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2. INTRODUCTION

As humans travel further and longer into the solar system the many challenges must be solved.
One challenge is the adequate food supply for the crew. Currently all of the food that is con-
sumed by Astronauts on the ISS is prepackaged on ground and transported to the ISS. This
approach requires a significant investment of mass and the long-term stability of nutrients in
the stored food is unclear. Especially the impact of radiation outside of the low earth orbit may
have a negative impact on the stored food.

Currently ESA is researching plant and microbial based alternatives to produce food in closed
loop systems [RD1] with plants and algae that are grown in space as food source, see Figure 1.
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Figure 1: MELISSA biological life support concept [RD2].

As plants with a high protein content often have lower productivity compared to plants which
produce carbo hydrates [RD3] the goal of this study was to focus on the protein production and
potential alternatives to plants and algae. The alternative on which this study focuses is so
called cultured meat, where animal cells are grown in a lab environment to produce a meat
analog without the need of rearing animals. The study therefore first compared various alter-
natives for protein production in space, from plants over algae and other microorganisms to
cultured meat and then derived a conceptual design of a cultured meat production system for
four astronauts. As expected mission an approximately 1200 day long Mars mission is assumed.
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3. PROTEIN PRODUCTION ALTERNATIVES

Food production in space is a challenging task, as is evident by the current small scale systems
that are used in space, like e.g. the NASA Advanced Plant Habitat [RD4] which focuses on stud-
ying the growth of plants in space and not the actual production of food, see Figure 2.
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Figure 2: Advanced Plant Habitat facility for the growth of wheat in space [RD4].

Actual food production in space would require fairly large growth areas and many resources,
with current estimates ranging from about 40 m? for a high carbohydrate diet, to 57 m? for a
more balanced diet [RD5]. The resources required for the growth of the plants in total result in
about 14 years till the plant system is more efficient than the stored food approach used on
the ISS in a equivalent system mass trade-off [RD5]. Equivalent system mass is a trade-off ap-
proach where all required parameters of a system, like e.g. power demand, are converted into
the mass value required to provide this parameter in the space environment.

Algae (or cyanobacteria) are currently studied in the space environment as alternative protein
source [RD6] but are also developed on Earth by e.g. Solar Foods (Helsinki, Finland) as a food
product called Solein. Algae can be produced more efficiently than plants but face some con-
straints with respect to taste which make additional post-processing necessary [RD7]. Other
potential alternatives include e.g. fungi [RD8] or insects like the yellow mealworm [RD9] which
are considered for biological life support. These alternatives are currently not well studied in
the space application context, similar to the application of cultured meat in space. Therefore,
the next step was to study the different concepts how cultured meat can be produced and
compare them to the other protein production alternatives.
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4. CULTURED MEAT PRODUCTION SYSTEM FOR SPACE

The initial step to derive a cultured meat production system is to compare the various options
how the cells can be cultivated that are used on Earth. These include in general four different
types of bioreactors:

e Microcarrier Bioreactors in which three-dimensional beads provide a large surface to
volume ratio as growth surface for the cells

e Packed-Bed Bioreactors in which support structures like e.g. fibers are used as scaffold
on which the cells grow

e Hollow-Fiber Bioreactors where the cells growth on hollow semipermeable microfibers

e Scaffold-Free Bioreactors where the cells do not grow attached to any structure but
attach to other cells, creating spheroids

Based on publications about these concepts and the reported parameters, models were de-
rived to compare them. In addition to the reactor types, two different operating modes were
also considered, a batch mode where one batch of cells is grown over multiple days and then
harvested and a continuous operating mode where the cells are continuously harvested during
the growth. The model derived for the different concepts included a simplified bioreactor
model as shown in Figure 3 and additional estimates for the power and thermal demands of
the system based on the reported parameters. The achievable cell-growth rates were used to
compare the productivity of the concepts to their demands on the system.

The bioreactor was then dimensioned to cover 60% of the protein demand of four astronauts.
One astronaut was assumed to consume 1.2 g protein per kg of bodyweight with a bodyweight
assumed per astronaut of 82 kg on average. Therefore, to cover 60% of the demand the biore-
actor is dimensions to produce 59 g of protein from cultured meat per astronaut per day.
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Figure 3: Simplified bioreactor model used in trade-off.
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In the initial trade-off the best performing bioreactor type was the scaffold-free bioreactor op-
erating in a continuous mode. This bioreactor only was estimated to require approximately
1.03 m?3, 1581 kg and 122 W of power for a crew of four astronauts. As the radiation shield was
estimated to be a relatively large part of this mass (954 kg), although the cells have similar
radiation limits as astronauts [RD10], the following trade-offs neglected the radiation shield
and instead assumed that the spacecraft itself provides adequate shielding for the astronauts
and the cells.

As the size of the bioreactor is still significant, further optimizations were considered which are
based on reported cell growth parameters, but have not been verified in larger bioreactors yet.
The key parameter assumed here is a higher achievable cell density in the bioreactor which
allows the bioreactor to become smaller as more cells can fit into less volume. Under this as-
sumption, the stand-alone bioreactor for four astronauts would require 0.2 m3, 397 kg (of
which 332 kg are radiation shielding) and 25 W power demand.

Based on this initial bioreactor trade-off a more detailed conceptual design of the whole pro-
duction system was derived, which is shown in Figure 4.
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Figure 4: Cultured Meat Production System Conceptual Design. Picture of Bioprinter from [RD11].
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Additionally, a simplified 3D model of the complete production system with rough estimates
for the different sizes of the components in an ISS International Standard Payload Rack (ISPR)
was created, which is shown in Figure 5.
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Figure 5: 3D concept of cultured meat production system for four astronauts fitted into an ISPR.
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This concept was compared to the alternatives in an equivalent system mass trade-off using
the LiSTOT tool [RD12] which is shown in Figure 6.
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Figure 6: Equivalent System Mass of the proposed cultured meat system for four astronauts compared to the current stored
food concept used on the ISS, a photobioreactor (PBR) for algae growth, a small mixed plant growth chamber (Part ELS PGC)
and a protein focused Drybean plant growth chamber (PGC) which also produces 60% of the protein demand. All systems are
sized for four astronauts as well. The black line shows the maximum shelf life of stored food as stated by [RD13]

The derived concept for cultured meat production can therefore be more efficient than the
considered alternatives after more than 1028 days. Table 2 provides a more detailed compari-
son of the most promising alternatives for protein production and their individual parameters
as they were estimated in this trade-off.

Table 2: Comparison of alternatives for four astronauts on a 950-day Mars mission.

Unit Stored Food Drybean Plant Chamber Cultured Meat
Mass (inlc. Spares) kg 1159 8205.6 1243
Volume m3 3.06 92.84 1.955
Power W - 96449.8 722
Maintenance h - 3073.3 1178

The stored food as it is currently used on the ISS, would require a similar amount of mass but
much more volume compared to the cultured meat production system. However, it would not
require any power and no maintenance. For the comparison of stored food the current shelf
life of the food used on the ISS of 2 years [RD13] must also be considered, as it exceeds the
mission duration. The concept for cultured meat production utilized stored solid nutrients for
the cell growth, as the stability of the required nutrients in solid form is expected to be longer
than for the dissolved nutrients. However, the exact shelf-life of the required nutrients for cul-
tured meat production must be studied to ensure the system is a viable alternative.
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5. CONCLUSION

Overall, the conceptual design of a cultured meat production system shows promising results
with a similar total mass than the equivalent amount of stored food and also a break-even with
stored food after about 1028 days. Compared to the considered alternatives like plants it would
provide a much earlier break-even. However, the loop closure of the cultured meat production
system is not as high as the one achievable with a plant growth chamber because pre-stored
nutrients are required for the cultivation of meat cells. The design is also currently based on
assumptions to close some existing knowledge gaps. For example, most of the cell culture lit-
erature focuses on Chinese hamster ovary cells, which are not anticipated to be used as food
product for astronauts. Instead beef (bovine cells) is expected to be the most promising type
of cultured meat due to the high protein content. In addition to the benefits of mass savings
for long missions, a cultured meat food product can also provide a pleasing addition to the diet
of the astronauts, especially compared to some food alternatives like algae. For this reason, the
design also considered the production of cultured meat which is close to the texture and taste
of actual meat and therefore includes fat cells to texturize the cultured meat product. If the
pure goal is protein production, the fat cells could be neglected but this would have a negative
impact on the taste of the cultured meat product.

Cultured meat could therefore be a potential addition to the diet of future astronauts but be-
fore this is feasible further work is required to optimize the design and verify some assump-
tions.





