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ABSTRACT

One of the main challenges to support life in space is the development of sustainable, circular
processes that reduce the high cost of resupply missions. Space biomanufacturing is an emerging
paradigm that aims to reduce the need for resources, enabling on-demand manufacture of prod-
ucts. The cost of installing biomanufacturing systems in space depends on the cost of transporting
the system components, which is directly proportional to their mass/weight. From this perspective,
the system mass is a critical factor that dictates process design, and this has important implica-
tions in how we can approach such design. For instance, mass constraints require circular use of
resources and tight process integration (to minimize resupply) and restricts the type of resources
and equipment needed. In this work, we evaluate the lactic acid bioproduction design using £sch-
erichia coli, Saccharomyces cerevisiae, and Pichia pastoris. We use the Equivalent System Mass
(ESM) metric as a key design measure. ESM allows the quantification of different physical proper-
ties of the system in a common mass basis. Our analysis reveals that 97.7 kg/year of lactic acid
can be produced using Saccharomyces cerevisiaein a 10 L stainless steel fermenter. Furthermore,
considering that stainless steel is the design material and quantifying the mass of 1 g/cm? of shield-
ing material, the total system mass was 19 kg. This modeling framework also identified the critical
system elements responsible for the highest system mass and launch cost. Overall, our analysis
reveals how focusing on system mass can bring new design perspectives that can aid the design

of traditional manufacturing systems.
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INTRODUCTION

Since 2000, the International Space Station (ISS)
has served as a research laboratory in low Earth orbit,
supporting several research studies in different scientific
fields [1]. During these years, space-based research that
study systems under unique, non-terrestrial conditions
have produced strong impacts and diverse technological
and social benefits. However, the cost of supporting the
ISS is still an important factor that influences the devel-
opment of new projects. The ISS Program’s annual
budget is about $3 billion, of which, $1.8 billion is related
to the transportation of crew and cargo services making
this the most expensive element of the program [2]. This
is mainly because fuel is the dominant cost of space mis-
sions [3], and although lower launch costs have been
https://doi.org/10.69997/sct.157136

achieved in recent years, the current price for delivering
one kilogram of cargo to low Earth orbit /s approximately
$70,000, which is a high transportation cost [4]. There-
fore, one of the main challenges in current space re-
search is to create sustainable, closed-loop (circular)
systems for future long-space duration missions to re-
duce the need for resupply missions.

Water, oxygen, energy, and food are some essential
resources to sustain life in space but launch capacity for
the ISS is approximately 1 ton of water [5]. Consequently,
there is a need for flexible and low-cost space manufac-
turing processes that enable on-site production of es-
sential chemicals and resources [6]. Over the past few
years, research has been carried out to develop ad-
vanced technologies that convert human waste and local
resources into pure consumables to satisfy the capacity
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launch limitations and reduce the high cost of resupply
missions. In this regard, in-situ resource utilization has
offered new possibilities to develop circular processes
that allow for the on-demand production of value-added
chemicals and materials for the construction, mainte-
nance, and repair of mission systems [7]. This is crucial
in space exploration, because long-duration space mis-
sions require circular systems that are capable of manu-
facturing their essential items [8]. Furthermore, bioman-
ufacturing is a promising approach to support sustainable
and circular systems for space exploration [9]. This relies
on the use of biological systems that are engineered to
produce and manufacture value-added products and ob-
jects on demand. Hence, biomanufacturing is a conven-
ient alternative to design systems in remote locations or
where supply chains for consumables cannot operate re-
liably [10].

The use of biomanufacturing in space has diverse
applications. Significant research has focused on regen-
erative medicine applications (e.g., tissue engineering
and disease modeling) [11]. Lately, the production of nu-
trients and food through biomanufacturing has been cru-
cial to support life in space. These studies have focused
solely on technical and operational features, without con-
sidering transportation cost restrictions (which are criti-
cal to implement systems in space).

The traditional paradigm for process design is ob-
jective-driven, in the sense that the system is engineered
to maximize/minimize specific performance goals. When
designing a system in space, however, the mass/size of
the system is a critical factor that takes priority due to
strict limitations of transportation and resources. As
such, the design of space systems is constraint-driven.
Moreover, space systems are subject to disturb-
ances/externalities (e.g., gravity and cosmic radiation)
that pose non-obvious and often unknown constraints.
For instance, the fermentation reactor (a key component
of a biomanufacturing system), is strongly affected by
storage conditions, gravity, and radiation, which can af-
fect the performance and survival of microorganisms em-
ployed to produce value-added products.

Considering this, new approaches are needed to
support the design of biomanufacturing systems that
consider both operational restrictions and mass re-
strictions. One approach to solve this problem involves
the use of the Equivalent Systems Mass (ESM) analysis.
ESM is a metric that allows the consideration of different
physical resources such as power, cooling, and equip-
ment using mass as a common unifying metric [12]. The
focus on mass can reveal interesting/hidden aspects of
process components; for instance, mass constraints can
limit the type of energy vectors used. In this work, we
present a computational design framework to evaluate
the design of space biomanufacturing systems to pro-
duce lactic acid (one of the most valuable platform

Cansino-Loeza et al. / LAPSE:2024.1592

chemicals) based on the mass of the system using Esch-
erichia coli, Saccharomyces cerevisiae and Pichia pas-
toris as microorganisms. Our case study aims to evaluate
different configurations for the design of biomanufactur-
ing systems in space to identify the specific components
of the system that are responsible for the highest impacts
in terms of mass.

METHODOLOGY

This work evaluates system design scenarios by
quantifying system mass using different engineered or-
ganisms (Escherichia col, Saccharomyces cerevisiae,
and Pichia pastoris) to produce lactic acid. Lactic acid bi-
oproduction has been widely studied on Earth because it
serves as a platform chemical with diverse applications
(i.e., chemical, pharmaceutical, food, cosmetics, and
plastic industries) [13]. Recently, lactic acid has gained
interest due to its capacity to be transformed into pol-
ylactic acid (PLA), a biodegradable polymer with applica-
tions in the production of packaging and new compo-
nents through 3D printing, which is very convenient in
space missions [14].

Because the performance of the biomanufacturing
production may be impacted due to the high radiation
levels that exist in the space environment, the addition of
a shielding material could be necessary to maintain ge-
netic stability in space fermentation systems. Therefore,
these factors are considered to propose different biopro-
cess designs which can be coupled with the equipment
of the life support system of the ISS to take advantage of
the in-situ resource utilization.
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Figure 1: Daily mass balance per crewmember in the ISS.

The life support system involves various chemical
and biological processes, allowing the recycling of waste
into valuable resources. In this way, the system operates
in a closed-loop life support system. However, some
waste resources that are not recovered (i.e., urine, fecal
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feces) or are commonly vented into space (i.e., CH4, CO2)
can serve as inputs in the bioproduction of lactic acid. For
instance, nutrients that are required in the fermentation
process can be obtained from human waste and urine.
Figure 1 shows the daily mass balance per crewmember
in the ISS. Commonly, there are 6 astronauts aboard the
ISS, and based on this, the resources required to satisfy
their basic living needs and the wastes generated can be
quantified from the daily mass balance in the ISS. In this
case, the available water that can be supplied to the bi-
omanufacturing system is approximately 5 L per day.
Therefore, fermentation volumes less than 5 L can use
the available resources in the Life Support System to cre-
ate a more circular system. Otherwise, for fermentation
volumes greater than 5 L, the system will require external
resources from resupply missions to be able to carry out
the fermentation process. In this work, different fermen-
tation volumes are evaluated to estimate their required
mass, which is linked to the launch cost.

Equivalent System Mass Analysis

The evaluation of a system by means of the ESM al-
lows for the reduction of several physical quantities to a
single parameter expressed in the units of mass (kilo-
grams) for direct comparison. ESM has been employed
as a transportation cost measure in studies to avoid the
technical and political complications of using dollar costs
for comparisons. In space missions, the cost of transport-
ing a payload is proportional to the mass of that payload;
therefore, a mass-based measure such as ESM is appro-
priate to quantify the launch cost of the system. In this
regard, through ESM analysis, it is possible to identify
which of several options can meet all specified require-
ments and have the lowest launch cost in relation to
mass, volume, power, and cooling (Equation 1).

ESM =M+ (P xPy)+(CxCy) (1)

ESM can be calculated using Equation 1, where P,
and C,, are the power and cooling conversion factors (87
kg/kW and 146 kg/KW, respectively) to transform the
non-mass quantities to their mass equivalent. These fac-
tors were derived by the NASA Life Support Baseline and
Assumptions Document (BVAD) [15] and relates the
quantity of mass and cost of installation and components
per rate of power delivered. The term M refers to the
mass of components that compose the system (e.g.,
chemicals, glass, stainless steel, polyethylene), P repre-
sents the power consumption (i.e., electrical power de-
mand) and C is the thermal demand for rejecting from the
system (Figure 2).
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Figure 2: Equivalent System Mass framework.

In this work, the biomanufacturing system design is
evaluated to compare the mass of different system de-
signs considering the following assumptions:

= The system is composed of a spherical fermenter
for the production of lactic acid.

=  The materials employed for the fermenter are
glass and stainless steel. The density of the
stainless steel and glass are 2500 and 7500 kg/m3,
respectively.

= The shielding material is polyethylene, which has a
density of 930 kg/mé.

=  The concentration of glucose is 200 g/L.

* In agreement with Rojdev et al. (2009) [16], the
typical values for spacecraft structures have areal
density thicknesses of approximately 1 to 20
g/cm?. In this work, we compared systems with 1
and 5 g/cm? areal density thicknesses.

Based on these specifications, the mass of the sys-
tem involves the mass of the materials or chemicals em-
ployed in the lactic acid fermentation, the mass of the
equipment and the mass of the shielding needs. The sce-
narios proposed for the different bioprocess design con-
figurations labeled using the following format:

PX_A_B

Where X represents the volume of the fermenter in Liters,
A represents the material design, which can be glass or
stainless steel (G is used for glass and S represents stain-
less steel), and B indicates the polyethylene shielding
thickness employed in the system. In this sense, some of
the scenarios generated are:

=  Standard scenario where shielding is not included
(P10).

=  Scenario with fermentation volume of 10 L using
glass as the system design material and including
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shielding with 1 cm of thickness (P10_G_1).

=  Scenario with fermentation volume of 10 L using
glass as system design material and including
shielding with 5 cm of thickness (P10_G_5).

= Scenario with fermentation volume of 10 L using
stainless steel as system design material and
including shielding with 1 cm of thickness
(P10_S_1).

=  Scenario with a fermentation volume of 10 L using
stainless steel as the system design material and
including shielding with a 5 cm of thickness
(P10_S_5).

In this work, fermentation volumes of 5, 10, 15 and
20 L were evaluated for the production of lactic acid. It is
worth mentioning that the scenarios evaluated corre-
spond to systems that are not exposed to radiation
doses. However, for future work, we will evaluate how
the growth of organisms is affected by different radiation
doses. This can provide information on how fermentation
time is impacted and how this may modify the amount of
input resources needed in biomanufacturing processes.

RESULTS

ESM analysis was performed for the production of
lactic acid from glucose using Escherichia coli; Saccha-
romyces cerevisiae and Pichia pastoris. The analysis was
carried out for various design configurations and produc-
tion capacities.

Equivalent System Mass

The system mass considers both the mass of the
design and protection materials and the production of
lactic acid, which in turn is restricted by the fermentation
volume. As a result, the system mass among the different
organisms is similar. Figure 3 shows the results of ESM
analysis using Escherichia coli as the host organism for
lactic acid production. The results obtained indicate that
for a fermentation volume of 10 liters, the system mass is
approximately 12.4 kg for a standard scenario (P10).
When shielding is added to the system (P10_G_1), its
mass increases to 14.5 kg. At a shielding of 5 cm thick-
ness, the mass increases further to 22.8 kg (P10_G_5).
Furthermore, it can be seen that the equipment material
design plays an important role in the system mass as a
three-fold increase in equipment mass is obtained when
stainless steel is used.

On the other hand, if the volume of the fermenter
increases to 20 L, the system mass increases to 24 kg for
a standard scenario. For the scenarios P20_S_1 and
P20_S_5 the mass of the system is 34 kg and 48 kg, re-
spectively.

Cansino-Loeza et al. / LAPSE:2024.1592

Escherichia coli

07 mm water I

BN Equipment

0 Shielding . |
N Glucose

3p | WM Energy [ |

Input (kg)
m
=
=

[ ]
20 - |

10 B

Material Design Scenario

Figure 3: Equivalent System Mass Analysis for different
scenarios per batch.

Results show that the mass of the system does not
change significantly in terms of the organism selected for
each batch fermentation system; however, the produc-
tion of lactic acid is favored when Escherichia coliis em-
ployed as better yield is achieved. However, as can be
seen in Figure 4, in a 10 L fermenter with a glucose con-
centration of 200 g/L, the total mass of the system using
Escherichia coli is about 1425 kg/year. The mass of the
Saccharomyces cerevisiae system is approximately 900
kg/year, 37% less mass than the mass required to oper-
ate a system using Escherichia coli. For both cases, the
mass related to the equipment and shielding is negligible
since represents less than 1% of the mass of the system.

Energy

The energy required to maintain the temperature of
the fermentation process to produce lactic acid in one
year was evaluated. Considering that the temperature in-
side the ISS is approximately 23 °C, the energy require-
ments in terms of mass were evaluated for different fer-
mentation volumes (1 L — 20 L) and operation tempera-
tures (24 °C - 37 °C) (Figure 5). Once we evaluated the
energy required to maintain the temperature in the biore-
actor, it was multiplied by the factor 87 kg/kW to convert
the units of energy into units of mass. The energy re-
quired in terms of mass is equal to the factor 0.053 kg
per liter per °C for Escherichia coli 0.021 for Saccharo-
myces cerevisiae and 0.01 kg per liter per °C for Pichia
pastoris. Our findings show that for a temperature equal
to 36 °C and a volume fermenter equal to 1 L, the mass
per year related to the energy required in the fermenta-
tion system is equal to 0.68 kg for Escherichia coli; how-
ever, the mass increases to 8.48 kg for a volume equal to
20 L.
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Table 1: L-lactic acid production of different microbial

hosts using glucose as a substrate.

Organism Produc- Yield(g/g) Reference

tionrate
(g/l/h)

Escherichia 2.33 0.93 [17]
coli
Saccharo- 2.34 0.58 [18]
myces
cerevisiae
Pichia Pas- 0.0363 0.22 [19]
toris

Lactic acid Production

A sensitivity analysis was performed to evaluate the
impact of productivity on the production of lactic acid us-
ing each of the organisms. Results show that according
to the productivity reported for the studied organisms
(Table 1), the production of lactic acid per year with £sch-
erichia coliin a fermenter volume of 10 L is about 258 kg,

Cansino-Loeza et al. / LAPSE:2024.1592

Syst Control Trans 3:674-680 (2024) 678



and it is higher than the other organisms evaluated. In the
case of Saccharomyces cerevisiae, the production of lac-
tic acid is 97.7 kg per year, and using Pichia pastoris the
production is about 37.1 kg per year. Figure 6 shows the
production of lactic acid that can be achieved assuming
different yield and fermentation volumes.

Challenges and Open Questions

Addressing the design of systems under space con-
ditions requires different perspectives and considera-
tions that are difficult to evaluate and reproduce in ter-
restrial conditions. ESM is a promising tool to evaluate
new systems. As a cost metric, ESM may not be capable
of capturing how biological performance is impacted by
different radiation levels, but it allows us to evaluate the
mass of resources involved in the process at different
operating conditions. Because of this, research must be
carried out to understand how to optimally engineer or-
ganisms for space environments. On the other hand, ad-
ditional analyses are required to identify the trade-offs
between engineering hosts to have better performance
in high radiation environments compared to the addition
of more radiation shielding material. Moreover, other
mechanisms to reduce the shielding requirements and
organisms’ protection against radiation (e.g., different
preservation modalities) should be evaluated in the de-
sign of space bioprocess. In this regard, immobilized cell
methods such as lyophilization and hydrogel systems are
good alternatives to suspend cell cultures and sustain
long-term metabolic processes. Therefore, for future
work, this modeling framework may be complemented
with biomanufacturing design alternatives that could re-
duce the impact of radiation. Such a study could help to
better assess trade-offs between strain resistance,
preservation modalities, and overall process economics.

CONCLUSIONS

This study presented a computational design frame-
work for the design of biomanufacturing systems in
space using a mass perspective to get an estimate of the
launch cost of the system. ESM has been used as a trans-
portation cost metric that involves the principal factors
that affect the performance of the biomanufacturing sys-
tems such as the mass of the equipment, and all these
elements are expressed in units of mass to allow for com-
parisons among the different design configurations of bi-
omanufacturing systems.

In this work, the bioproduction of lactic acid using
Escherichia col, Saccharomyces cerevisiae and Pichia
pastoris were evaluated by considering different fer-
menter materials and volumes to identify the bottlenecks
in the design configurations in terms of mass and yield.
Our analysis reveals that lactic acid is favored when
Escherichia coliis employed. About 258 kg of lactic acid

Cansino-Loeza et al. / LAPSE:2024.1592

per year can be produced using Escherichia coliin a 10 L
stainless steel fermenter. At a shielding material density
of 1 g/cm? the total mass of the system obtained from the
ESM analysis is about 19 kg. Our findings show that most
of the mass of the system is related to the water required
to produce lactic acid. In this regard, ESM analysis helps
to identify the system components that contains greater
mass and would result in high launch costs. For future
work, we are interested in studying other alternatives to
create closed-loop systems involving the available re-
sources inside the ISS.
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