

The fundamental & interface subsystems are the framework of the greenhouse module. The
Structures and Mechanisms Subsystem, the Power Control & Distribution Subsystem and the
Command & Data Handling Subsystem are part of this subsystem category.

The functions of the Structures & Mechanisms Subsystem (SMS) of greenhouse modules
and spacecraft are similar. According to reference [14], the SMS is the mechanical support of
all other subsystems. The structures have to withstand all applied loads during the whole
mission. In addition the radiation shielding is part of the SMS. Furthermore, the SMS is re-
sponsible for all mechanisms used in greenhouse modules.
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Unlike the electrical power system (EPS) of spacecraft, the Power Control & Distribution
Subsystem (PCDS) of greenhouse modules does not generate or store electrical power, it
only controls and distributes the electrical power provided by the electrical power system of
the habitat [15]. However, greenhouse modules can contain batteries or other power supply
for cases of emergency. The power demand of greenhouse modules depends on the power
consumption of the other subsystems. In general the Environmental Control Subsystems
have the highest demands, especially the LCS. The PCDS has to supply each of the other
subsystems with the voltage they need, to assure the subsystems can work as desired.

The Command & Data Handling Subsystem (CDHS) of greenhouse modules has to fulfill the
same functions as in every spacecraft: receiving, validating, decoding and distributing of
commands to other subsystems and gathering, processing and formatting of data as well as
data storage. Security interfaces and computer health monitoring are also functions of the
CDHS [16]. Due to maintain optimal growth conditions for plants in greenhouse modules the
CDHS has to interpret the signals of several sensors to send suitable commands to each
subsystem. The higher the level of automation of the greenhouse, the higher is the complexi-
ty of the CDHS. Furthermore, when the CDHS is a physical part of the greenhouse module, it
has to be protected against the high humidity and temperature inside the greenhouse. The
CDHS of greenhouse modules can also be part of the habitat CDHS.

2.5.3 Environmental Control Subsystems

The purpose of the environmental control subsystems is the maintenance of all environmen-
tal conditions, which are required either by humans or plants. Especially the optimal growth
environment is necessary for the plants to achieve a high yield. Usually the subsystems of
this group are combined in the ECLSS of the spacecraft, but it is suitable to split the func-
tions into different subsystems when analyzing greenhouse modules. This subsystem group
consists of the Atmosphere Control Subsystem, the Water Control Subsystem, the Lighting
Control Subsystem and the Thermal Control Subsystem.

The Atmosphere Control Subsystem (ACS) is responsible for the air management of the
greenhouse module. This responsibility covers the monitoring and control of the humidity, the
composition and the pressure of the air. Furthermore, the ACS has to filter the air and has to
assure, that the air circulates through the whole greenhouse module. Especially the humidity
and the air composition have a great impact on the growth rate of plants. Usually, the ACS of
greenhouse modules is connected to the ECLSS of the habitat to allow gas exchange.

The Water Control Subsystem (WCS) monitors and regulates the water distribution and wa-
ter quality. The main task of the WCS is the delivery of the desired amount of water to every
plant in the greenhouse module to achieve an optimal growth rate. The water quality is also
important for the growth rate of plants. The WCS of greenhouse modules have a connection
to the water management system of the habitat. However, the WCS must be capable to store
a defined amount of water for cases of emergency.

The task of the Lighting Control Subsystem (LCS) is to provide and maintain the illumination
of the greenhouse module. Therefore, it must be considered the lighting for the crew and the
lighting for plants. The crew needs light for the work inside the greenhouse module, while
plants need special lighting for an optimal growth rate. The growth rate depends on the light
spectrum, the light intensity and the illumination phases. The required lighting conditions dif-
fer between plant species, consequently the LCS has to provide the optimal lighting condi-
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tions for each plant species for the maximum yield. When the greenhouse module uses the
sun as a light source, the LCS has to regulate the irradiation of the sunlight.

In spacecraft, the Thermal Control Subsystem (TCS) maintains the temperature of all com-
ponents at every time of the mission within their limits [17]. In general the TCS of greenhouse
modules has to fulfill the same functions. In greenhouse modules the critical elements for the
TCS are the plants. Different plant species have different requirements on the temperature;
consequently, different temperature zones in the greenhouse module can exist and the TCS
has to maintain the requirements of each zone. The thermal insulation of the greenhouse
module is also part of this subsystem. The insulation has to ensure that the heat loss to the
environment and to other parts of the habitat is as low as possible to reduce the energy de-
mand of the TCS. However, depending on the lighting source, special cooling devices are
necessary to protect the plants from overheating.

2.5.4 Agricultural Subsystems

Agricultural subsystems encompass all subsystems directly related to the plants. Parts of this
subsystem group are the Plant Cultivation Subsystem, the Nutrient Delivery Subsystem and
the Harvest & Cleaning Subsystem.

The Plant Cultivation Subsystem (PCS) supports the plants during all development stages.
The PCS contains the growth medium for the plants, the plants themselves and can be di-
vided into root and shoot zone. The design of the PCS is directly affected by the selected
plant cultivation method and the used growth medium. Furthermore, the PCS has to ensure,
that the plants have a solid stand in the growth medium and grow as desired. Generally, the
plant cultivation system consists of several growth units, which are separated from each oth-
er and have their own environmental conditions and nutrient composition depending on the
plant species and development stage.

The Nutrient Delivery Subsystem (NDS) is responsible for the mixture of the plants’ nutrients.
As every plant species has other requirements concerning the nutrients, a special nutrient
mixing system is required. The nutrient solution has to be distributed to every plant in the
greenhouse module in the desired amount and composition. The storage of nutrients is also
part of the NDS. Furthermore, the nutrient production can be part of the NDS of greenhouse
modules, but usually this task is fulfilled by the waste treatment system of the habitat.

The task of the Harvest & Cleaning Subsystem (HCS) is the provision of all tools and materi-
als that are necessary for harvesting and cleaning the cultivated plants. Therefore, the HCS
has to have a waste storage system to temporarily store the inedible parts of plants, before
they are distributed to the waste treatment system of the habitat. The crop gathered from
plants has to be packed after the harvesting and cleaning procedure. Consequently, the HCS
has to provide the tools for the packaging. Afterwards the packed crop has to be stored.
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2.6 Summary

Chapter 2 presents a brief overview over the required scientific background for the analysis
and evaluation of greenhouse modules within planetary outposts. The challenges of the envi-
ronmental conditions in free space, on Moon and on Mars are described.

Furthermore, the human requirements are discussed with respect to the required amount of
food, water and oxygen. In addition the atmospheric pressure, composition and relative hu-
midity required for long duration missions are explained.

The third subchapter discusses the different kinds of Environmental Control and Life Support
Subsystems compared to the mission duration. Consequently, for long duration or even per-
manent missions to other planetary bodies of the solar system, greenhouse modules are a
necessity.

A summary of past and present food provision systems shows the evolution of these systems
over the last decades of spaceflight, from the Apollo program to the ISS.

In the fifth subchapter a classification of all greenhouse module subsystems is established.
Therefore, each category and the related subsystems are described. In addition the functions
and tasks associated with each subsystem are explained.
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3 Development of an Analysis and Evaluation Strategy

This chapter starts with the explanation of the methodology of the developed analysis and
evaluation strategy in the first subchapter. In the second subchapter the chosen analysis
method, the Morphological Analysis (MA) is described, followed by the explanation of two
suitable evaluation methods in the third subchapter. The fourth subchapter describes the
analysis and evaluation factors considered during this thesis.

3.1 Methodology

The methodology of the proposed analysis and evaluation strategy consists of four steps:

- Data Acquisition,
- System Analysis,
- Evaluation and

- Discussion.

They are described in the following paragraphs. Each of these steps has subordinated tasks,
as shown in Figure 3-1.
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Figure 3-1: Methodology of the developed analysis and evaluation strategy
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Evaluation

Step 4
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The first step, the Data Acquisition, starts with a set of concepts considered for the analysis
and evaluation. After the definition of the set, data and information about the concepts have
to be gathered and investigated. Depending on the quantity, quality and reliability of the data,
it has to be considered which of the concepts are selected for the system analysis.

The system analysis is the second step, during which the results of the first step are ana-
lyzed with a suitable analysis method and defined analysis criteria. The definition of the anal-
ysis criteria depends on the goals of the analysis and evaluation strategy, and on the availa-
ble data concerning the selected concepts. Potential analysis criteria are described in detail
in Chapter 3.4. After the definition of the criteria, an analysis method has to be chosen. In
this thesis the Morphological Analysis is selected for the system analysis. An explanation of
the MA can be found in Chapter 3.2. The result of this step is a list of analyzed concepts.
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At the beginning of the third step, the evaluation, the analyzed concepts of the previous step
has to be split into different groups of concepts, depending on their purpose. Only concepts
with the same purpose can be evaluated and compared to each other. To evaluate the con-
cepts, evaluation criteria has to be defined. Usually, these criteria are a subset of the analy-
sis criteria. Various evaluation methods exist and the analyst has to select an appropriate
method. During this thesis the Equivalent System Mass (ESM) and the Analytical Hierarchy
Process (AHP) are considered to be suitable for the evaluation of greenhouse module con-
cepts. Both methods are described in Chapter 3.3. The output of the evaluation step is a list
of rated concepts. However, when the result does not fit to the expected outcome or other
reasons exist, the evaluation criteria and method can be adjusted. When adjustments are
made, the evaluation has to be repeated.

In the fourth step, the discussion, the results of the analysis and evaluation have to be
checked on their consistency and interpreted by the analyst. The outcome of this step of the
strategy is a ranking of the investigated concepts.

3.2  Analysis Method — The Morphological Analysis

The Morphological Analysis was developed “by Fritz Zwicky, the famous astrophysicist and
jet engine pioneer, to describe a technigue for identifying, indexing, counting, and parameter-
izing the collection of all possible devices to achieve a specified functional capability.” [18]

According to reference [19], the procedure of a MA consists of four phases:

Phase 1: Formulation of the problem,

Phase 2: Identification of all characteristic parameters,

Phase 3: Subdivision of each parameter into all possible options,

Phase 4. Analysis and evaluation of all possible parameter-option combinations.

In the first phase a precise formulation of the problem or the wanted functional capability has
to be established.

In the second phase, the identification of all characteristic parameters, all parameters which
affect the problem have to be identified.

During the third phase of the MA, the subdivision of each parameter into all possible options,
the Morphological Box is constructed. The Morphological Box is the main tool of the MA and
visualizes all parameters and their options in a table. The options have to be carefully select-
ed, so that only one option per parameter is feasible at the same time. An exemplary box is
shown in Table 3-1. A number of possible options n,, exist for each parameter m. The green
highlighted options in Table 3-1 form one out of N possible configurations.

Usually the fourth phase, the analysis and evaluation of all possible parameter-option com-
binations, is done by a separate evaluation method. The number of combinations N for a giv-
en Morphological Box can be calculated by multiplying the number of options of each param-
eter. For the example in Table 3-1 the formula is:

N=n,*ng*ne*..%xNy,. 3)
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Table 3-1: Exemplary Morphological Box with m Parameters and n Options

. Parameter | Parameter | Parameter Parameter
Option
A B C m
1 A-1 B-1 c-1 m—1
2 A—-2 B—-2 C—-2 m—2
3 A-3 B—-3 c-3 m—3
n A—n B—n C—n m-—ny,
Exemplary configuration A-1 B—-3 c—-2

Reference [20] states, that the MA has the following advantages:

- Richness of data. MA can provide a multitude of combinations and permutations of a
given problem.

- Systematic analysis. This technique allows a systematic analysis of current and future
structures of a system.

3.3 Evaluation Methods

This subchapter describes the evaluation methods and concepts suitable for the evaluation
of greenhouse modules. In Chapter 3.3.1 the Equivalent System Mass evaluation concept is
explained, follow by the description of the Analytical Hierarchy Process in Chapter 3.3.2.

3.3.1 Equivalent System Mass

The Equivalent System Mass (ESM) is an evaluation concept for the ranking of trade study
options. This method was developed by the National Aeronautics and Space Administration
(NASA) for their Advanced Life Support (ALS) Program to find out which of several options
has the lowest launch costs, depending on a set of parameter and properties.

According to reference [21], the ESM is used to calculate the transportation costs of an ALS
system. All system parameter are converted to a mass equivalent, to avoid using currencies
for comparisons, because transportation costs are proportional to the system mass. The cal-
culated ESM value of a system represents the system mass and appropriate portions of sup-
porting system mass. Pressurized volume, power generation, cooling and crewtime are typi-
cal supporting system factors.

The calculation of an ESM value consists of iteration with the following six steps [21]:

Determining of analysis objectives,

Determination of the mission of interest and related assumptions,

Determination of the system characteristics that should be captured in the analysis,
Definition of the system extent and level of detall,

Application of data,

6. Interpretation of the results.

a s bR

During the first step, the determination of analysis objectives, the objectives of the ESM
computation are defined to determine the mission of interest and system characteristics re-
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lated to the trade study. Furthermore, the objectives have to be defined in an appropriate
level of detail to avoid complications during the computation.

The second step, the determination of the mission of interest and related assumptions, is
used to make assumptions about the operating environment, the subsystem of interest and
the surrounding system. NASA defines several assumptions and missions of interest in two
reports: the Advanced Life Support Systems Integration, Modeling, and Analysis Reference
Missions Document (ALS RMD, [22]) and the Advanced Life Support Baseline Values and
Assumptions Document (ALS BVAD, [23]).

According to reference [21], the determination of the system characteristics that should be
captured in the analysis is the third step in the process of calculating an ESM value. During
this step the analyst decides which characteristics are investigated during the trade study
based upon the objectives. Characteristics might be excluded from the study due to a lack of
data or other means. Usually, the characteristics are based upon the function, the availability,
the gravity dependence, the noise levels, the safety, the radiation susceptibility or other pa-
rameters of the investigated system.

In the fourth step, the definition of the system extent and level of detail, the analyst has to
define the investigated systems to a level of detail necessary for an appropriate comparison
of the characteristics of interest between the systems. However, functional differences be-
tween the system options can complicate the identification of a suitable level of detail for the
calculation of an ESM value.

The application of data, the sixth step, is necessary to adjust the data gathered from re-
searchers, technology developers or scientific publications for the evaluation with the ESM
method. Reference [21] states the development status adjustment and the system scaling as
the most common types of data modification in an ESM analysis. However, data adjustments
are not limited to both of these. To achieve a reliable result with an ESM evaluation, all study
options have to be normalized to the same development state. Therefore, the analyst has to
assume the future development and the essential parameters of a technology. Usually, data
received from researchers and system developers has to be scaled to an appropriate size for
the ESM study. The scaling factor commonly is a system specific parameter like the mass
flow rate. After determining the scaling factor, all parameter values of the investigated system
have to be adjusted. However, some systems can require more than one scaling factor.

The interpretation of the results is the final step in the ESM process. All results of the proce-
dure have to be interpreted and described in an appropriate style concerning all assumptions
made during the ESM calculation.

The ESM of a system is calculated as the sum of the ESM of each subsystem of the system
of interest. The parameters required for the ESM equation:
ESM = YL, [(My, * SF1,) + (Vi, * Veq,) + (P * Peq;) + (Ci * Ceq,) + (CTi ¥ D # CTegq, ) +
(Mrp, * D * SFrp,) + (Vrp, * D * Veq,)] . (4)
are shown in Table 3-2.

The initial mass M.consists of any mass in subsystem i, that is not time- or event-dependent
and not part of the volume, power and cooling terms. The mass for the structure of pressur-
ized volume, for the generation of power and for the provision of cooling is accounted in the
associated terms. The initial volume V;, parameter pertains any pressurized volume required
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to house and access subsystem i. The parameter for the required power of subsystem i is P..
The cooling term C; pertains the heat rejection required for subsystem i. CT; is the parameter
for the crewtime required to operate and maintain subsystem i. The time- or event-dependent
mass Mrp, consists of any mass that is dependent on the mission duration and progress.
Consumables, spare parts and process expendables are examples for this mass term. The
time- or event-dependent volume Vrp, is the required pressurized volume associated
with Myp.. The stowage factors SF;, and SFrp, pertain all equipment required to secure the
system, which can be racks, trays or other equipment. The equivalency factors Vg, , Peg;, Ceq;
and CT,q, are the ratio of the resource cost, in units of mass, to resource use. In the ALS
BVAD document ( [23]) numerical values and assumptions for the calculation of the stowage
and equivalency factors can be found.

The reliability of an ESM analysis depends on the accuracy of the input data used for the
calculation of the ESM value, as well as on the modification of the data. The ESM evaluation
method is a cost metric. Therefore, the ESM is not capable of taking into account the reliabil-
ity, safety and performance of the investigated systems. Furthermore, it is not feasible to
evaluate qualitative properties of a system with the ESM equation. Consequently, reference
[21] concludes that the ESM concept should not be the only evaluation method used to com-
pare and evaluate trade study options.

Table 3-2: Explanation of ESM equation parameter [21]

Parameter Unit Name
ESM kg Equivalent System Mass value
My, kg Initial mass of subsystem i
SF; kg/kg Initial mass stowage factor for subsystem i
Vi, m?® Initial volume of subsystem i
Vg, kg/m® Mass equivale_ncy factor for the pressurized volume support infrastructure
! of subsystem i
P kW, Power requirement of subsystem i
Py Kg/kW, Mass equivale_ncy factor for the power generation support infrastructure
of subsystem i
G KWy, Cooling requirement of subsystem i
Ceq; kg/kWy, | Mass equivalency factor for the cooling infrastructure of subsystem i
CT, CM-hly | Crewtime requirement of subsystem i
D y Duration of the mission segment of interest
CTeg; kg/CM-h | Mass equivalency factor for the Crewtime of subsystem i
Mrp, kgly time- or event-dependent mass of subsystem i
SFrp; kg/kg time- or event-dependent mass stowage factor of subsystem i
Virp, m® time- or event-dependent volume of subsystem i
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3.3.2 Analytical Hierarchy Process

The Analytic Hierarchy Process (AHP) was developed by T. L. Saaty in the 1970s and is
used in multiple criteria decision making problems. It involves the reduction of complex deci-
sions to a series of pairwise comparisons. After synthesizing the results, decision-makers
arrive at the best decision with a clear rationale for that decision.

According to reference [24], the AHP can be divided into six steps:

1. lllustration of the decision making problem,
Pairwise comparison of criteria,

Ranking of the criteria and alternatives,
Verification of the consistency of the evaluation,
Interpretation of the results,

6. Sensitivity analysis of the results.

apsrwDn

In the first step, the illustration of the decision making problem, a hierarchy of criteria, sub-
criteria has to be developed by the decision analyst. Figure 3-2 shows an exemplary hierar-
chy for an AHP. At the top of the hierarchy stands the focus or goal of the decision making
problem and at the bottom are all possible alternatives or solutions listed. Between the focus
and the alternatives is the hierarchy of criteria and subcriteria, which affect the decision mak-
ing process. The elements of the hierarchy have to be defined by the analyst. Therefore,
three principles have to be considered [24]:

1. The elements of the same level of the hierarchy has to be independent to each other,

2. The number of elements on the same level is limited to nine, this makes the compari-
son of the elements easier,

3. The elements of the hierarchy should represent the complete decision making prob-

lem.
Focus |
I ,
Criteria |
/"’\ - - S s = ’l’ > < TR
3 N e N / D\ y %
/Sub-"\ /Sub-\ /Sub-)\ / Sub-\ / Sub-\ / Sub-\ / Sub- "\ / Sub- "\
[ criteria | | criteria | | criteria | | criteria | | criteria | | criteria | | criteria | \ criteria |
\Fa / b / ke / \_lka / \_Ib / \_lc / \ Ma / N-b /
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Alternative Alternative Alternative
A B C

Figure 3-2: Example hierarchy for an AHP [25]

The second step, the pairwise comparison of criteria, is the key element of the AHP. The rat-
ing system shown in Table 3-3 is used to determine how important one element is over an-
other element of the same level of the hierarchy. The system is a combination of a ratio scale
from 1 to 9 and a semantic scale.
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Table 3-3: The rating system for the pairwise comparison [25] [26]

Intensity of
importance on an Definition Explanation

absolute scale

Two activities contribute equally to

1 Equal importance L
q P the objective

Moderate importance of one over an- | Experience and judgment slightly

3 o
other favor one activity over another
. . Experience and judgment strongl
5 Essential or strong importance P L Jued gy
favor one activity over another
An activity is strongly favored and
7 Very strong importance its dominance demonstrated in

practice

The evidence favoring one activity
9 Extreme importance over another is of the highest pos-
sible order of affirmation

Intermediate values between the two L
2,4,6,8 . . When compromise is needed
adjacent judgments

If activity i has one of the above num-
bers assigned to it when compared
with activity j, then j has the reciprocal
value when compared with i

Reciprocals A reasonable assumption

The result of the pairwise comparison is a set of matrices, which represents the ratings of
each comparison. For each level of the hierarchy a separate matrix is needed. This results in
four matrices for the example shown in Figure 3-2, one to compare the criteria I, Il and Ill and
one for each set of subcriteria. Table 3-4 shows an exemplary comparison matrix with a,, el-
ements, the values q;; are the intensities of importance for each comparison.

Table 3-4: Comparison matrix with n elements [27]

ai]’ aq a; a,
a a;; =1 a;; =1/ay a1n = 1/an
az a21 1 azn = 1/an2
1
a, ap1 Ao apn =1
n n
C] C1 = z al‘l Cz = z al‘z Cn
i=1 i=1

The third step of the AHP is the ranking of the criteria and alternatives. The ratings of the
pairwise comparison are weighted to establish a ranking list of criteria and alternatives. In the
AHP the weighted ratings are named priorities. The priorities are classified as local or global.
Local priorities show the impact of elements of a lower level of the hierarchy with respect to
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the upper level. The local priorities are the basis for the global priorities. The global priority
shows the impact of each element of one level of the hierarchy with respect to the focus of
the decision making problem. The calculation of the ranking of criteria and alternatives is dif-
ferent for qualitative and quantitative criteria. Consequently, both calculations are described
in the following paragraphs [27].

For qualitative criteria the calculation of the priorities w; is based on reference [27] and starts
by dividing each rating of the comparison matrix a;; by the sum of its column ¢; to achieve a
normalized value. An exemplary normalized comparison matrix is shown in Table 3-5. After-
wards the sum of each row r; of the normalized comparison matrix is divided by the number
of elements in the rown. The result of this calculation is the local priority of each element
with respect to the element of the upper level.

The calculation has to be executed with each comparison matrix of the decision making
problem to achieve all local priorities. The global priority of a subcriterion can be calculated
by multiplying his local priority with the local priority of the criterion in the upper level.

Table 3-5: Normalized comparison matrix with weighted scores w [27]

ai]‘ aq a; a, r; w;
n
a as1/¢q as2/¢; Ayn/Cn = Z alj/cj wy =11/n
=1
n
a az1/cy azy/c; Ayn/Cn r, = z azj/Cj Wy, =15/n
j=1
n
a, an1/cy An2/C2 Ann/Cn T™h = Z anj/cj Wy =Ty /n
=1
z 1 1 1 1

The calculation of the ranking of criteria and alternatives of quantitative criteria starts with the
normalization of these values. Therefore, two formulas exist. When a high value is better for
the focus of the analysis than a low one (e.g. a big area is better than a small one), the for-
mula:

Ng,

: ©®)

XNay

Wi
has to be used for the normalization. Is a low value better than a high one (e.g. usually low
costs are better than high ones), the formula:

1 1 1 1
wi= (it ) ©®)

has to be used.

Table 3-6 shows an exemplary matrix for the calculation of local priorities of quantitative crite-
ria [27].
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Table 3-6: Weighted and overall alternative scores [27]

a; a, a, w; z

Ng, Ng, Ng, wy w, Wy, 1

According to reference [24], during the fourth step, the verification of the consistency of the
evaluation, the calculated scores of the previous step are checked on their consistency.
Evaluations are consistent, when the requirements dominance, transitivity and invariance are
met. The fulfilment of the dominance requirement is achieved, when the alternative with the
best rank is presented as the solution of the decision making problem. The invariance cannot
be verified in the AHP. Consequently, the verification of the consistency of the evaluation of
the AHP contains the testing of the transitivity. The more elements are in the hierarchy, the
more complicate is the fulfillment of the requirement.

The calculation of the inconsistency is based on the calculation of the eigenvalue of each el-
ement and is described in detail in reference [27]. However, a short description of the calcu-
lation procedure is described in the following. The first step is the calculation of the eigenval-
ue of each element. Therefore, the mean value 7, has to be calculated for each element. Af-
terwards, the mean value is used to determine the eigenvalues 4;, see Table 3-7.

Table 3-7: Mean matrix and eigenvalue of each element [27]

a;j a, a, a, T, A
n
a; Wi *aq1 Wz *dgp Wy * Qi | T1 = Z Wj * 4y Ay =71/ wy * aqy
j=1
n
a; Wy * Q1 Wy *dy; Wp * Qo | T2 = z Wi * Az | Ay =T5/wy * ap,
j=1
n
a, Wi *Qpp Wz *0py Wy *Apy | Th = Z Wj * Qpj Ap = T/ Wy * Apy
j=1

A decision is consistent, when the maximum eigenvalue 4,,,, is equal to the number of ele-
ments n. When the maximum eigenvalue is greater than the number of element, inconsisten-
cy exists. The maximum eigenvalue is calculated with the formula:

Y, Ai
Amax = === (7)

n

The consistency index CI can be calculated out of the maximum eigenvalue and the number
of elements:

Cl = tmax— (8)

n-1

To judge whether a discrepancy can be tolerated, the consistency relationship CR is estab-
lished as the division of the consistency index and the random consistency R:
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_a
CR="=. 9)

The random consistency is given as a function of the size of the matrix, see Table 3-8. Dis-
crepancies can be tolerated, when CR < 0,1 is achieved. Is CR > 0,1, the evaluation and/or
the hierarchy has to be reviewed.

Table 3-8: Random consistency R as a function of the size of the matrix [27]

Size of the 1 2 3 4 5 6 7 8 9 10
matrix

Random 0.00 | 000 | 052 | 0.89 | 1.11 | 125 | 135 | 1.40 | 145 | 1.49
consistency R

In the fifth step, the interpretation of the results, it has to be considered, that the AHP is a
subjective decision making tool. The pairwise comparison is based on individual experiences
and knowledge, the layout of the hierarchy also has a big impact on the results of the AHP.
The interpretation itself can be done by several types of diagrams, graphs and tables.

Reference [24] describes the sensitivity analysis of the results as the sixth step in the AHP.
The sensitivity analysis examines the impacts of changes in the weighting of criteria on the
ranking of the alternatives. Due to continuous changing of the weight of each criteria, borders
are determined, at which the ranking of the alternatives changes. The results of the AHP are
steady, when small changes in the weights do not affect the ranking. The values of the pair-
wise comparison have to be reconsidered, when the results are unsteady.

The AHP is an effective evaluation method for the quantitative examination of unstructured
problems, also with the integration of quantitative values. Furthermore, the AHP is a flexible
tool which allows individuals and groups to define problems according to their approvals and
receive a subjectively preferred solution. The incorporation of expert knowledge can lead to
objectivation of the subjective solution. In addition, the AHP permits the revision of the stabil-
ity and consistency of the solution [27].

Reference [27] summarizes the advantages of the AHP as followed:

- Unity: The AHP is single, easy to understand and flexible model for the analysis of
unstructured problems.

- Complexity: The AHP combines deductive and system approaches for the analysis of
complex problems.

- Interdependency: The AHP can handle interdependencies of system elements and
can break existing paradigm.

- Hierarchy Structure: The AHP incorporates the natural cognitive tendency to order
elements in categories and to group similar elements on the same hierarchy
level.

- Measurement: The AHP provides a scale to measure immaterial criteria and a
method for the determination of priorities.

- Consistency: The AHP incorporates the logical consistency of evaluations, which are
used for the determination of priorities.

- Synthesis: The AHP provides a general approximation of the desirability of each
alternative.
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- Compromises: The AHP incorporates the relative importance of system parameters
and therefore, allows the selection of that alternative, which is most suitable
for the goals of the decision analyst.

- Interpretation and Consensus: During an AHP is no necessity to achieve a
consensus, but rather the AHP achieves a representative solution out of a
sequence of evaluations.

- Repeatability: The AHP allows the decision analyst to improve the problem definition,
the problem evaluation and the problem comprehension through repetitions.

3.4 Definition of Analysis and Evaluation Factors

3.4.1 Factor Categorization

The factor categorization is based on the definition of greenhouse module subsystems estab-
lished in Chapter 2.5. Consequently, each criterion is part of one of the four categories: Agri-
cultural Factors, Environmental Factors, Fundamental Factors or Interface Factors. Despite
the combination of Fundamental & Interface Subsystems to one group in the subsystem cat-
egorization, the related analysis and evaluation factors are split into two separate groups.
Furthermore, the factors of each category are divided into qualitative and quantitative factors.
For latter, suitable units based on the International System of Units (SI) are established. The
values of the quantitative factors of the investigated concepts have to be converted into Si
units to improve the comparability. For quantitative factors all possible options are described,
whether they are reasonable or not. The following subchapters, one per category, describe
each criterion in detail.

3.4.2 Fundamental Factors

3.4.2.1 Definition

Fundamental factors are established to analyze and evaluate the different aspects of the
structures & mechanisms subsystem, the power distribution subsystem and the command &
data handling subsystem. Eight fundamental factors are considered for the use in the analy-
sis and evaluation of greenhouse module concepts, six qualitative and two quantitative fac-
tors. The Structures & Mechanisms Subsystem (SMS) is analyzed and evaluated by the fac-
tors module shape, arrangement of growth area, distribution of aisles, module structure,
adaptability of internal configuration, level of automation, specific cultivation volume and
complexity. There are no factors for the analysis and evaluation of the Power Distribution and
Control Subsystem (PCDS) in this category, because the factors concerning the PCDS are
part of the interface factors category. During this thesis no factors related to the Command &
Data Handling Subsystem (CDHS) are investigated, because the design of the CDHS is
generally the same for each greenhouse module. Table 3-9 shows the summary of all fun-
damental factors separated into qualitative and quantitative factors.
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Table 3-9: List of Fundamental Factors

Qualitative Factors Quantitative Factors
Module Shape Module Mass
Arrangement of Growth Area Dimensions
Distribution of Aisles Specific Cultivation Volume
Module Structure Complexity

Adaptability of Internal Configura-
tion

Level of Automation

3.4.2.2 Module Shape

Greenhouse modules can have various shapes. The module shape affects the arrangement
of the growth area, the overall growth area and the ratios growth area and growth volume per
total volume. Furthermore, the module mass significantly depends on the shape. Feasible
are:

- prismatic,

- hemispherical,
- spherical or

- irregular

shapes.

Prismatic modules are typically chosen, when the modules are fully integrated on Earth and
launched with rockets. However, the size of prismatic modules integrated on Earth is restrict-
ed to the size of launcher fairings. The base of prisms can be elliptical, polygonal, hemi-
spherical or circular. Today’s modules for space stations are usually prisms with a circular
base, also named cylinders. This results from the aerodynamic cylindrical shape of rockets in
which cylindrical modules have the highest volume efficiency. Due to the experience gained
during the design and construction of space stations in the last decades, prisms and espe-
cially cylindrical ones are a well-known design. Consequently, the development and con-
struction costs for these types are relatively low compared to other shapes.

A hemispherical, or dome like design can be used to cover a big area while keeping the
mass of the construction low. Therefore, a framework of lightweight materials is covered with
a Kevlar based shell. Usually, hemispherical modules are launched as individual components
and have to be assembled at the destination. Consequently, dome greenhouses are only
suitable when a growth area of several hundred square meters is required to feed the crew.

A spherical shape is another option for the design of greenhouse modules. A concept for a
module with a spherical shape was investigated by NASAs Johnson Space Center in 1989 to
be installed at Lacus Veris on Moon [28]. Thereby, an inflatable outer shell was proposed to
form the sphere. The sphere himself was buried half into the lunar, while the upper half was
covered with regolith-filled tubes to protect the crew against radiation. A similar module could
be used as a greenhouse with several floors. An inflatable sphere is light weight and there-
fore, can reduce the launch and transportation costs. However, the sphere has to be enfold-
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ed and anchored at the destination which requires a digging device. Furthermore, the sphere
has to be outfitted with the required systems at the destination which causes a high work
load on the crew.

Irregular shapes are theoretically feasible, but until now no concept for a greenhouse module
with an irregular shape exists. However, each design with an irregular shape has to be inves-
tigated in detail on the usefulness for greenhouse modules. When the benefits of the irregu-
lar shape exceed that of regular shapes, it can be considered for greenhouse designs.

3.4.2.3 Arrangement of Growth Area

The arrangement of growth area inside greenhouse modules is an important factor for max-
imizing the yield, because the internal configuration defines the ratios growth area and
growth volume per total volume. The maximum growth height is also affected by the ar-
rangement of growth area. There are several ways to arrange the cultivation area inside
greenhouse modules:

- plain growth area,

- growth area allocated on shelves,
- conveyor like growth area or

- rotating cylinder.

The simplest type of arrangement is a plain growth area, which is similar to the field agricul-
ture on Earth. The volume efficiency of this arrangement is low, because the growth height of
most of the food plants is lower than one meter. Therefore, a field like growth area is less
suitable for extraterrestrial greenhouse modules. A plain growth area is only applicable for
tall growing plants like trees or bushes, but these plants are less considered for the use in
space until now.

Shelf configurations are stacked plain growth areas. Consequently, the ratio of growth vol-
ume per total volume is significantly higher compared to plain growth area configurations.
The height of the different levels of the shelf can vary, so that plants with different growth
heights can be cultivated. Usually, each level of the shelf has its own environmental control
system which provides light, water, air and nutrients to the plants. It is also feasible to divide
each level of the shelf into separated sections, which could be useful to separate different
plant species from each other.

The levels of shelves can be integrated horizontally or angled. A horizontal shelf, see Figure
3-3, provides the same growth height to all plants on it. When a change in available growth
height is needed, the whole level has to be moved into another position, or all plants on the
level have to be switched into another level with an appropriate height. Angled shelves solve
this problem due to their sloped levels. In angled shelves, see Figure 3-4, the plants start as
seedling at the narrow end of the level. While the plants grow they were moved by hand or
automatically to the broad end of the level. The angle and the growth height is designed in a
way, that the plants are matured and ready for harvesting when reaching the broad end of
the level. Once the angle and growth height of a level is adjusted to the plant species it pro-
duces a continuous food output without reconfiguration. Consequently, the work load for an-
gled shelves is lower compared to horizontal shelves.

The width of all shelf constructions is restricted to the nominal arm length of crew members
to assure an ergonomic acceptable work. When the shelves are wider than the nominal
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length of an arm, some kind of drawers are required. However, drawers need free space to
be pulled out of the shelf. Consequently, the width of shelves with drawers depends on the
aisle width.

I

Figure 3-3: Growth area arrangement - Horizontal Figure 3-4: Growth area arrangement - Angled
shelves shelves

The conveyor type growth area arrangement is a development of the Institute for Biomedical
Problems of the Russian Academy of Sciences. The archetypes of this growth area ar-
rangement are the conveyors which led to the rise in productivity of assembling units in the
machinery industry. In greenhouses with conveyor type arrangement of growth area plants
are located on the conveyor and forwarded during their growing stages. The growth area is
arranged in a spiral cylinder with a conveyor located on the axis. The cultivated plants start
as seedlings in the lowest part of the construction and are conveyed to the highest part dur-
ing their growth.

The dimensions of the spiral are a function of the crop growth curve. Consequently, each
plant species need a unique spiral cylinder. Figure 3-5 shows the cross section of spiral cyl-
inder designs for cabbage, carrot, tomato and pepper. The plants themselves are grouped on
root modules. The plants of one root module are planted and harvested at the same time.
The advantage of conveyor type growth areas is the up to 30 % increase in yield compared
to a plain growth area with the same lighting input and size. The higher efficiency is the result
of better light concentration towards the convex growth area and the widening of the space
between the leaves of different plants. In addition to the higher yield, the nearly double re-
duction of required volume compared to a plain growth area. Planting and harvesting is al-
ways performed at the same position which reduces the crew time required for these actions
and allows automation. However, the conveyor which carries the plants increases the com-
plexity of the greenhouse module [29].

Cabbage Carrot 400— Tomato 2907 Pepper

200

750

1300 1000

Figure 3-5: Conveyor type growth area for different plants, adapted from [29]
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The rotating cylinder arrangement was developed by the Canadian company Omega Garden
International. As shown in Figure 3-6, the plants are cultivated on the inner wall of the cylin-
der, while the light source is located on the rotation axis of the cylinder. Consequently, all
plants have the same distance from the lamps. While the cylinder is rotating, the root medi-
um of the plants is dipped into a water-nutrient mixture when reaching the reservoir at the
bottom. This arrangement type is volume efficient and furthermore, the rotation has a positive
effect on the yield. The plants have to counter different gravity vectors during the rotation
which leads to bigger and stronger plants. In addition, the plants’ growth rates are higher
than without rotation [30]. However, the low gravity on Moon and Mars would reduce these
benefits. The disadvantage of the rotation cylinders is their relatively inflexibility, because
plants with different growth heights need uniquely scaled cylinders. Furthermore, the con-
cave shape of the growth area leads to reduced space for the top leaves of the plants which
reduces the photosynthetic efficiency.

Figure 3-6: The Volksgarden concept of Omega Garden International [30]

3.4.2.4 Distribution of Aisles

The consideration of the aisle distribution is primarily required for shelves as accommodation
for the growth area. The width of the aisles has to be considered on ergonomic and clear-
ance reasons. They have to provide enough room for the crew to do their work in a proper
way. However, the more room is used for aisles, the smaller is the overall growth area. Con-
sequently, the size and distribution of aisles is a compromise between ergonomics and max-
imization of growth area. All in the following discussed distributions are commonly used for
prismatic module shapes, whereby the prisms base can have every shape discussed in
Chapter 3.4.2.2. To simplify matters, the following figures show the cross section of a prism
with a rectangular base. The following configurations are considered for the use in prismatic
greenhouse module designs:

- center aisle two shelves,

- two aisles center shelf,

- two aisles three shelves or

- flexible aisle moveable shelves.

In the center aisle two shelves configuration the shelves are located at the walls of the mod-
ule while the aisle is centered between them, see Figure 3-7. This configuration is not suita-
ble when the module is docked only at one side to the habitat, due to emergency reasons.
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When the sole aisle is blocked, crew members can be trapped inside the module and cannot
escape. Furthermore, when this aisle distribution is under investigation for cylindrical mod-
ules, it has to be considered that the volume and area for plant growing in the shelves is rela-
tively low due to the curved shaped.

The configuration two aisles center shelf has a large centered shelf and two aisles, one at
each side of the shelf, shown in Figure 3-8. All cables and pipes are located in the center of
the module which is advantageous for this configuration, because no extra space is required
to deliver energy, water, air and nutrients to separated shelves. However, this configuration
is not suitable for cylindrical modules, in which the aisle would be too small due to the curved
shape of the module structure.

A configuration with two aisles and three shelves is a combination of the two previous de-
scribed aisle distributions. The two outer shelves are smaller compared to the center shelf. In
case of emergency, the two aisles assure a way out for the working crew member inside the
greenhouse module. Due to the restrictions for the width of aisles and shelves explained ear-
lier, a configuration with outer shelves and two or more aisles is required for large green-
house modules. Reference [31] propose such a configuration of four shelves and three aisles
for the Lunar FARM concept described in Chapter 4.1.3. The developer of the BIO-Plex facili-
ty at NASAs Johnson Space Center selected the two aisles three shelves configuration for
their Biomass Production Chamber [32].

The flexible aisle moveable shelves configuration is an adaption of a shelf design often found
in libraries and archives. Thereby, all shelves are moveable on rails and only one aisle ex-
ists. The shelves can be moved by hand or motor-driven. Consequently, the position of the
aisle is flexible and depends on the position of the shelves. Originally, this configuration was
designed to save space and therefore to achieve a higher packing density compared to nor-
mal shelf configurations with aisles on each side of the shelves. The flexible aisle moveable
shelves configuration used in greenhouses has a high ratio of growth volume to total volume,
because only one aisle is required and therefore more space for the cultivation of plants is
available. However, the connection of moveable shelves to the electrical power, water, nutri-
ents and air distribution systems is complicated and increases the complexity of the configu-
ration. Nevertheless, the higher growth area compared to other configurations of the same
size can exceed the increase in complexity and mechanisms, especially in large greenhouse
modules.

D >
Figure 3-7: Center Figure 3-8: Two aisles Figure 3-9: Two aisles Figure 3-10: Side aisle
aisle two shelves con- center shelf configura- three shelves configu- moveable shelves
figuration, derived tion, derived from [32] ration, derived from configuration, derived
from [32] [32] from [32]
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3.4.2.5 Module Structure

The module structure affects several other parameters, but mainly the mass and complexity.
Table 3-10 shows the estimated total mass of different types of module structure for an inter-
nal volume of 655 m*. The structure of greenhouse modules can be:

- rigid,

- semi-deployable,

- fully deployable or

- made out of in situ materials.

Rigid structural designs are the common way for the construction of crewed modules. Ac-
cording to reference [31], the advantages of rigid structures are the confidence in the tech-
nology and the pre-installation and verification of all equipment before launch. In addition a
first set of plants can be planted and grown during the transfer to assure a continuous har-
vesting cycle from the arrival at the destination. However, rigid structures have to be strong
enough to withstand the loads during launch from Earth. Therefore, the mass of rigid struc-
tures is significantly higher than for other structural designs. Reference [31] estimates the
mass of a rigid greenhouse module with a length of 12 meters, a diameter of 8 meters and
an internal volume of 655 cubic meters to around 8000 kg. Furthermore, the dimensions of
rigid structures are defined by the fairings of available launch systems.

Semi-deployable or hybrid designs of greenhouses has a rigid structural compartment and
attached deployable sections. Hybrid designs combine the advantages of rigid and deploya-
ble structures with a moderate mass. The mass and volume of semi-deployable designs are
less than for rigid ones, while it is still possible to preinstall systems and plants. The deploy-
ing mechanisms increase the complexity. In addition, the interface between the rigid and the
deployable sections increase the complexity even more and are weak spots for leakages.
Consequently, the complexity of hybrid designs exceeds that of fully deployable systems.
However, a semi-deployable greenhouse module with dimensions of 12 meters length, 8 me-
ters diameter and an internal volume of 655 cubic meters would have a mass around 5500
kg [31].

Fully deployable or inflatable structures are currently under investigation by all space agen-
cies and some companies. Modules with deployable structures usually are packed to a rela-
tively small volume and unfolded at the target location, which reduces the mass of the mod-
ule, but increases the complexity due to the required deploying mechanisms. Reference [31]
estimates the mass of a fully deployable greenhouse module with a length of 14 meters, a
diameter of 8 meters and an internal volume of 655 cubic meters to around 1200 kg. Inflata-
ble structures usually have a shell out of Kevlar combined with other elastic polymeric mate-
rials. The materials make the shell flexible, light weight and strong enough to withstand the
environmental conditions [31]. In fully deployable modules plants cannot be planted until the
structure is completely enfolded, which is disadvantageous, because deployable greenhous-
es need a setup time before the first plants can be harvested. The nutrition of the crew for
this timespan has to be covered with stored food.
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Table 3-10: Estimated mass for different structural types for a volume of 655 m?, derived from [31]

Rigid 8000 kg
Semi-deployable 5500 kg
Deployable 1200 kg

The usage of in situ materials is also possible to build greenhouse modules on other plane-
tary bodies. Thereby, the materials can be applied on pre-fabricated structures to shield the
crew against radiation or the materials are used to create construction components for the
greenhouse. In addition, the local terrain, like caves, tunnels, lava tubes, mountains and cra-
ters himself can be used as structures. Therefore, a pressurized environment is created by
sealing the existing terrain formations against the environment to provide a suitable atmos-
phere for plants and humans. Module structures which use or are out of in situ materials
would reduce the launch mass of greenhouse modules significantly. Consequently, the costs
for these modules are lower than for pre-fabricated modules. However, further research in
the usage of in situ materials is required before greenhouse modules build out of them are
feasible [28].

3.4.2.6 Adaptability of Internal Configuration

The internal configuration has to support the plants during all growth stages. To maximize
the yield of the cultivated plants, the internal configuration has to be adapted while the plant
is growing. Furthermore, it is essential that the configuration is somehow adaptable to differ-
ent plant species. Especially, the adaptableness of the growth height is necessary to assure
a customizable internal configuration. The internal configuration of greenhouses can be clas-
sified as:

- inflexible,
- semi-flexible or
- flexible.

Inflexible internal configuration cannot be adapted once they are assembled. Consequently,
the grow height is given through the design of the greenhouse’s internal configuration. This
type of internal configuration does not increase the complexity of the module, but the achiev-
able yield is lower compared to semi-flexible and flexible configurations.

In semi-flexible designs the crew can adjust some parameters of the internal configuration
during the mission to change the plant configuration. Furthermore, semi-flexible designs pro-
vide some options to react on unscheduled events. Depending on the mechanisms used for
the adaptableness, the complexity of the greenhouse module can increase.

Flexible internal configurations are fully adaptable to a broad spectrum of parameter settings,
which increases the amount of required mechanisms and systems significantly. However, the
increase in yield and the ability to change the plant configuration in every way can legitimate
the higher complexity of the greenhouse module.

34



Development of an Analysis and Evaluation Strategy
Definition of Analysis and Evaluation Factors

3.4.2.7 Level of Automation

Automation of processes inside greenhouse modules is important to reduce the crew time
required to plant, cultivate and harvest plants. Crew time is valuable during space missions,
see Chapter 3.4.5.10, and all systems which can reduce the work load of the crew have to be
investigated on their applicability [33]. Nevertheless, a higher level of automation would in-
crease the complexity of greenhouse modules. Furthermore, the direct interaction with plants
can satisfy psychological needs of the crew, see Chapter 3.4.5.11., subsequently the level of
automation of greenhouse modules has to be considered wisely.

Depending on the integrated systems, greenhouse modules can have:

- none,
- partial or
- full

automation.

In greenhouses without any automation processes like planting, harvesting, nutrient mixing,
and monitoring are performed by crew members, which generates high work load. The com-
plexity of greenhouse modules without any automation systems would be very low compared
to the other types of automation. However, such greenhouse modules are not suitable for
planetary habitats, in which the crew size and consequently the available work power are re-
stricted.

Partial automation is common in today’s greenhouse module concepts. Thereby, some tasks
are fulfilled by computers and control algorithms. The automatically control of temperature,
lighting, humidity, ventilation, nutrient mixture and water supply is well known and was tested
in several terrestrial testbeds. A partial automation should be the least level of automation for
greenhouse modules proposed for future planetary habitats.

Fully automated greenhouse modules cover all tasks required to maintain the food produc-
tion at the predicted level. Besides the monitoring and controlling of environmental and met-
abolic conditions, fully automated greenhouses have the ability to plant and harvest the culti-
vated plants without the help of crewmembers. Consequently, the work load on the crew is
limited to monitoring and programming the automation processes. However, greenhouse
modules with full automation have a high complexity compared to the other two types.

3.4.2.8 Module Mass, Dimensions and Volumes

The module mass directly affects the costs of greenhouse modules. Especially, the launch
and transfer costs depend on the mass of the modules. The heavier the module, the higher
are the costs. Furthermore, the overall mass per module should not exceed the launch ca-
pacity of available launch systems. The proposed unit for the module mass is kilogram, kg.

The module dimensions are required for the calculation of overall and pressurized volume.
Typical dimensions are length, height, width and diameter. Dimensions are commonly meas-
ured in meter, m.

For the analysis of the volume of greenhouse modules total volume, pressurized volume and
the ratio of growth volume per total volume have to be considered. The total volume is calcu-
lated by the outer dimensions of the module and is mainly required for the selection of the
launch system and fairing. The pressurized volume is any volume that contains an atmos-
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pheric pressure suitable for humans and/or plants. The factor specific cultivation volume is
established to evaluate the efficient use of volume. Growth volume is the volume which can
be used for plant cultivation. It is calculated by the multiplication of the growth area in square
meters with the appropriate maximum growth height in meters. The higher the ratio of cultiva-
tion volume per total volume, the higher is the efficient use of volume. All volumes are re-
ported in cubic meters, m°.

3.4.2.9 Complexity

The complexity of greenhouse modules depends on the number of different elements, on the
amount of interconnections between the elements, on the functionality of the interconnec-
tions, and on the time dependency of the elements. The more elements are implemented in
the greenhouse, the more interconnections are between these elements. Furthermore, the
higher the time dependency of these elements, the higher is the complexity of the green-
house module.

A highly complex system has a greater potential for failures compared to systems with a low-
er complexity. However, a higher complexity often results in reduced work load for the crew
and in higher yields. Therefore, the performance of greenhouse modules with a high level of
complexity can exceed those of low complexity and can be applicable for the use in planetary
habitats. Nevertheless, the complexity of systems cannot be measured as a pure value.
Consequently, the analysis of a greenhouses complexity is generally subjective. During this
thesis the complexity of greenhouse concepts is evaluated by comparing the concepts to
each other.

3.4.3 Environmental Factors

3.4.3.1 Definition

The defined set of environmental factors encompasses all analysis and evaluation factors
related to the environmental control subsystems described in Chapter 2.5. Therefore, the en-
vironmental factors concern the atmosphere control subsystem, the water control subsystem,
the lighting control subsystem and the thermal control subsystem. There were ten environ-
mental factors identified during this thesis, five qualitative and five quantitative. The Air Con-
trol Subsystem (ACS) is analyzed and evaluated with the factors atmospheric composition,
trace gas treatment, humidity, atmospheric pressure and the concentrations of carbon diox-
ide and oxygen. There are no environmental factors defined for the analysis of the Water
Control Subsystem (WCS) during this thesis, because the design of this system is nearly the
same in every greenhouse module. However, some factors related to the WCS are part of
the interface factors category, because they describe the interface of the WCS with the habi-
tat. For the evaluation of the Lighting Control Subsystem (LCS) the factors lighting type, light-
ing strategy and photosynthetic period are established. The type of temperature control and
the air temperature are used to analyze and evaluate the TCS of greenhouse modules. Table
3-11 shows a summary of all environmental factors split into two columns, one for qualitative
factors and one for quantitative factors.
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Table 3-11: List of Environmental Factors

Qualitative Factors Quantitative Factors
Lighting Type Photosynthetic Period
Lighting Strategy Humidity
Atmospheric Composition Air Temperature
Trace Gas Treatment Atmospheric Pressure
Temperature Control Carbon Dioxide and Oxygen Partial
Pressure

3.4.3.2 Lighting Type

The lighting system provides radiation, the sole source of energy for plants to grow and de-
velop. In this thesis the word “light” is used for the photosynthetically active radiation (PAR)
and not for the radiation that is visible to the human eye. PAR is defined as the radiation with
wavelengths useful for photosynthesis of plants. The human eye can respond to wavelengths
from 380 to 720 nanometers, while the wavelength of PAR is between 400 and 700 nanome-
ters. However, sometimes the range is from 350 to 850 nanometers [34].

The sources of light can be broadly divided into:

- electrical,
- hybrid or
- natural lighting.
Electrical lighting includes all sources which are electrically powered and convert electricity to

radiation. The sole source of radiation in natural lighting systems is the sun. Hybrid lighting
systems combine natural and electrical sources of radiation.
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Figure 3-11: Spectrum of the Photosynthetic Active Radiation (PAR) [34]

Electrical Lighting

High-intensity discharge (HID) lamps excite gas atoms with an arc to emit radiation. The
wavelength of the radiation depends on the excited gas. The irradiance of HID lamps is high
compared to fluorescent and incandescent lamps, but it is difficult to provide a uniform radia-
tion distribution, because HID lamps are point sources. Consequently, the radiation has to be
distributed with reflectors over the whole growth area. There are three types of HID lamps for
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the provision of radiation to plants: high-pressure sodium lamps, metal halide lamps and
mercury lamps [34].

High-pressure sodium (HPS) lamps produce radiation through exciting of highly concentrated
sodium vapor and a small amount of mercury with an electrically powered arc. The spectrum
of the emitted radiation is mainly between 550 and 650 nanometers, but low emission be-
tween 400 and 500 nanometers is also produced, see Figure 3-12. Hence, there is low emis-
sion in blue wavelengths. Therefore, lamps with higher irradiance in the blue spectrum have
to be added to the lighting systems to provide this spectrum to the plants. HPS lamps have a
high PAR efficiency compared to fluorescent, incandescence and other HID lamps. In addi-
tion, the lifetime of HPS lamps is high and their intensity is reduced slowly as the lamp ages
[34].

Metal halide (MH) lamps excite vapors of metal halides (iodides of thorium, thallium, of sodi-
um) and small portions of mercury to produce radiation. The wavelengths of the emitted pho-
tons depend on the gas inside the tube of the MH lamps. The main radiation output of MH
lamps is between 400 and 700 nanometers. The spectrum of a MH lamp compared to PAR is
shown in Figure 3-13. The disadvantages of MH lamps are the differences in spectral distri-
bution of different lamps and the spectral shift when the lamps age. The PAR efficiency of
MH lamps is slightly lower than that of HPS lamps. The average lifetime of MH lamps ranges
from 12000 hours for 1000 W lamps to 20000 hours for 400 W lamps. The intensity of MH
lamps decreases rapidly over time. After half of the lifetime the intensity is only 75 % of new
lamps [34].

In mercury lamps vapor of mercury is excited by an electrical arc. The emitted photons have
a bluish spectrum. Mercury lamps have a long average lifetime of 24000 hours, but after half
of the lifetime, the output is only 70 to 85 % compared to new lamps. The biggest disad-
vantage of mercury lamps is the significantly low PAR efficiency. Unless UV or blue wave-
lengths are required, mercury lamps are less recommended for the lighting of plants [34].

Fluorescent lamps are long glass tubes filled with mercury vapor under low pressure and an
inert gas, usually argon. At each end of the glass tube is an electrode. When a proper volt-
age is applied on the electrodes, an electric arc between them is generated. The arc excites
the mercury ions and when they fall back to the ground state, radiation mainly at a wave-
length of 253.7 nanometers is emitted. Photons with this wavelength are not suitable for
plants. Therefore, the inner wall of the glass tube is coated with fluorescent powder, usually
phosphor. The phosphor is activated by the incoming photons and emits new photons pri-
marily at longer wavelengths suitable for plant growing. The spectrum of fluorescent lamps
depends on the used phosphor mixture for the coating; the spectrum of a cool white fluores-
cent lamp is shown in Figure 3-14. Fluorescent lamps provide a continuous and uniformly
distributed radiation when placed closed together. The PAR efficiency of fluorescent lamps is
generally high, but is affected by the ambient temperature. The maximum output of fluores-
cent lamps is at a temperature of 38°C. Therefore, the ambient temperature has to be slightly
below 38°C to provide the maximum output. However, the low operating temperature reduc-
es the heat input into the growing area. During the operation the coating of the electrodes is
evaporated, mainly during the start-up. Consequently, the frequency of turning the lamps on
and off affects the lifetime. During the first 100 hours of operation, the output of fluorescent
lamps decreases rapidly. After this period the degradation is more continuous, leading to 70
% or less after 6000 hours [34].
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Incandescent Lamps utilize heated bodies to emit light. The light of incandescent lamps is
blackbody radiation. Consequently, the wavelengths of the photons depend on the tempera-
ture of the heated element. To create light useable by plants a temperature above 2600°K is
required. In commercial incandescent lamps filaments made of tungsten are heated with
electricity to a temperature between 2770 and 3050°K. The higher the voltage, the higher the
temperature raises. The spectrum of the emitted photons has a large component of wave-
lengths in the infrared spectral band. Figure 3-15 shows the comparison of the spectrum of
an incandescent lamp and PAR. Hence, most of the electrical energy used by incandescent
lamps is converted to heat, therefore, the efficiency of these lamps is low and not competitive
to over lamp types. In addition, the heat generated by of incandescent lamps has to be re-
moved out of the growth area to avoid damaging of the plants. The lifetime of commercially
available incandescent lamps ranges from 700 to 1000 hours and the output at the end of life
is about 85 % of the original. The very low lifetime and efficiency compared to other lamp
types leads to the conclusion that incandescent lamps are not recommended for the use in
lighting systems [34].

Low-pressure sodium (LPS) lamps are similar to HPS lamps. Contrary to HPS lamps, the
pressure in LPS lamps is lower and no mercury vapor is present. Thus, only the excited so-
dium provides the radiation output of LPS lamps. The spectrum of the radiation is limited to
wavelengths around 589 nanometers, see Figure 3-16. The output of LPS lamps is not high
enough to provide sufficient lighting for plants. Therefore, LPS lamps are not recommended
as radiation sources for plant growing [34].

Xenon lamps are able to most nearly duplicate the solar spectrum and irradiance. However,
xenon lamps are expensive and generate ozone, which is toxic to plants and humans. The
spectrum of the emitted photons has large quantities of infrared radiation. Infrared radiation
cannot be used by plants and increases the cooling requirements for the growth area. Con-
sequently, xenon lamps have only limited use in experimental growth chambers and are not
recommended for the use in high productive greenhouses [34].

Sulfur Lamps, also known as microwave-powered lamps, are electrodeless lighting devices.
Generally, a sulfur lamp consists of a quartz bulb filled with sulfur vapor and small amounts
of argon vapor. The vapor is excited by microwaves generated by a magnetron. The excita-
tion of the atoms results in an emission of photons [35]. The spectrum of sulfur lamps is
comparable to the suns. However, the intensity of the infrared band is lower for sulfur lamps.
The spectrum of a sulfur lamp compared to PAR is shown in Figure 3-17. Consequently, the
heat production of microwave-powered sulfur lamps is low. The advantages of sulfur lamps
are their small size and their nearly sun-like spectrum. The efficiency for the conversion of
electrical energy to radiation is higher than for HPS lamps, but due to the low efficiency of the
magnetron the overall efficiency is lower than that of HPS lamps. The average lifetime of sul-
fur lamps is around 20000 and the degradation of the radiation output is relatively low, lead-
ing to 90 % of the original value [34].

Light-emitting diodes (LED) are semiconductor devices which convert electricity to radiation.
There are three types of LEDs suitable as radiation sources for plants: discrete LEDs, print-
ed-circuit LEDs, and phosphor-based LEDs. LEDs are a comparatively new technology. The
efficiency, lifetime and output are still increasing, while the costs are decreasing through the
raising demands. The small size, high efficiency and long lifetime compared to other lighting
sources make them very interesting for the usage in plant growing systems. Unlike other
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lamp types, the light output of LEDs is current controlled. Hence, the brightness directly af-
fects the required power consumption [34].

Discrete LEDs emit photons with wavelengths in a narrow spectrum, depending on the con-
struction material. Usually, the spectral band is only 50 to 100 nanometers wide. Conse-
guently, LEDs with different colors are required to provide the light spectrum that plants
need. In past studies red, yellow-green and blue LEDs were used in combination. For the
spectrum from blue to green (460 - 550 nm) indium gallium nitride (InGaN) and for the spec-
trum from yellow to red (560 — 630 nm) aluminum gallium indium phosphide (AlGalnP) is
used as the base material. Figure 3-18 shows the spectrum of a blue, a yellow and a red dis-
crete LED compared to PAR. According to reference [36], commercially available LEDs with
more than 20 % efficiency are available and efficiencies over 50 % are expected in the next
decade.

The printed-circuit LEDs are small and applied on wafers in large numbers. This type of LED
has no plastic lenses like discrete LEDs. The package density of printed-circuit LEDs is high,
reaching up to 132 LEDs in an area of 6.25 cm®. This technique provides bright light levels.
Furthermore, each LED can be fabricated out of different materials, and therefore, different
colors are feasible. Consequently, the color mixture of printed-circuit LED arrays can be
adapted to the spectral needs of plants. However, it is not possible to replace a single broken
LED. To repair a printed-circuit LED, the whole array has to be replaced by a new one [37].

Phosphor-based LEDs, also known as white LEDs, are the combination of the common LED
technology with the technique of fluorescent lamps. Usually, a single blue LED made of galli-
um nitride (GaN) is used together with different mixtures of phosphor to generate a uniform,
sun-like white light. Therefore, the inner side of the bulb of a bluish LED is coated with a
phosphor mixture. The phosphor starts to emit a broad spectrum of light when hit by the pho-
tons generated by the LED. The broad spectrum from 500 to 700 nanometers could make
this type of LEDs suitable for plant growing. However, this technology is currently under de-
velopment to replace the commonly used incandescent lamps in household. Consequently,
progress in the commercialization of the technique is expected in the near future [36].
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Figure 3-12: HPS lamp spectrum compared to PAR Figure 3-13: MH lamp spectrum compared to PAR
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Figure 3-18: Spectrum of blue, yellow, red discrete LEDs compared to PAR (orange line) [34]
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Natural Lighting

The utilization of sunlight is the basic form for providing plants radiation. All plants originated
on Earth are adapted to use the energy provided by the Sun’s radiation. Greenhouses with
natural lighting systems are established all over the world to grow food in a controlled envi-
ronment. Furthermore, natural lighting systems have the lowest power demands, compared
to electrical and hybrid lighting. Hence, the use of sunlight for growing plants in space and on
other planetary bodies looks promising. There are two ways of using the sun as radiation
source: direct natural lighting and indirect natural lighting.

In direct natural lighting systems the sunlight passes windows or transparent walls to reach
the growth area. Comparable to electrical lighting systems, direct natural lighting systems
need a powerful heat rejection system to reduce the heat generated by the infrared radiation
of the Sun. The environmental conditions of the nearest planetary bodies, Moon and the
Mars, complicate the use of direct natural lighting systems. One day on Moon is usually 28
Earth days long, hence there is 14 days sunlight followed by 14 days night. However, some
locations at the poles of Moon with nearly continuous sunlight exist. The day length on Mars
is similar to Earth, but the higher distance from the Sun lowers the average sunlight intensity
to 43 % of the terrestrial and due to the higher excentricity of the Martian orbit, the variation
of intensity is higher than on Earth. The inclination of Mars causes long seasonal periods,
which leads to long winter periods without sunlight at the poles. Other problems for the usage
of direct natural lighting on Mars are dust and dust storms. The wind on Mars is able to carry
dust over long distances and periodical strong and long lasting dust storms appear. The dust
covers the outside surfaces of windows and have to be removed to provide enough sunlight
for the plants. However, during dust storms the amount of sunlight reaching the surface of
Mars is too low for the demands of plants. Besides the problems with environmental condi-
tions at the location, the direct usage of sunlight can be more effective, and less mass and
cost intensive than electrical lighting [39].

Indirect natural lighting systems also utilize the energy of solar radiation to provide energy for
plant growth. They use reflectors, concentrators and plastic optic fibers to collect and distrib-
ute the sunlight over the whole growth area. Reflectors are polished surfaces or mirrors and
can be up to 95 % effective as direct sunlight systems, but contrary to those systems reflec-
tors reduce the heat input into the growth area and the heat can be directly rejected to the
environment without the need of additional radiators [39]. Concentrators usually consist of a
parabolic mirror and a collector. The mirror concentrates the incoming sunlight at the collec-
tor and the collector feeds fiber optic cables. These cables deliver the sunlight to the internal
lighting system inside the greenhouse and provide radiation for all plants. The power demand
for tracking the Sun is relatively low. The disadvantage of fiber optic cables is their low effi-
ciency. The longer the cables are, the lower is the efficiency. However, currently new tech-
nologies for fiber optic cables are under development and new optic cables with higher effi-
ciencies are expected in the near future. Besides the low heat input and low power demand
of indirect natural lighting systems are other advantages. Fiber optic cables can be easily re-
placed and therefore, it is possible to adjust the location of the light sources inside the
greenhouse. Furthermore, the cables can be used for intracanopy lighting which has ad-
vantages over other lighting distribution systems, see Chapter 3.4.3.3 [31].
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Hybrid Lighting

Hybrid lighting systems combine electrical and natural lighting. Both of these have their dis-
advantages, especially the high power demands of electrical lighting, which can be up to 45
% of the total power demand of a greenhouse [35], and the dependency on the sun of natural
lighting systems. Hybrid lighting systems can combine the benefits of both electrical and nat-
ural lighting to compensate their weaknesses. During sunshine the energy of the solar radia-
tion can be utilized for the plant growth, and to generate and store electrical energy. In night
periods the stored electrical energy is converted back to radiation for the plants by using an
electrical lighting system.

3.4.3.3 Lighting Strategy

The previous chapter described the different types of light sources and their advantages and
disadvantages. However, not only the lighting type, but also the lighting strategy affects the
plant growth and the efficiency of the lighting control subsystem. There are three options for
lamp positioning inside greenhouses:

- overhead lighting,
- sidewise lighting or
- intracanopy lighting.

Overhead lighting is the common strategy of positioning lamps. Thereby, the light sources
are attached to the ceiling of the greenhouse. The intensity of light decreases exponentially
when increasing the distance to the source. Therefore, the radiation source has to be close
to the leaves of plants to provide enough intensity while reducing the power demand. Due to
the plant growing, the distance between lamps and plants has to be adjusted to different
plant development stages to ensure a sufficient lighting and reducing the thermal loads to the
leaves. A problem of overhead lighting is shading of lower leaves by those above them,
which leads to net carbon loss via respiration and underdevelopment of plant parts. To re-
duce the effects of shading, the walls of greenhouse modules can be painted white or cov-
ered with polished surfaces to reflect the radiation and provide some light from the sides.
When reflectors are used, it has to be assured, that no spectral shift of the reflected light oc-
curs, because this can cause several problems concerning thermal and plant issues. But
even with reflective surfaces at the walls, shading cannot be totally avoided with overhead
lighting [34].

Sidewise describes a lighting strategy, where lamps are attached to the walls of the green-
house module. This lighting strategy requires a larger amount of space compared to over-
head lighting, but the power demand can be reduced by this type of lighting strategy. How-
ever, sidewise lighting also creates shading of plants that are further away from the walls and
therefore, the light distribution is suboptimal [37].

Intracanopy is the provision of lighting from the inside of the plant canopy. Thereby, the
lamps are located close to the leaves or even touching them. Consequently, this lighting
strategy is only applicable with low temperature light sources, which do not harm the plants.
Promising systems for intracanopy lighting are plastic optic fiber cables, LEDs, or light tubes.
Due to the close distance between leaves and lamps, the power demand of intracanopy is
lower compared to overhead and sidewise lighting. However, a lighting system with intracan-
opy lighting as a sole source of radiation would be complex. A combination of overhead and
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intracanopy lighting can increase the edible biomass, decrease the power demand and solve
problems with shading of leaves [37].

3.4.3.4 Atmospheric Composition

The atmospheric composition inside greenhouse modules affects the plant growth and the
humans’ ability to work. For plants the percentage of carbon dioxide in the air is an essential
factor for their welfare and growth. For humans a suitable amount of oxygen is required to
survive, as described in Chapter 2.2. Furthermore, the amount of carbon dioxide in the air is
also important for the health of the crew, who work in the greenhouse. There are three pos-
sible options of an atmospheric compaosition in greenhouses for space applications:

- local planetary atmosphere,
- an earth-like atmospheric composition or
- an atmosphere enriched with carbon dioxide.

The usage of a local planetary atmosphere in a greenhouse is a theoretical option. In our so-
lar system is no other known planetary body with an atmosphere suitable for plant growth.
However, some atmospheres contain elements that can be used in greenhouses. Especially
the carbon dioxide of the Martian atmosphere, see Chapter 2.1.2, could be extracted and in-
jected into the atmosphere of greenhouse modules to provide higher concentrations.

An earth-like atmosphere is the simplest way of an atmospheric composition inside green-
houses and provides enough carbon dioxide to sustain plant growth and enough oxygen to
allow humans to work without the need of respiratory protection devices. Every carbon diox-
ide concentration below the terrestrial concentration of 300 to 350 ppm decreases photosyn-
thesis and consequently, plant growth [40]. The advantage of an earth-like atmosphere is
that the atmosphere control system of the habitat can be used to maintain the atmosphere
inside the greenhouse. Furthermore, no airlocks are required to seal the atmosphere of the
greenhouse from that of the habitat.

Any atmospheric composition with a carbon dioxide level above the terrestrial is named an
atmosphere enriched with CO,. The responses of plants to elevated concentrations of carbon
dioxide depend on the plant species, developmental stage, irradiance, temperature, mineral
nutrition, and the size of the root zone. Table 3-12 shows a summary of the influences of a
CO, enriched atmospheric composition on different processes of crop plants. The regulation
of the CO, is quite difficult, because both plants and humans affect the CO, in different ways.
The exhaled air of a working human contains 4 to 5 % carbon dioxide. Therefore, the amount
of CO, in a sealed environment rises within in a few minutes to more than the tenfold of the
normal level. Plants consume CO, to metabolize it in the photosynthetic process. Photosyn-
thesis requires energy in form of radiation. Consequently, the level of CO, falls during lighting
periods. Without the energy of light, photosynthesis stop and the CO, rises again due to res-
piration of plants up to twice as normal [40].
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Table 3-12: Responses of crop plants to an increase in CO, concentration above earth-like atmosphere

[40]

Process

Effects on Plants

Leaf photosynthetic rates

Increase in all plants on first exposure. Little response above
1000 ppm and levels above 2000 ppm may be toxic.

Inhibition of photosynthesis by
source-sink imbalance

Response occurs in many species.

Leaf transpiration rate

Decrease in all plants.

Leaf anatomical and biochemical
adaption

Leaf area, weight per unit area, thickness and number of mes-
ophyll cell layers increase in many species.

Canopy leaf area

Usually increases.

Carbon partitioning among organs

Proportion of carbon going to roots and stems is increased in
many, but not all, species.

Branching, flowering and fruiting

Initiation and/or retention of th