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Abstract

The question of how to feed humans in space has persisted since the beginning of
space exploration. Tubes of food paste, dehydrated meals, freeze-dried packets, powdered
drink pouches: space food has always needed to be compact, lightweight, and pre-cooked.
But humans cannot thrive on rehydrated meals alone, and the current space food system
is insufficient for the longer duration missions to the moon and Mars that will launch in
the coming decades. The challenges to developing food system solutions that meet the
demands of future missions are immense.

This dissertation navigates the multifaceted realm of space food science, from es-
tablishing the importance of pleasure in space dining to creating practical solutions for
space cuisine. | adopt a system engineering approach to illuminate food needs by mission
type, identify challenges, and propose potential solutions, thereby building a technology
development roadmap to meet the space food demands of the future. I then delve into the
design of a space galley as part of the larger SIRONA project, a greenhouse design for a

two-year mission on a Mars outpost. Finally, I discuss the development of a prototype pot,
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[TTTTT] designed to address the challenges of cooking in a liquid medium in microgravity.

Through two parabolic microgravity flights, I prove the concept’s feasibility.
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This is a work driven by pleasure. I believe in a world in which all humans deserve to eat
pleasurably. We deserve to eat healthy, nutritious, and delicious food that make us feel
good.

I also believe and hope for a future in which humans go deeper and spend longer in
space. At first, I wanted to be one of those humans. Later, after I became a food scientist,

I worried about how well they’d fare in space, especially food-wise. Freeze-dried food is



alright for a few days, but I couldn’t imagine anyone being OK with eating it for a whole
year. I thought that humans in space, like any other human being, deserve to eat well, and
I wanted to develop foods and technologies to help with that.

I thought the real work would begin at prototyping and experimentation. But be-
fore I could get there, I met resistance from many sides and a lot of questions as to why
I, or anyone, ought to care about eating better in space. For many of my colleagues, espe-
cially senior ones with real decision-making power over space missions, pleasure alone is
not reason enough. Fair. I needed to quantify it, to phrase it in terms of stakeholder needs,
to discuss its implications for mission success.

This dissertation thus begins, in Chapter 1, by grounding pleasure as a primal crew
need in the context of a crewed space mission. I use concepts from systems engineering
to frame the problem not as a singular technical dilemma, but as a grand socio-technical
endeavor of developing a sustainable food supply chain that would scale to enable the deep
space exploration missions that I dream of for our human future. I offer three different
mission profiles of increasing complexity, centering the social and physical needs of the
human crew and envisioning the corresponding details of a food supply chain that would
efficiently meet those needs.

Chapter 2 focuses on the particular scenario of provisioning food for a two-year
mission on an early Mars outpost. I worked with an interdisciplinary, all-female team of
engineers and scientists to design a Mars greenhouse concept, named SIRONA (which
stands for Sustainable Integration of Regenerative Outer-space Nature and Agriculture,
and which is also the name of a Greek goddess associated with healing waters), that resem-
bles more of a lush food garden than the sterile growing pods common to the literature of
space greenhouses. I focus on the design of the kitchen and make an attempt to lay out a

Mars kitchen that is enjoyable to use, interfaces well with other systems inside the green-



house, and fits within the resource constraints of a space habitat.

In Chapter 3, I zoom further into the kitchen and pick one appliance to actually de-
velop. The result is [TTTTT] a prototype pot that solves the question of how to boil pasta in
space when there’s no gravity to keep food and water in place. Why does it look the way it
does? And how do I test that it works? I discuss the various considerations that informed
the [(ITTTT]design and delve into the results from two microgravity flights on which it
flew. The upshot is that I was able to successfully prove proof-of-concept. In the process,

I offer a behind-the-scenes look at developing hardware for spacecraft and advocate for
increasing access to microgravity testing platforms.

Working on space food during a world-wide pandemic that caused food insecurity
in my city and through a war that disrupted global food supplies felt obscene at times. In
the latter part of my studies, I felt compelled to look beyond space food. I wondered if
what I'd learned could be applied to improving terrestrial food supply chains. In the con-
clusion, I turn towards thinking about cooking and eating in extreme environments on
Earth. I offer a paradigm for intentional parallel innovation for space and Earth, in oppo-
sition to historical examples in which space technologies are applied to Earth long after
the initial development. In the future, if and when I continue this work, it will be to test

whether parallel innovation is actually feasible.
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Food fuels life and gives rise to societies and civilizations. This will be true in space just as
it was true for humans here on Earth. As in most extreme environments with harsh living
conditions, food takes on an outsized importance for the crew. In daily life, a sub-par lunch
maybe acceptable, but soon enough you’ll know to avoid that lunch spot and seek out a

better option elsewhere. But what if you were in space, committed to eating that same



mediocre meal everyday for a year? All of a sudden, a delicious meal has implications for
not just your physical health but also your mental well-being, along with cascading effects
on group moral and cohesion, and ultimately, mission success.**'8

The current state of eating in space is that we only have the means to provision hu-
mans for durations of up to 12 months, and only somewhat adequately at that.'” However,
with the building of new space stations, the pledge to return to the moon, a promise to go
onto Mars — all of these endeavors point to an increased presence in space, where humans
go deeper and stay longer. There are significant technology gaps in all areas of the food
supply chain that must respond to the needs of long-term space habitation.

The food system will have to respond to increasingly stringent needs as human in-
crease their presence in deep space. We need to identify these needs at the levels of the
individual, the group, and the environment and develop a food supply chain that supports

sustainable food production, processing, and consumption to support long term space

habitation.

1.1 (000000 00ibooo 0oo © 0ooioDoOioe booomo

In this chapter, I attempt to define the clear shape of the problem. I was naturally inclined
to approach the problem holistically and found a welcome intellectual home in the Space
Enabled research group led by Professor Danielle Wood at MIT. The particular flavor

of systems thinking and systems engineering developed at MIT’s Systems Engineering
Laboratory, within the Department of Aeronautics and Astronautics and of which Prof.
Wood is a faculty member, to tackle large-scale socio-technical systems provides many
tools for envisioning a space food supply chain for the future. The System Architecture

Framework (SAF) developed by Maier,?> Crawley, > and Wood 7" is particularly useful



here and grounds this entire thesis.

My goal is to convince you that one, working on space food is important for the
future of human spaceflight, and two, that in an R&D landscape constrained by limited
resources, it is important to work now on technologies that enable cooking in space.

We start with this broad perspective, enabled by systems thinking and systems en-
gineering, because the realm of space food and cooking barely exists at the moment. It is
a field that draws from multiple disciplines, spanning fluid physics, food science, bioastro-
nautics, and aerospace engineering, and is concerned with multiple levels of interactions.
As de Weck, Roos, and Magee state in their book Engineering Systems, “Unintended con-
sequences and system interactions are becoming the norm, not the exception. And the
challenges are even greater, because the externalities are more complex than we ever imag-
ined.” 16 Inside a space habitat, an item of food left unsecured can become a dangerous
bit of debris. Uneaten food becomes waste that must be processed. Food is not only nec-
essary fuel for the crew but also qualifies as payload whose mass, volume, and financial
cost must be accounted for. Freeze-dried foods require water for hydration, which also
requires power for heating and dispensing. Any equipment for cooking likely requires
power, not to mention time to operate. Foods and food processing equipment must be able
to accommodate a wide variety of taste preferences and dietary needs. Some foods need
to be refrigerated, others frozen. The list of considerations go on and on, and an engineer
breaking ground in this field must deal with all of it. They, and their program managers at
space agencies or companies, cannot afford a narrow view of technology. It’s inadequate
for solving large societal problems. Systems thinking is crucial for enabling “a coordinated
mix of technical innovations, organizational strategies, and carefully crafted policies.”
The SAF framework begins by defining a system and its boundaries, identifying

key stakeholders who impact or are impacted by the system, identify stakeholder objec-



tives, the functions required to meet said objectives, and the forms through which these ac-
tions are performed. Ideally, these steps are iterated and reiterated as the system develops
to ensure that form continues to follow function. This analysis can be applied to existing
systems to assess whether they are meeting their intended objectives and also can be used

in the design of new systems.

1.2 System Architecture Framework for the US Space Food System

0000100 000 0000000 On the International Space Station, which orbits the Earth at an av-
erage altitude of roughly 250 miles / 402 km and which routinely houses astronauts from
the US, Canada, Europe, Russia, and Japan and occasionally has welcomed visitors from
emerging space nations including the UAE and Malaysia, food is provisioned by the re-
spective space agency’s food laboratory for its own crew. Individual space agencies set
their own general dietary guidelines and develop a menu of culturally appropriate foods,
although transportation to station may be carried out by a single provider. The resulting
menu not only reveal different flavor preferences but also deeper social norms. For exam-
ple, NASA prohibits alcohol for its crewmembers, whereas Roscosmos, the Russian space
agency, does not. When a Malaysian Muslim astronaut flew on station during the holy
month of Ramadan in 2007, special guidelines were developed regarding fasting and halal
food.!'* European astronauts frequently work with Michelin-starred chefs and fine-dining
institutions to develop new menu items that represent their national cuisine.!' Canned
foods, while heavier and larger in volume, are more prevalent in the food systems of Eu-
ropean and Russian astronauts. This was explained to me as attributable to the European

emphasis on the positive appearance of the food (“we eat with our eyes first”).” Mean-

*It is famously difficult to get American astronauts to tell you what they really think, especially
when the topic is the US space program. I take the liberty here to relay anecdotes shared with me



while, the US provides more freeze-dried meals that are sealed in foil pouches that occlude
their appearance until they are opened, and even then, the freeze-drying and rehydration
process may have rendered the dish unrecognizable from its terrestrial form. It is anecdo-
tally reported that food items are often shared and traded by astronauts and space flight
visitors from different space agencies out of goodwill and camaraderie.**

Before the ISS, there was a brief period of collaboration during the period of the US
Space Shuttle and Russian Mir programs, when US astronauts lived continuously on the
Mir space station in preparation for eventual life on the ISS. The US and Russian space
agencies negotiated a plan in which each agency supplied half the food. The menu was
jointly designed based on crew evaluations and nutritional analysis. NASA and Roscos-
mos have traditionally sent their astronauts to the counterparts’ food laboratory to deter-
mine food preferences before launch. The mix of half Russian and half American items led
to a unique type of variety that was noted by the crew. On the ISS, it was also noted that
the NASA labeled all of its food packages in both Russian and English, but it’s not clear
that this is still the case.

The Chinese space program currently has what appears to be a food program sim-
ilar to the US for its crew aboard Tiangong, the Chinese space station. Due to the Wolfe
Act, which prohibits cooperation between NASA and Chinese entities, as well as the lack
of available information, I have limited access to information about the Chinese space pro-
gram. Videos on YouTube show a canned foods and rehydratable pouches of popular Chi-
nese dishes in form factors that appear to be similar to the US and Russian systems, as
9,10

well as a microwaves and refrigeration units.

For the rest of this analysis, I focus on the food supply chain of a single space agency,

from colleagues in the industry over the years. Take each piece of information with a grain of salt,
as I do, but heed the overall picture that emerges.



NASA. This decision is informed by my unique access to experts at NASA thanks to four
years of support through the NASA Space Technology Graduate Research Opportunity
(NSTRGO, formerly NSTRF). The analysis reveals insights that can be applied to parallel
supply chains for other space agencies. However, as the exploration landscape changes
with private providers who operate across national borders, it is possible that the interna-
tional context for the food supply chain becomes increasingly relevant.

The US prides itself on being a leader in human space exploration. Renewed efforts
to go back to the moon by the end of the decade and onto Mars highlights the urgent need
to develop technologies to sustain prolonged human presence in these new habitats.

US space food grew out of the combined historical contexts of military combat feed-
ing and the industrialization of food processing . Initially, food was provided in bite-sized
cubes or toothpaste-like tubes for the Mercury program in the 1960s and was inspired by
food developed for fighter jet pilots. (The current standard freeze-dried meal on-station
is a direct descendant of the military MRE (Meal-Ready-To-Eat).)*® The food was engi-
neered to meet the rigorous requirements imposed by spacecraft design. It was generally
agreed upon that the food was unappetizing.*® In 1965, astronaut John Young smuggled
a corned beef sandwich onto his Gemini 3 flight. He managed to take a few bites before
crumbs from the rye bread started to float all over the place. Several congressmen were
concerned that jokester astronauts were not diligently testing the space food for whose
development taxpayers had paid a lot of money, especially during a high-profile mission
during the height of the space race with Russia. There was mention of a “$30 million
sandwich” during congressional hearings, and NASA officials assured lawmakers that,
henceforth, only agency-sanctioned foods would be allowed on board.®"”

Just as well-known American companies were recruited to produce suits or adhe-

sives for spaceflight, NASA also turned to food companies to help develop space food.



Food for the Gemini and Apollo missions were produced and packaged by the Whirlpool
Corporation, with help from the US Army’s Combat Feeding Directorate, Museum & Space
Tang is a good example how NASA rode the wave of industrial processed foods in Ameri-
can. The powdered orange drink was invented by General Foods/Kellogg in 1957. NASA
recognized the product’s ready-to-drink convenience and incorporated it into its menu in

the 1960s.5°

The current ISS menu includes:

1. Thermostabilized Entrées: These are heat-processed, ready-to-eat meals that do not
require refrigeration. They come in pouches and can include dishes like beef stew,

chicken curry, pasta, and other flavorful dishes.

2. Rehydratable Foods: Items that are freeze-dried to remove moisture and reduce
their weight and volume. Astronauts rehydrate these items with water before con-

suming.

3. Snacks: Various snacks like nuts, granola bars, cookies, and candies are included to

provide variety and boost morale.

4. Beverages: Astronauts have access to a variety of drinks, including coffee, tea, fruit

juices, and specially formulated electrolyte beverages.

5. Special Treats: Occasionally, special treats like fresh fruits, holiday-themed foods,

and desserts are sent to the ISS as a morale boost for the crew.

On-station, a potable water dispenser (PWD) and food heater are available to all
crewmembers for use.
Over time, as missions became longer, there came to be a greater emphasis on menu

diversity, nutrient content, and palatability. Customization comes at a cost though, as it’s

10



logistically more complex to execute. During the shuttle era, the food was completely cus-
tomized to individual astronaut. However, in the ISS era, food was often sent to station
on resupply missions that did not line up exactly with the crew’s mission duration. Astro-

nauts complained extensively about having to eat someone else’s preferred foods.%°

(00 00O0oooo Loioidboooot bobodr 0ot Loodoo Ooiuodoo

System stakeholder analysis begins with a thorough accounting of all players who
might be considered as part of the system. The complete list of stakeholders is provided
in A.1 in the Appendix. We then develop a map of stakeholder relationships, in which
the flow of inputs and outputs and the categorization of stakeholders are documented.
Stakeholders are sorted into three categories:

1. primary stakeholders make decisions that impact the system
2. secondary stakeholders who influence decision-making

3. tertiary stakeholders who receive benefits from the system but do not influence

decision-making

11
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In brief, NASA as the overseer organization tasks its Space Food Systems Labora-
tory (SFSL) to provide an adequate food system for human crew during missions to the
ISS.

In the current era of ISS missions, the requirements were set early on. The nature
of the mission (duration, destination, number of crew, etc) was broadly set by the over-
seer organization. It was then up to the SFSL to determine requirements for the food
system, based on information from secondary stakeholders, including: a) the NASA Nu-
tritional Biochemistry Group, which provides guidance on nutritional requirements; b)
the NASA Crew and Thermal Systems Division, which designed the hardware for rehy-
drating and heating food pouches, a technological holdover from the Shuttle era; c) the
launch provider and integrator, which provides constraints on mass, volume, power, and

topics related to safety to assure that the cargo is flight-ready; d) NASA Johnson Space
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Center employees who volunteer as taste testers to provide feedback on food products un-
der development; e) US astronauts, who provide information on personal food preferences
such that the items supplied for a mission are somewhat customized to the individual par-
ticipants of that mission, and who also provide a list of personal food items that are not
part of the official menu but which can be supplied as occasional treats. The SFSL must
make sense of the gathered information to develop a set of requirements for individual
food items as well as a holistic menu.

At present, the majority of the SFSL’s daily operations is focused on the manufac-
turing and provisioning of food items to the ISS. It is not unlike a catering company that
works with its client to choose from a catalog of pre-approved dishes and then produces
the food and makes sure that the dishes are at the venue when the client shows up. The
SFSL has a group of food scientists and food technologists who produce some of the food
items in their laboratory at Johnson Space Center in Houston.?® Texas A&M’s E-Beam
Center produces about 70 menu items that are packaged in thermostabilized pouches.*
Some foods are COTS (commercial off-the-shelf) items such as fresh fruit and vegetables,
drink mixes, or a baked brownie that may be purchased by the SFSL and re-packaged for
spaceflight.

The above analysis is a starting point for developing a clear picture of the system
illustrated in Figurel.2.

In this paper, I focus on the analysis of crew needs and desired outcomes, which are
underappreciated in the system.

At its most basic, food delivers energy to the crew. Humans in space experience are
observed to consume only 60-70% of daily required calories? and a reduction of 1-5% of
pre-flight mass, most of it in lean mass and bone tissue’ . It is likely that a combination of

environmental and physical factors including significant stress, overscheduling, fluid shift

13
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that leads to nasal congestion, and space motion sickness lead to decreased appetite and

32.5mithetal There is limited information on how astronauts’ experi-

low food palatability.
ences of the present food system influences consumption. Food also contains micronu-
trients (vitamins and minerals) and macronutrients (fats, carbohydrates, proteins, etc)
that are critical to human metabolic functions. Proper nutrition has the potential to be a
countermeasure against physiological changes, such as ocular degeneration and bone loss
caused by spaceflight.”®

But food is much more than just calories in and calories out. We need to hear di-
rectly from astronauts on the topic of what they seek from space food. As mentioned pre-
viously, astronauts are often loathe to divulge their opinions for fear of being perceived to
be complaining or problematic and of being consequently blackballed during mission se-

lection. However, a selection of excerpts from public interviews with astronauts provides

clues to the effects of food on their well-being:

Food & Wine, 2017: [Astronaut Karen] Nyberg explains that variety helps
curb more than boredom, but also provides psychological benefits, saying, "if
you were asked to eat the same thing every single day, after a while it would
get you down.” [Astronaut Terry] Virts agrees, adding, "comfort food works

in space as well as on Earth.””

Men’s Health, 2021: “We get to share in all those other countries’ cuisines
as well. So that keeps it fresh and keeps the variety pretty nice for us.” ... An-
other source of food? Russian food. “It’s full of salt and fat, things that the
U.S. food doesn’t generally have,” [astronaut Shane] Kimbrough says. They

tend to have a Russian meal once a week.”"

15



High Country News, 2021: “It was a real treat for us,” said NASA astronaut
Megan McArthur during a press call she took in space. “We could come and
smell the plant, and see the chiles growing. So it’s really been a nice morale

boost, as well as an interesting science project.” !

Space.com, 2021: "I learned a lot about the challenges of growing plants in
microgravity,” said Kelly, who currently holds the American record for the
longest single space mission at 340 days. "Growing, preparing and eating
good food makes you feel connected to home. While the food aboard the ISS

was sufficient, there’s always room to grow.”*’

These interviews reveal a need for flavor, variety, and connection to home. I argue
that interacting with food satisfies a number of higher-order needs in Maslow’s hierarchy
for humans on Earth and even more so in space. I draw upon Balint and Lee’s adaptation
of Maslow’s Hierarchy of Needs to human space missions® (Figure 1.3) to identify a num-
ber of ways in which food interactions satisfy higher-order needs. At the psychological
needs level, eating foods from one’s culture fosters connections with one’s past, family,
friends, and humanity. Sharing food across cultures promotes crew friendships and crew
cohesion. At the self-fulfillment needs level, food preparation can be an outlet for creativ-
ity, restoration, leisure, and rejuvenation. Similarly, growing food can also satisfy different
types of needs. In other words, food interactions can satisfy physiological needs, foster
love and belonging, satisfy aesthetic cravings, and provide a form of self-actualization and
self-expression.

Another way to evaluate the system’s forms and needs is to look at its physical arti-
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facts. The current form of the foods provided to astronauts yields clues to the values that
emerge from the system. The “camping food” nature of the current food products reveals
that the products were likely designed with the following list of priorities in descending

order:
1. Ease of use — ease of consumption, ease of preparation
2. Safety — safety of food, safety of preparation
3. Nutrition — caloric value, macronutrient and micronutrient content

4. Palatability — flavor, visual appeal

(00 DOC 0000 00 0000 [0 Doooootoad

In the unforgiving expanse of space, food impacts crewmembers’ physical and men-
tal well-being, group morale and cohesion, and ultimately, mission success.*”!®

Although space food is designed to meet nutritional requirements set by space
agencies, ° it is well-documented that astronauts nevertheless experience inadequate
energy intake and subsequent loss of body mass during missions. Crewmember dietary
intake is estimated to average about 70% of requirements from the Apollo through to
the Shuttle programs, and 80% for the ISS. Only in the Skylab and Mir programs, when
crewmembers participated in metabolic experiments and were required to consume a pre-
scribed diet, were they able to meet their recommended energy intake. 5™th ¢tal Ag 4 result,

astronauts experience a 1-5% reduction in pre-flight mass.”> Inadequate caloric intake is

likely caused by a combination of factors, including decreased palatability of the food due
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to fluid shift and nasal congestion, stress, lack of time to prepare or consume meals, menu
fatigue, and motion sickness.%”

Limited research has been conducted on the psychological aspects of food prepa-
ration and eating scenarios for crewmembers during spaceflight missions. The 2013 field
season of the HI-SEAS analogue in Hawaii undertook an evaluation of two different food
systems. Crewmembers alternated between consuming a meal of MRE-like meal pack-
ages that only require rehydration and heating and a meal prepared by themselves using a
pantry of shelf-stable ingredients and a standard set of kitchen equipment and tools. Anec-
dotal reports mention that the crew preferred the creativity and the camaraderie of prepar-
ing food together. Trade-offs included increased crew time, as well as water and power.’
In non-space environments, it has been found that the sight of food increases reported
hunger and that increased accessibility of food also increases consumption (references in
Stroebele 2004). Furthermore, humans rely on smell and taste to synergistically modulate
hunger and food consumption.®® This suggests that in a galley/greenhouse environment
where food is readily available, physically accessible, and can be perceived both visually
and olfactorily, food consumption may increase over a scenario in which sterile, uniform
pre-packaged meals are stowed away until consumption. Taylor et al., 2020 provides a
thorough investigation into factors that may influence flavor perception and food intake in
space.%”

Studies, not to mention firsthand experience, show that palatability correlates pos-
itively with food intake. Crewmembers are more likely to meet their daily recommended
macro- and micronutrient needs if their food options are considered palatable. Freshly
prepared meals are often perceived to be higher quality, and therefore presumably more
appealing, in comparison to prepackaged, commercially processed items (Watson Boyle

1996).7
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Current research efforts focus on extending the nutritional quality of freeze-dried
meals and reducing rehydration times. There is the need for the development of long-term
solutions, such as cooking and post-harvest processing technologies, which are crucial to
achieving self-sufficiency in space.

By preparing meals onboard spacecraft, astronauts can ensure a steady supply of
wholesome food that caters to their nutritional requirements. Moreover, cooking provides
ameans to create diverse and enjoyable dishes, enhancing the psychological well-being
of the crew. The sensory experience of savoring familiar flavors and aromas from Earth
can provide a comforting reminder of home and help alleviate feelings of isolation and
homesickness.

Furthermore, cooking in space counteracts menu fatigue by offering astronauts a
degree of autonomy and personalization in their diets. The ability to select ingredients,
adjust flavors, and experiment with recipes fosters a sense of ownership over their meals.
This empowerment can have profound effects on the crew’s morale, fostering a positive
psychological state and promoting cohesion within the team. In an environment where
every aspect of life is meticulously regulated and controlled, the act of cooking grants as-
tronauts a degree of agency and creative expression.

The importance of cooking in space extends beyond the immediate well-being of
astronauts. It also contributes to our broader understanding of sustaining life in extreme
environments. By developing techniques and technologies for preparing food in space,
we gain valuable insights into resource management, waste reduction, and sustainability.

These lessons can be applied not only to future space missions but also to terrestrial chal-
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lenges, such as feeding populations in remote or harsh regions on Earth.

In summary, cooking in space holds immense significance for the long-term survival
and well-being of astronauts. It addresses their nutritional, psychological, and social needs,
while also serving as a platform for scientific exploration and innovation. By recognizing
the multifaceted benefits of cooking in space, we can continue to push the boundaries of

human exploration and pave the way for sustainable and fulfilling journeys beyond Earth.

(00 [0DOmOoto 0ooood 0iidonood 0oo Dooooodo

Different types of space missions require different food system solutions. Solutions
for short duration missions (i.e. freeze-dried foods) will not scale to meet the demands of
longer duration missions. Similarly, a self-sufficient food supply chain on a planetary sur-
face is both unnecessary and inappropriate for shorter missions at, say, Low-Earth Orbit
(LEO).

As a point of departure, I construct three hypothetical mission profiles, differenti-
ated by distance of travel, duration of mission, and frequency of resupply. The first two
characteristics necessarily dictate the third, which in turn dictates the level of self-sufficiency
required of the space food system. These mission profiles do not reference any particular
missions currently in development. Rather, they serve as canonical examples that high-
light the increasing demands on the food supply chain as missions increase in distance
and duration (Figure 1.4). I identify the core kitchen technologies that need to be devel-
oped to meet crew needs. Along the way, I provide a review of existing designs and tech-
nologies as they fit into different mission types. I also show that current technologies are
mainly for supporting future missions. I map out a suite of new technologies that need to

be developed to withstand scale-ups in complexity. I discuss human factors, environmental
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systems, and other requirements that must be considered in the design of kitchen tech-

nologies in space.

In essence, the rest of this chapter, as summed up in Figure 1.4, presents a space

food research agenda for the decades to come.

Representative Mission Profiles
1 month on ISS 6 months on moon 5 years on Mars
Distance Short Medium Long
Mission
Characteristics Duration Short Medium Long
Frequency of resupplies |High Medium Low
_________________ | * Maintain fitness for operations
i * Combat stresses of * Combat stresses of prolonged
L ‘prolonged exposure to space exposure to space environment
Physiological : environment
I+ Meet basic caloricand Meet basic caloric and * Meet basic caloric and nutrient
!nutrient requirements nutrient requirements requirements
Systgm I's Connection with crew members
Objectives ' .
| » Foster creativity, combat
................. |boredom
Psychological | * Connection with Earth * Connection with Earth
________________ o Combat menu fatigue * Combat menu fatigue
“s Meet basic psychological ~ * Meet basic psychological * Meet basic psychological needs
!needs needs
Te Legumes, tubers, animal and
_________________ !meat protein*
|’ Shelf stable ingredients * Shelf stable ingredients
i- Grains and legumes * Grains and legumes
Forms | * Salad crops* * Salad crops*
i- Pre-cooked meals * Pre-cooked meals * Pre-cooked meals
-+ Fresh fruit and veg * Fresh fruit and veg » Fresh fruit and veg
System +» Herbs* * Herbs*  Herbs*
Alternatives .« Supplemental cooking
!operations
| » Post harvest processing
Functions I-_Héaﬁi-ng_a-ni h\TclraEnn_ T Heating and hydration
i e Pick 'n eat crop production e Pick'n eat crop production
i-- I;ei'le_aiiﬁg-a_n& Eﬁv_dl:aac;n_l « Reheating and rehydration e Reheating and rehydration
Technical Readiness Level | 10 | 3 | 1

* ingredients produced in situ
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This type of mission is relatively short to a nearby location, with frequent resupplies. It is
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already under play on the International Space Station. Current transit times to the Inter-
national Space Station are between 10-20 hours. Currently, cargo resupplies occur every
few months, which is still too infrequent to maintain a constant supply of fresh food on
the ISS. In the near future, I imagine that transport costs may decline and that a larger
and more diverse group of humans will spend weeks to months as workers or tourists in
low-Earth orbit. This is the "weekend camping trip” equivalent of space missions. It will
be an adventure, and the food will be acceptable but not great. You know that after the
trip, you'll reunite with the creature comforts of home. In space, the crew needs a food sys-
tem that satisfies basic caloric and nutritional needs. Any physiological and psychological
deficiencies caused by such a food system are short-lived and recoverable upon return to
Earth.

For these missions, the current food system provided on the ISS is sufficient. Freeze-
dried meals and thermostabilized food packs require only reheating and rehydrating and

save cost, power, mass, and volume.
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010000 0000 DO0oo0o 0000 booooomomD 00 000 100 000 00000oboiD 000 boonibooomon Dipoboo 0o jooo
00000 j00000Iooo booo OO0 1000000000 000 00b0LodHoo booooo Dooeo Oiiobool ioDLoo tobor 0ooo

23



The current reheating and rehydration system on the ISS consist of the the Potable
Water Dispense (PWD) and the Galley Rack Food Warmer (Figure 1.5). The PWD rehy-
drates freeze-dried meals and powdered beverages by dispensing up to 250 mL of hot (68-
93 °C/155-200 °F) or ambient temperature (18-51 °C/65-123 °F) potable water through a
needle.” %7 The Galley Rack Food Warmer uses conductive heating to warm food and
drink packages to 82 °C/180 °F. A standard meal of 2 entrees, 2 sides, and 1 drink requires

35 minutes of heating time (email from Rachel Sturtz).

UI00000 DOo0Io o 0 00000 Oiooioo 0o o000 0ottooo
Missions that extend beyond a month require cooking solutions to facilitate creativity
and combat menu fatigue. Delicious, warm, customized meals entice the crew to consume
enough calories and nutrients and help to combat the bone loss, ophthalmic abnormalities,
and lean muscle loss that develop as a result of extended stays in space.® Cooking also
satisfies psychological needs, such as friendship, intimacy, and connection with humanity
and the Earth, that are critical to individual well-being as well as overall mission success.
Since a large majority of foods can be cooked in a pot filled with water, research
efforts should be directed first to developing a heating and hydration technology for oper-
ation in micro- and partial gravity. Not only will such a technology meet the needs of mid-
term missions, it will also serve as the core food technology for long-term missions. My
work in designing (ITT11]"* a wedge-shaped pot for cooking grain-based products in mi-
crogravity, has proven the concept of passive fluid management using capillary forces and
specialized geometries in a cooking context. The amount of cooking water can be dosed
precisely, and cooking temperatures need not reach 100 C but instead can be tuned to
the precise temperature at which the requisite physico-chemical transformations of cook-

ing occur. Such precision limits power consumption and avoids some of the complexities
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associated with boiling, multiphase flows, and steam generation.

Supplemental food technologies can increase the quality of life in space without
requiring an extensive R&D investment. For example, the ISSpresso, a brew-quality coffee
maker tested on the ISS in 2015, provided crew with fresh coffee. It was nearly identical
to a terrestrial Nespresso capsule machine but used an aluminum plunger, not gravity, to
expel the spent capsule from the brewing chamber.!” The ISSpresso was accompanied by
the Capillary Beverage Experiment, a coffee cup that used special geometries and surface
tension to allow drinks to be sipped in an Earth-like manner.%’ Both experiments were
successful partly because they leveraged well-understood mechanisms and required only
slight modifications to existing hardware. But as one-off experiments, their potential to
improve food in space for the long term remains unrealized.

Industrial, interior, and UX designers offer a glimpse into how we might improve
the eating experience at the point of consumption. For example, Obrist et al., 2019 pro-
poses a dining environment that changes in terms of music, visual projections, lighting,
temperature, and/or a VR solution to simulate familiar Earth environments or novel eating
scenarios.”” Environmental “recipes” can be customized by the crew or sent by family and

friends from Earth. Such experiences make room for surprise, camaraderie, creativity, and

delight.?

{00000 [0 O 0ooo 4noioo bo 0ooo

The logistical details for a mission to Mars are sufficiently vague that we can only offer
general guidelines for consideration. The cooking system will need to function in both
micro- and partial gravity (Martian gravity is 38% of Earth’s gravity) and be extensive
enough to enable self-sufficiency upon landing on Mars. It could be possible that Martian

gravity allows for the nominal operation of most cooking appliances. The choice of gal-
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ley equipment, then, would hinge less on the issues represented by gravity and more on
the practical issues of limiting mass, volume, and power. Induction stovetops are safer and
more efficient than gas-powered and electric coil ranges. Combination ovens that support
steaming, baking, and forced convection are efficient and versatile. Versatility ought to be
prioritized; for example, unit operations such as blending, chopping, and whipping all em-
ploy a rotary motion and can be combined into one tool with detachable heads. In the very
long term, as crop production scales up, there will be a need for post-harvest processing
and preservation technologies.*? A number of papers have already investigated candidate
technologies including grain mills, potato pickers, and soybean oil presses.?®?1:2%:68 But

only a large-scale habitat would justify the in-situ production of these ingredients. Until

then, it makes sense to ship bulk grains, frozen bread, and fats and oils from Earth.

(00 [000000ooo Qoo 0ooronoo todoodinoo

0070 00000 0000000000 1. Packaging waste. Equipping a space habitat with food pro-
cessing equipment could decrease the amount of packaging waste currently associated
with individually packaged foods. In preparation for longer-duration missions, a study
was carried out by MEI Technologies Inc and Lockheed Martin in 2010 (Oziomek et al.,
2010) to develop a novel secondary packaging system with reduced mass and volume that
preserves food quality by minimizing interaction with oxygen and moisture. The novel
system consisted of a single, bulk overwrap that preserves a CUFC-worth of food items in-
dividually contained in their primary packaging. It achieved >90% reduction in both mass
and waste volume over the CUFC containers, as well as time savings associated with the

elimination of the need to individually overwrap each food product. Although they can-
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not be reused for food preservation, the bulk overwrap bags can potentially be repurposed
as storage for trash or other applications. A bulk overwrap system allows for substantial
savings in both post-food consumption waste volume as well as labor required of the food
provisioning team (Oziomek et al., 2010). 2. Food waste/inedible mass. There is poten-
tial to leverage biological processes to recover food waste and increase loop closure in the
food production, processing, and consumption cycle. Biodigesters use methanogenic bac-
teria to anaerobically process organic waste in the form of food scraps, inedible biomass,
and greywater. Hava et al., 2019 proposes incorporating biodigesters in the kitchen of
SIRONA, a design for a greenhouse/galley system to sustain a crew on the surface of
Mars for long duration missions. Coblentz et al., 2021 proposes the use of fermentation to
reuse and recover food waste from dehydrated food packages and/or perishable food crops
produced on-station. Preliminary investigations are at the stage of parabolic flights and
limited-interaction missions on-board the ISS, with future plans to create hot sauces and
kombucha via lactic acid fermentation (Coblentz 2021). In addition, Levri, et al., (2001)

estimates that a minimum 3

(10000 00000000 Given its role as a cooking and cleaning medium, not to mention for con-
sumption, water is a key consumable resource in food processing. Post-harvest processing
requires water in the washing of products, separation of root crops from soil, etc. Cooking
processes like boiling and steaming not only require water as an input but also produce va-
por that must be contained and recovered. Cleaning dishes and cooking utensils produce
greywater that must be treated.

The 2018 BVAD estimated that crewmembers require 2 kg/CM-day of drink water
and 0.50 kg/CM-d of food rehydration water on the ISS. In deep space mission scenarios,

it is estimated that dish washing requires 3.54 kg/CM-day of water, an estimate based on
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Mars analog studies conducted on Devon Island, Canada. There are no estimates available
for the amount of wastewater generated in deep space missions.

Greywater from dishwashing or cooking may be recycled for use in crop production
systems. Sous-vide, a method of cooking food pouches in a water bath, has the benefit of
non-fouling of the water medium. The water in the water bath may be re-used for multiple

cooking sessions. Hot water requires substantial power.

00000 The power demand of a food processing system is almost certainly going to be
higher than the power consumption of the current on-station rehydration and warming
capabilities for prepackaged food systems. Hunter Drysdale 1996 estimated that for a
crew of 4 on a lunar mission consuming a CELSS diet with 15% of calories supplied from

Earth, food processing requirements might make up 10

0000000000 0000700000 Food processing often produces volatiles and other airborne
molecules that produce desirable sensory aromas but also may be potentially dangerous
to humans, electronics, and plants. It has been noted that cooking is a short term and high
concentration event that produces both fine particulate matter (particles with diameter <
10 um) as well as ultrafine particles (diameter <0.1 um). Studies of cooking emissions in
residential settings on Earth found that emissions vary significantly by cooking method,
pan size, cooking medium, surface area of the food being heated, heating temperature,
etc (Torkmahalleh et al., 2017; Hu et al., 2012). Cooking processes have been observed
to produce volatiles including TK (Abdullahi et al., 2013). In a closed system, such pollu-
tants accumulate unless separated or scrubbed from the atmosphere to meet spaceflight
requirements (NASA 2020). Solutions must be found to reduce contaminant production

to acceptable levels during food preparation.
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On station, for example, tortillas are supplied in lieu of bread that easily crumbles.
Salt and pepper are dissolved in and dispensed as liquid solutions that adhere to food due
to surface tension. Many food processing equipment deal in dry particulate matter. It will
be necessary to use products in alternative forms or alter equipment to reduce atmosphere

pollution.

0000 0000000000 000000 For long duration exploration missions, a larger crop comple-
ment may include crops that require more intensive processing. While “pick ‘n eat” crops
such as salad greens require minimal processing, other crops, such as soybeans and wheat,
require substantial equipment for post-harvest processing. On Earth, many crops require
a cooling step to remove “field heat” as well as a storage period at an optimum tempera-
ture and relative humidity that differs amongst crops. At minimum, all crops will likely
require a sanitation step in space. For these reasons, as more advanced crop production
systems are developed, it is highly advantageous to develop the corresponding processing
and cooking systems in parallel.

The harvesting cadence ought to be designed to accommodate trade-offs between
storage capacity, processing capacity, shelf-life, and crew-time. For example, eat-and-come-
again crops that are continuously grown and harvested, such as salad greens, require min-
imal processing and cold storage. For crops that require significant maturation time, the
planting and harvesting cadence may need to be staggered to reduce the strain on simulta-

neous processing and storage capacity, as well as crew-time.

000000000 0001000000 000000 Which discrete technical solution is better? Due to the
human factors associated with cooking and eating, there is an opportunity to develop an

enhanced version of the traditional Equivalent System Mass (ESM) approach to compar-
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ing technology options beyond the current computational method involving mass, vol-
ume, power, cooling and crewtime. The Life Support Multidimensional Assessment Cri-
teria (LSMAC), first introducesd by NASA and Sierra Nevada Corporation in 2017, takes
into account additional criteria such as maintainability, risk analysis, TRL, manufacturing
costs, reliability, human factors, and un-crewed operations to aid in technology evaluation
(Marshal et al., 2020). In the 2000s, researchers adapted the ESM scheme to compare
commercial food processing technologies. %2120 Future analyses should incorporate ad-
ditional factors including versatility (number of unit operations possible), instantaneous
capacity (calories processed/time), compatibility with a standard menu or pantry, simplic-
ity of operation, number of moving and/or replaceable parts, operability in partial gravity
environments, and product quality.

The ultimate test of a food technology may be ability to interface safely and reliably
with other space life support subsystems, including water recovery, atmosphere revitaliza-
tion, waste processing, and crop production. Greywater from dishwashing or cooking goes
to watering crops. Food scraps can be composted to become fertilizer. Cooking produces
volatile compounds, some of which may be perceived as pleasant aromas despite posing
potential danger to humans, electronics, and plants, unless scrubbed from the atmosphere.
There are possibly too many interconnections than can be condensed to a single number,
as is the goal in the ESM framework. This is where qualitative models, such as the System

Architecture Framework and other concepts from systems engineering, shine.

o Oorood

Sustainable human presence in space requires significant investment in the development

of food technologies. Technology roadmaps such as the one described in this paper are a
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tool to focus, support, and integrate research efforts in the research community.

Meaningful progress can only be achieved when government agencies and private
companies commit organizational and financial resources to support collaborations be-
tween aerospace engineers, food scientists, chefs, and human-centered designers. Funding
agencies need to incentivize close collaborations between food technologists, space re-
searchers, and aerospace engineers. Initiatives such as the Deep Space Food Challenge
and the BIG Idea Innovation Challenge are examples of fora to motivate such interdisci-
plinary work. Teams need not just prize money and publicity but also technical support to
access microgravity test environments such as parabolic flights, which are rare, expensive,
and require familiarity with flight requirements and paperwork.

We call on colleagues to see the challenges of feeding in space also as a challenge
to preserve human well-being on Earth.?%!¥ As terrestrial environments become increas-
ingly constrained in resources, communities on Earth start to face the same constraint of
low power, mass, volume, water, and delicate logistics that also confront space explorers.
Collaborations between space entities and humanitarian agencies should be established to

facilitate technology development in the parallel domains of Earth and space.
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This chapter includes content previously published in “STIRONA Part 1 — Archi-
tecture and Technology” by Hava et al. 2019 and “SIRONA Part 2 - Design Development
and Projected Performance” by Hava et al. 2022.2>?* T am the second author on both pa-
pers. My contributions have been consolidated with new material and presented here as a

cohesive chapter.

0l [0oooooomon

It is widely acknowledged that establishing self-sufficiency in food production,
rather than relying solely on terrestrial supply chains, is a paramount objective for future
space exploration. The realm of space food falls within the broader domain of space life
support systems (LSS), which also includes atmosphere management, water recycling,
waste management, and other concerns. A recent focal point in this field is the emergence
of Bioregenerative Life Support Systems (BLSS), a term denoting the creation of self-
sustaining, closed-loop ecosystems using biological systems. The development of BLSS
has led to a diverse array of innovative designs, including greenhouses teeming with crops
and algae, as well as ambitious ventures such as cultivating fish in microgravity.

In this context, NASA presented a challenge to university teams in 2019: design a
greenhouse capable of sustaining a four-person crew on the Martian surface. I recognized
the innovation competition as an opportunity to revise the traditional space greenhouse
design by incorporating post-harvest processing and cooking technologies. Previous re-
search on space food production and processing has primarily focused on individual tech-
nologies or methods. Collaborating with Dr. Heather Hava and other colleagues from

various disciplines—including aerospace engineering, food science, botany, mechanical
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HQJLQHHULQJ DQGFLYLOHQJLQHHULQJfUHSUHVHQWLQJLQVWLW
8QLYHUVLW\ DQG +DUYDUG 8QLYHUVLW\ ZHDLPHG WR GHYHORS D
FRPSDVVHG WKHHQWLUH CIDUP WR WDEOH VXSSO\FKDLQDQG VH
VXSSRUW V\VWHPV

2XUUHVXOWLQJGHVLIQ QDPHG6,521$%$ 6XVWDLQDEOH ,QWHJL
2XWHU VSDFH 1IDWXUHDQG $JULFXOWXUH ZDVKRQRUHG ZLWK WK
$ZDUGDQG VWRRG RXW DPRQJ W K/ FORWE B W RWIHP@ BE\WQUHYHH UV
DQG VFLHQWLVWY ZHVWULYHG WRFUHDWHDQDWPRVSKHUH UHVF
LQJIURP WKH VWHULOH JURZWK SRGV FRPPRQO\DVVRFLDWHG ZLW
ZHDSRQ VRWRVSHDN ZDVWKHLQWHJUDWLRQRIDNLWFKHQ LQWI
HIDWHG WRDQ DIWHUWKRXJKW LQ H[LVWLQJGHVLJQV &RQWUDU\
WKDW D JHQHULF NLWFKHQ ZRXOG EHKRXVHG LQ D VHSDUDWH SRG
KRXVH ZHUHFRJQL]HG WKHLQWULFDWHLQWHUSOD\EHWZHHQ WK
LQJKDUGZDUH $VDIRRG VFLHQWLVW ,XQGHUVWRRG WKDW DQ HI
JUHHQKRXVH ZRXOG LQFOXGHD NLWFKHQ WDLORUHG WR WKH VXEV
ODUV

7KLV FKDSWHU EHJLQV E\GHVFULELQJWKHFXUUHQW VWDWH R
JXHWKDW LI FURSVDUHEHLQJKDUYHVWHG WKHQ WKHUH LV QHFH)
FHVVLQJWHFKQRORJLHYV ,SURYLGHDQRYHUYLHZRIWKHWHDP V
XODUHPSKDVLVRQP\FRQWULEXWLRQV WR SULQFLSOHV EHKLQG W
WKH 6,521$ NLWFKHQ GHVLJQ LV SUHVHQWHG DORQJZLWK WKH FR
)LQDOO\ SRWHQWLDODYHQXHV IRUIXWXUHZRUNRQWKH 6,521% S|
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7KH6,521$ GHVLJQ ZDV LQLWLDOO\FRQFHLYHG DV SDUW RI WKt
WKURXJK ,QQRYDWLYH DQG *DPH &EROSHWL\WARDUJKHOTXQHBBHQW
FHQWHUHG RQ GHVLJQLQJD JUHHQKRXVH WR SURYLVLRQD FUHZ R
GD\PLVVLRQRQDQHDUO\ODUVRXWSRVW 7RDFKLHYHWKLV WKH
SUHYLRXVO\ GHVLJQHG ODUV ,FH +RPH DQLQIODWDEOH VWUXFWX
WKHH[WHUQDO VX IXKRIUPR F SHWEWXR® UXOHY VWLSXODWHG D ZDW!|
SDFLW\RI NJ GD\DQG SRZHU S&J/BY1Y L6XY WIDLMQDEOH ,QWHJUDW.L
RISHJHQHUDWLYH 2XWHU VSDFH 1IDWXUHDQG $JULFXOWXUH LV R.
JUHHQKRXVH WKDW DGGUHVVHV WKH QHHG IRUD KROLVWLF V\VWH
VSDFH
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5HVYVHDUFKHUV KDYHEHHQLQYHVWLIJDWLQJJURQGLQJIRRGLQ V.
VWHDG RIUHO\LQJVROHO\RQ SUH SDFNDJHGDQG UHVXSSOLHG IR
YDWHDQG KDUYHVWIRRGLQVSDFHKDV VHYHUDODGYDQWDJHYV

*URZLQJIRRGLQVLWXUHGXFHVGHSHQGHQFHRQH[WHUQDO V
PLVVLRQ VXVWDLQDELOLW\DQG UHGXFHV ORJLVWLFDO FRPSO
FRQWLQXRXVUHVXSSO\PLVVLRQV

JRRG SURGXFWLRQ VA\VWHPVLQVSDFHUHTXLUHUHF\FOLQJDQ
VRXUFHV 7HFKQRORJLHV VXFKDV K\GURSRQLFVRUDHURSRQL
OLPLWHG UHVRXUFHV VXFKDVZDWHU QXWULHQWY DQGHQHU



OL]JLQJFORVHG ORRSV\VWHPV IRRG SURGXFWLRQ V\VWHPV FF
FRQVHUYDWLRQDQGRSWLPL]HWKHXWLOL]DWLRQRIDYDLODE
VI\VWHPVFDQDOVREHLQWHIJUDWHG ZLWK ZDVWH PDQDJHPHQ\
RWLFUHODWLRQVKLS 30DQW EDVHG FXOWLYDWLRQ V\VWHPYV
DVWURQDXW IRRGZDVWHRUELRORJLFDO ZDVWH DV D QXWULEH
SURDFKKHOSVPLQLPL]HZDVWHDFFXPXODWLRQ UHGXFHV WK
FRQWULEXWHV WRRYHUDOO PLVVLRQVXVWDLQDELOLW\

,QYROYHPHQW LQ IRRG SURGXFWLRQDFWLYLWLHV FDQKDYH S
RQDVWURQDXWYV (QJDJLQJLQJDUGHQLQJRUSODQW FXOWLY|
SRVH UHVSRQVLELOLW\ DQGDFRQQHFWLRQ WR QDWXUH 7KH
ZLWQHVV WKHJURZWK RI SODQWY FDQ RIITHUD WKHUDSHXWLF C
H[SHULHQFH HQKDQFLQJWKHRYHUDOO ZHOO EHLQJDQG PHQ!

7KH SXUVXLW RIIRRG SURGXFWLRQLQVSDFHPLVVLRQV GULYH
LQYDULRXVUHODWHGILHOGY 6FLHQWLVWVDQGHQJLQHHUV I
PHWKRGYVY SODQW YDULHWLHV VXLWHGIRUVSDFHHQYLURQPH!
DQGRSWLPL]IDWLRQ RIJURZWK  FRQGLWLRQV 7KHVHDGYDQFH
WHFKQRORJ\FDQKDYHVSLQ RITEHQHILWV IRUVXVWDLQDEOH
IRRG VHFXULW\RQ (DUWK

$ FURS SURGXFWLRQ VA\VWHP VHUYHV WR SURYLGH SURSHU QXV
WDPLQV WKDW PD\GHJUDGH GXULQJPXOWL \HDUPLVVLRQV UHGX
FRVWY DGG YDULHW\ DQGHQKDQFHPRUDOH

JUHVK SODQW FURSY SURGXFHG LQ VLWX SURYLGHV PLFURQXW
VSDFHPH®H ILUVW VSDFH JURZQ YHJIHWDEOHWREHFRQVXPHG ZD
LQJWKH2DVLVY OH[SHULPHQW RQ WIKHDEBO\KW DIOQ -XOSURYLGHV D



KLVWRULFDO RYHUYLHZRIVSDFHSODQW  JURZWAKURKHQUFK RYHU
FOXGHV 1$6% V$GYDQFHG $VWURFXOWXUH $'9%$6& DQG WKH %LRP
%36 LQWKHHDUO\ V. 7TKH$GYDQFHG30DQW +DELWDW $3+ ZD
LQ WR SURYLGHDGGLWLRQDO SODQWUHVHDUFK RSSRUWXQLW |
SODQWOLIH VXS $SREBNVWWKRBW WHUP IRRG SURGXFWLRQJRDOV IRF
DUREXVWVDODG PDFKLQH VI\VWHP UHO\LQJRQK\GURSRQLFVDQG
FUHZ GLHWV ZLWK IUHVK OHDI\JUHHQ LQ QHDU WHU/R/(2 FLVOXQD!
GDWH VPDOOEDWFKHV RISLFN DQG HDWFURSYV LQFOXGLQJOHW
JURZRQ VWDWLRQDV SDUWRI1$6% VI9(**,(H[SHULPHQWYV ZLWK D¢
KYHIHWDEOH SURGXFWLRQ XQLWVIRUIXWXUHODUV WUDQVLWPLV
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7TKHWHUP /66 /LIH6XSSRUW 6\VWHP GHVFULEHV V\VWHPV WKD
UHVRXUFHVDQG VXSSRUW IRUKXPDQOLIHLQVSDFH ,WW\SLFDOO
R[\JHQ UHPRYLQJFDUERQGLR[LGH PDQDJLQJZDVWH UHJIXODWL(
DQG VXSSO\LQJZDWHUDQGIRRGWRWKHFUHZ %/66 %LRUHJHQHL
DVXEVHWRI/66 WKDWUHIHUV WR WKH XVHRIELRORJLFDO FRPSRQ
RUPLFURRUJDQLVPV WRHQKDQFHOLIHVXSSRUW IXQFWLRQV $ %
HFRORJLFDO V\VWHP ZKHUH ZDVWH SURGXFWV DUHUHF\FOHG DQG
XVDEOHUHVRXUFHV

O\FROOHDJXH'U +HDWKHU +DYD WDNHV WKH %/66 FRQFHSW RC
WURGXFLQJ %/L66 ZLWKDQkL vDGHVLIJQ SKLORVRSK\WKDW GUD?Z
WHFKQRORJLHVLQFOXGLQJ SHUPDFXOWXUH ELRPLPLFU\ FRQWU



YHUWLFDO IDUPLQJ ELRSKLOLD DQGKXPDQ FHOQWHUHG GHVLJQ W
DQG KDSS\ $%OL66 GHVLIQHPEUDFHV WKHLGHD WKDW DFFHVV WF
DQGZHOO EHLQJ 7TKHUHVXOWV DUHPDQ PDGHHQYLURQPHQWYV W
RUJDUGHQVDQG SURPRWHZHOO EHLQJ FUHZFRKHVLRQ UHODI[D\
%/L66 GHVLIQVHQVXUH WKHFUHZ QRWPHUHO\VXUYLYHV EXWDFV

7TKHW\SHRIGHVLIJIQ SKLORVRSK\HPERGLHG E\ %/L66 UHTXLUH)\
LQJ vVD\ DK\GURSRQLFVVHW XSIRUJURZLQJSHSSHUVLQPLFURJI
DQGGHYHORSLQJVWDQG DORQH V\VWHPV WRFUHDWHD V\VWHP R
RWKHULQ KDQRP\RQ\YV ZD\ WKH6,521$GHVLIJQLVDQRWKHUH[DPSOH
VI\VWHP HQJLQHHULQJ GLVFXVVHG LQ &KDSWHU
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7KHWLWOHRIWKLV VHFWLRQ VXPV XSWKHUHDVRQLQJIRUP\Z
YDWHV P\ ZRBA BQ&KDSWHU DV ZHOO DV WKH ZRUN SUHVHQWHG Kt

7XUQLQJUDZHGLEOHELRPDVVLQWRD GHOLFLRXV PHDO VDWL
DQG QXWULWLRQDO UHTXLUHPHQWYVY 2Q (DUWK IRRG KDV D YDULH
KHVLRQ HQWHUWDLQPHQW FXOWXUDRQEBHEQWLMYHTXHDOWRHD O Y
RITXDQWLW\DQG DFFHSWDELOLW\DUHPHW KXPDQV DOVR H[SHFV
FLRXYRRG VVLJQLILFDQFHWR WKHFUHZ KDV EHHQ VKRZQ WR EH R(
,&(HQYLURQPHQWYV L QKRG KQIXSMHFHLQHHULQJRIERWK IRRG SL
DQG SURFHVVLQJV\VWHPV KDV WKH SRWHQWLDO WRLQFUHDVH WK
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LOQFOXGHFURSV WKDWUHTXLUHPRUHLQWHQVLYH SURFHVVLQJ :K
VDODG JUHHQV UHTXLUHPLQLPDO SURFHVVLQJ RWKHU FURSYV VX
VXEVWDQWLDO HTXLSPHQW IRU SRVW KDUYHVW SURFHVVLQJ 0DQ
UHPRYH kILHOG KHDWvDV ZHOO DV VWRUDJH SHULRGDFFRUGLQJ W
DWLYHKXPLGLW\WKDW GLIITHUVEHWZHHQ FURSY $WPLQLPXP DO
LWDWLRQ VWHS )RUWKHVHUHDVRQV DVPRUHDGYDQFHG FURS S|
LWLV KLIKO\DGYDQWDJHRXV WR GHYHORS WKHFRUUHVSRQGLQJ S
SDUDOOHO

&}Ee“10 $}(DW"'DQG FRPH DJDLQ FURSV WKDW DUH FRQWLQXRXVO\
UHTXLUH OHVV SURFHVVLQJHTXLSPHQW DQG VWRUDJH :KLOH WKF
WR SURFHVV D ODUJHFURSDOODWRQFH WKHVLPXOWDQHRXV UHT
HTXLSPHQW SRZHU ZRUNVSDFH RUVWRUDJHPD\PDNHLW XOWLP
WKHWLPHEHWZHHQ KDUYHVWY WKHPRUH SURFHVVLQJHTXLSPHQ
/IDUJHU FURS\LHOGV ZLOO UHTXLUH PRUHHTXLSPHQW WR SURFHV\
PRUHVWRUDJHFDSDFLW\

E“é6 OL3RVW KDUYHVW SURFHVVLQJLVDQRWKHUIDFWRU WKDW JXI
VWXGLHVHVWLPDWH WKDW URXJKO\ &0 K GRIDFWLYHFUHZ WLPH
WLRQDQG FOHDQXSLQDK\EULGEXON FRPPRGLW\ VDODG FURS IR

PLQXWHV SHU &0 G IRU*ER @ QXPISMVILRHY K IRRG SURGXFHG DQG WK
LQIJHTXLSPHQW LQFOXGHGLQ 6,521$%$ FUHZWLPHLV H[SHFWHG WR
DFFRPPRGDWH SRVW KDUYHVW SURFHVVLQJ QRWLQFOXGLQJFUR
EH\RQG VLPSOH UHK\GUDWLRQ DQG KHDWLQJ :KLOHVRPHRIWKH K
VDODG FURSV PXVWEHHDWHQIUHVK RWKHUVHOHFWHG FURSV D



RUSUHVHUYDWLRQLQRUGHUWRFRPSHQVDWHIRUVHDVRQDO YDU
,QHGLEOH SODQWDQGILVKPDWWHU FDQEHLQFRUSRUDWHG LQWR
ORRS VXFKDVVHUYLQJDVILVKIRRGLQWKHDTXDSRQLFV V\VWHP

4,3} OTBHISULPDUVJDOOH\LV PRYHG IURP WKH FUHZ TXDUWHUV WR
SDQGHG LQWR D IXOO\IXQFWLRQDO NLWFKHQ DGMDFHQW WR D GLQ
&RQVHTXHQWO\ SRVW KDUYHVW SURFHVVLQJ SUHVHUYDWLRQ D
SUR[LPLW\WR WKH JURZLQJDQG KDUYHVWLQJVLWHYV
7KHNLWFKHQ UHORFDWLRQ QRW RQO\HQKDQFHV FUHZ HIILFLH
WR LPSURYH SK\VLFDO DQG SV\FKRORJLFDO ZHOO EHLQJE\LQFUHI
VSHQW DPLGVW QDWXUH 7KH OD\RXW RI WKHNLWFKHQ PD[LPL]HV I
LFV (TXLSPHQWDVVRFLDWHG ZLWK ORQJ WHUP IRRG VWRUDJH Gt
FDWHG DORQJWKH ZDOO ZLWK WKRVHIRULPPHGLDWH SRVW KDUY
LQLWLDO FOHDQLQJRIFURSVDQGILVK DQGDELRGLJHVWHU HTXL
GRZQLQHGLEOHPDWHULDOV ORFDWHG FORVHVW WR WKH JURZ DU
FDQEHDOVR GLVFKDUJHG LQWR WKH ELRGLJHVWHU EHIRUH EHLQJ
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6,521$LVHTXLSSHG ZLWK D IXOO NLWFKHQ IRUURXJK SRVW KD
GDLO\FRRNLQJWDVNY 7KLVLVDQLQQRYDWLYHGHVLIJQUDUHO\S
BURFHVVLQJODUJHDPRXQWV RISURGXFHDW KDUYHVW PDNHV RSF
PDWXUHDOODWRQFHDQGPXVWEHTXLFNO\WULPPHG ZDVKHG D(
UHVHUYHG IRULPPHGLDWH XVHDQG WKHPDMRULW\SXWDZD\IRUUC
DOVRLPSRUWDQW WR WKH SV\FKRORJLFDO ZHOO EHLQJRIWKHFU
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