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ABSTRACT:
Human exploration of Mars will require enormous quantities of materials for the first crewed missions and substantially more for permanent habitation,
making flexible and scalable technologies for in situ resource utilization (ISRU), including biological ISRU, of significant interest. However, no existing mission
architecture quantitatively evaluates whether in situ biomanufacturing can realistically deliver materials at the scales required for human settlement. Here,
we present Mars Seed, an end-to-end reference architecture for using biomanufacturing to produce bioplastics at scale entirely from in situ resources on
Mars. We provide a complete analysis of a space bioprocess in which feedstocks are generated entirely from Martian resources, converted biologically
into polyhydroxybutyrate (PHB) bioplastic, and purified to produce material suitable for constructing human habitats. We show that the upfront power and
upmass costs of deploying the equipment required for this bioprocess are recovered within two synodic periods relative to Earth-shipped alternatives. Further,
because the process relies entirely on feedstocks sourced fromMartian materials, production can continue until equipment failure without requiring additional
materials from Earth, enabling scalable conversion of local resources into useful materials. Mars Seed demonstrates that biological ISRU can be mass- and
power-competitive with Earth-shipped alternatives, establishing biomanufacturing as a practical component of Mars mission architecture rather than an
aspirational capability.
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INTRODUCTION

An enormous quantity and diversity of materials are required to support
the first crewed missions to Mars. In the 1990s, influential reference archi-
tectures like Mars Direct1 and the Design Reference Mission 1.02 popular-
ized the strategy of predeploying equipment to produce return propellant
and other consumables with in situ resource utilization (ISRU). These ap-
proaches sharply reduce the mass that must be launched from Earth and
decrease risk by scheduling the crew’s departure only after vital resources
are secure on Mars. Predeployment and ISRU have become staples of
modern human Mars mission architectures, with recent designs like the
2021 Strategic Analysis Cycle envisioning launching three equipment pay-
loads over two synodic launch windows prior to human crew departure3

and the 2026 NASEM 30-Cargo-300 involving multiple synodic periods
of surface activity and cargo delivery prior to a long-stay human mission4.
Key ISRU technologies have advanced, most notably MOXIE’s demonstra-
tion of oxygen production from Martian atmospheric carbon dioxide5. The
need for diverse, scalable in situ resource production grows with repeated
missions and extended habitation, making expansion of ISRU technology
a major NASA priority: currently 18 of NASA’s 63 Moon-to-Mars objectives
“involve or enhance ISRU implementation”6. Biological ISRU offers a com-
plementary route to a broad range of products, including structural poly-
mers, food, and pharmaceuticals, and is widely recognized as an enabling
technology for sustained human exploration7–14.

However, biological ISRU remains substantially less mature relative to abi-
otic approaches. A proximal barrier to progress is that there are few con-
crete proposals that treat biotechnology as a fundamental component. An
example of the type of work that is needed is analysis of production of 2,3-
butanediol as a potential ascent propellant using a bioprocess on Mars,
including quantitative comparison of the mass and power requirements
with chemical ISRU alternatives15, although this study analyzes production
of a fuel no rocket currently uses and the production still requires Earth-
shipped nutrients. Producing amaterial onMars does not by itself eliminate
dependence on Earth, and end-to-end analysis is necessary to determine
whether or not a bioprocess outperforms abiotic alternatives. Terrestrial
bioprocesses often involve long supply chains and industrial agriculture

to generate feedstocks, which makes translation of terrestrial processes to
space difficult. Several proposals exist for using microbes to produce mate-
rials in a space context, but require either some Earth supplied nutrients or
crew waste for critical nutrients8,16,17. Downstream purification of bioprod-
ucts often involves consumables like resins that reduce upmass savings18,
and further tie processes to Earth-derived consumables. Replacing these
imports with local production carries its own equipment and power costs.
An end-to-end reference architecture is needed that accounts for every
step from Martian resources to purified product and can establish a frame-
work to calculate when deploying the complete system becomes prefer-
able to shipping the product itself.

Here we describe Mars Seed: the first end-to-end reference architec-
ture centered around biological ISRU as a core technology to produce
biobased products. We specify the complete equipment manifest and
power requirements of a biofoundry that converts Martian atmosphere, re-
golith, and ice into purified bioplastic for constructing habitats before crew
arrival. 20,000 kg of infrastructure enables construction of 870 m² of hab-
itable space in two synodic periods, more than can be constructed by an
equivalent mass of processedmaterials. Production can subsequently con-
tinue without resupply, only limited by equipment lifetime. The Mars Seed
biofoundry establishes a scalable habitat construction process, allowing
prioritization of scientific payloads and other consumables in subsequent
launches.

Figure 1: Overview of Mars Seed.

Artistic representation of the Mars Seed biofoundry producing surface habitats. Abiotic infrastructure creates a feedstock entirely from in situ resources. Biotic infrastruc-

ture uses a bioprocess to convert this feedstock into bioplastic polymer. Radiation-shielded and pressure-holding surface habitats, safe for human habitation, are built

with this bioplastic.
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MARS SEED

Overview

In Mars Seed, an engineered microbe consumes feedstock derived from
water, processed atmosphere, and regolith nutrients, and produces bio-
plastic, which is combined with regolith and turned into habitats in prepa-
ration for the arrival of a human crew (Figure 1).

Briefly, a spacecraft containing 20metric tons (tonnes) of equipment lands
at a mid-latitude site on Mars near shallow ice deposits. Robotics unload
equipment and set up a 40 kWe nuclear fission reactor, which provides
power to assemble the rest of the facilities. This equipment processes in
situ resources and produces a feedstock composed of water from ice, at-
mospheric CO2 processed into acetate, and nitrogen, phosphorus, sulfur,
and trace elements from regolith. Four 1,000 L heated, pressurized biore-
actors are filled with this feedstock and inoculated with an engineered mi-
crobe that converts the feedstock into a bioplastic polymer. The bioplastic-
containing microbe is separated from the remaining liquid medium and
split into two downstream processes. In the first, the bacterial biomass is
mixed with regolith to create a composite that is printed to form a thick
shell which is buried under two meters of regolith for radiation and ther-
mal protection. In the second, the polymer is purified from themicrobe and
is formed into a pressure-containing liner that sits underneath the exterior
shell. After about 50 Earth months (1,500 sols) of operation this process
produces 870 m2 of livable area. At this time, a crew lands nearby with
a payload prioritizing exploration and science objectives, and can use the
available habitats. The biofoundry continues to produce useful structural
materials before, during, and after the crewed visit, and is limited only by
equipment lifetime.

We designed this reference architecture to exemplify how biomanufactur-
ing can enable the first crewed missions by offsetting the requisite upmass
with biological ISRU to create human-safe habitats. Our rationale going
into the design process is as follows:

1. While many biological processes have been described as helpful or
necessary for long-term space exploration, we picked biopolymer pro-
duction for habitats as an example because of its ability to be both use-
ful and cost-effective for crewed habitation and exploration of Mars.

2. We used the in-development 40 kWe fission surface power concept
as a central design point for both expected shipping mass and power
output.

3. We maximized the potential of that power across abiotic, biotic, and
habitat equipment; we balanced estimated shipping masses for a
20 tonne total payload.

4. We referenced the literature and industry standards and performed first-
order math to calculate estimates for equipment mass, required power,
baseline production, and expected optimizations.

5. From these calculations, we solved for the rate at which the biopolymer-
regolith habitats could be built relative to shipping building materials
from Earth.

Below, we describe the equipment and processes in more detail, broken
down into three categories: abiotic infrastructure, biotic infrastructure, and
habitat building.

Abiotic Infrastructure

Landing, Robotics, and the First 250 Sols

The first step is choosing a landing site and setting up the biofoundry prior
to continuous operation. We assume the landing site is fairly flat, with good
access to shallow subsurface ice and regolith. This likely requires a mid-
latitude, ∼50° location. After landing, the hardware is unloaded and as-
sembled, either by a precursor humanmission, as described in the NASEM
campaigns, or with sufficiently capable robotics to assemble and plumb
the various subsystems. We aim to rely on autonomous robotics for reli-
able and safe assembly of equipment, as will any large-scale mission to
Mars. For setup of the Mars Seed equipment, we expect full deployment
to take approximately 90 sols, with fission surface power assembled in
the first 30-40 sols19 and assuming a similar amount of time for the initial
Rodriguez well melt pool formation and bioreactor inoculation (Figure 2).
After the 90 sols, all four bioreactors reach steady-state operation and the
first bioplastic is produced. Continuous operation then commences, with
the first complete habitat about 210 sols after landing.

Beyond setting up the biofoundry, robotics are especially required for
transport of regolith, a key in situ resource. Mars Seed requires a con-
tinuous supply of regolith for three purposes: leaching mineral media
(800 kg/day), filler for extruded structural material (50 kg/day), and
mounded overburden for radiation shielding (3,200 kg/day), totaling ap-
proximately 4 tonnes per day. To provide that hauling capacity, we sug-
gest two rovers, which are based on the Astrolab FLEX, a 500 kg vehicle
rated to carry up to 1,600 kg of cargo within 3 m3 of payload20. Another
design basis could be NASA’s RASSOR systems21, capable of excavating
nearly 3,000 kg of regolith per day at even better mass efficiency. The
power budget requirements for these systems vary, so we budget at least
1.4 kWe of continuous power for mobility and excavating vehicles based on
similar mobility equivalents21. As these robotics also cover other purposes,
such as the initial unloading andmovement of equipment, we use themass
and power for these haulers as the baseline for autonomous robotics for
Mars Seed.

Surface Power and Water Generation

Beyond in situ regolith, power and water are the basic required inputs for
all of the other downstream processes. For surface power, a long-standing
NASA design objective is a deployable Fission Surface Power (FSP) system
directly applicable to Moon and Mars, with engineering specifications of
at least 40 kWe output and mass not exceeding 6,000 kg22. This FSP
provides all the electrical power to operate Mars Seed. Such an energy
source has also been described in many different surface missions, making
it a reliable option as a power source precedent for Mars Seed.

Water on Mars exists in the form of large subsurface ice deposits which
must be converted into liquid water. For water generation, we propose
a Rodriguez well (Rodwell) approach which drills into these ice deposits,
which are common around 40-50° latitude. Subsurface ice deposits on
Mars in this area consist of nearly pure ice under a few meters of top-
cover and at least 100 meters thick23,24, and potentially up to 15 kilome-
ters thick25. Rodwells work by injecting hot water into the well to melt
a cavity, and then pumping melted water back up. This technique has
decades of field heritage in Greenland and Antarctica, and NASA has
found it a promising technique for accessing water on Mars26. The FSP
outputs about 130 kW of waste heat27, and we propose using this waste
heat to provide the heat for the melt cavity, reducing the electrical power
consumption to just that required to maintain pump circulation inside the
cavity and transport the meltwater. For a proposed maximum production



04

Figure 2: Mars Seed biofoundry installation timeline.

Timeline for establishing steady-state operations after landing. Fission surface power is established after a 30-40 sol assembly period. The remaining infrastructure is

set up and microbe growth commences.

rate of 400 L of water per day, NASA estimates 11 kW of heat for melt-
ing and approximately 0.1 kW of electrical power for the pump28. We allot
750 kg for the Rodwell equipment based on NASA estimates for the mass
of a water drill without the heater29, as a heater is not needed if fission
waste heat is used. For a size comparison, ten years of 400 L/day water
extraction will excavate a melt cavity ∼1,600 m3 in size, which is roughly
one-tenth the maximum cavity size for the South Polar Water Well in oper-
ation at Amundsen-Scott South Pole Station30, indicating that the Rodwell
on Mars is of an achievable size.

The biofoundry uses thousands of liters of water daily, however, much of
the water can be recycled. About 20 L/day is consumed by electrolysis
for acetate production and 2,000 L/day is used to leach regolith and cre-
ate mineral media for the bioprocess. Once fermentation is complete, the
biomass is removed and the spent media can be recycled. For the water
recycling, we propose mechanical vapor recompression, where the spent
medium is boiled under low pressure, then slightly compressed for recon-
densation, leaving behind concentrated brine. An 80-90% recovery rate
(i.e. 1,800 L per day) is reasonable given the dilute nature of the spent me-
dia, which is estimated to be around 2% solids based on simulant leaching
studies to determine soluble ions31,32. This process is used aboard the ISS
to recover water from concentrated urine33, and is a mature technologi-
cal process in terrestrial applications34, where it has been demonstrated
to require at least 16 kWh per thousand liters, or 1.3 kWe of continuous
power for the proposed Mars Seed throughput35. We estimate the mass
for this water purification system to be around 650 kg, assuming a 1.2 m3

container which holds the 6 m2 of surface area necessary for efficient
evaporation of 75 L/hour of water. The waste stream produced in parallel,
composed of 200-400 L/day of post-purification concentrated brine at
roughly 20% solids by weight, might find other uses, potentially as an in-
put stream for electrolysis and production of acid and alkali solutions. With
about 1,800 L of water being purified and recycled for leaching, the Rod-
well only needs to provide about 200 L of fresh water per day. Including a
water recycling system helps satisfy the water requirement for Mars Seed
without requiring a massive water ISRU system.

O2 and Acetate Production from Atmospheric CO2

The Mars Seed bioprocess is driven by a heterotrophic aerobic microbe,
requiring both respirable oxygen and aqueous fixed carbon as energy
sources. Both of these are acquired by processing Mars’ thin yet carbon-
rich atmosphere, composed of 95% carbon dioxide (CO2). Our proposed
carbon source for the bioprocess is acetic acid (C2H4O2), a soluble, 2-
carbon feedstock with broad metabolic compatibility that can be manu-
factured from CO2 through a two-stage electrolysis process, which also
produces the necessary oxygen (O2) as a byproduct while requiring only
small quantities of water as a secondary input. Other soluble 1- or 2-carbon
molecules can be similarly electrochemically derived from CO2, such as
formate, methanol, and ethanol, but are generally less bio-compatible
with common heterotrophic biomanufacturing microbes36. This electrol-
ysis process is already well developed technology for both oxygen and
fixed carbon generation. Split across two electrolysis process stages, and
sized to optimize biomass production given power constraints, the total
daily process and rate of CO2 conversion is

48.4 kg CO2 + 19.8 kg H2O → 33 kg C2H4O2 + 35.2 kg O2

The first stage directly consumes the CO2, splitting it into carbonmonoxide
(CO) and O2, through a solid-oxide electrolysis (SOXE) process:

2 CO2 → 2 CO + O2

This generates oxygen for the aerobic bioprocess, much as it would provide
oxygen to fill a surface habitat for humans. Critically, this process has been
demonstrated aboard the Perseverance rover, called MOXIE, providing an
established technology readiness level (TRL) 9 oxygen ISRU system5,37 as
precedent. Based on NASA’s previously documented scaling estimates for
MOXIE38, we allot the first electrolysis stage a continuous power draw of
6.6 kW and a mass of 850 kg, including the power and mass necessary
to pump down the CO2 from the atmosphere.

In the original MOXIE design, the CO generated is treated as a waste
stream and vented out of the system. Here, in a second stage electrol-
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ysis, the CO waste product is mixed with water to produce acetate and
oxygen:

2 CO + 2 H2O → C2H4O2 + O2

This is based on a commercial industrial process that reduces CO to acetic
acid inside an aqueous alkaline electrolyzer. CO reduction to acetate has
been demonstrated at about 13 kWh/kg at the process scale39, or 17 kW
of continuous power for our proposed throughput. Electrolysis systems to
accomplish acetate production at commercial scale have been designed
for use in electro-agriculture40,41, with plans for a mobile 100-kW unit42.
However, this design requires 2 M potassium hydroxide (KOH), with the
acetic acid produced as a potassium acetate salt, whichmust be converted
back to acetic acid. This has been demonstrated with a bipolar membrane
to regenerate the KOH anolyte solution at an energy cost of 1.9 kWh per
kg of acetic acid, or 2.5 kW of continuous power43. Alternatively, a simi-
lar CO electrolysis setup can be coupled to an acid-base separation layer
for continuous generation of pure acetic acid from carbon monoxide44,
though the technology is not as well developed. The total continuous en-
ergy draw of stage two would be approximately 20 kW based on existing
demonstrations. With a requirement for the electrolyzer stack, radiators,
pumps, electrolyte, and bipolar membrane system, we allot 2,750 kg for
the full process based on scaling up of existing equipment. Furthermore,
the electrolyzer and membrane stacks have the potential to break down
over extended cycles, so we allocate an additional 2,500 kg for spares and
plumbing, and the system should be designed so the associated robotics
can facilitate repairs autonomously. Acetate production from CO remains
an area of research, which we expect to only improve with continued in-
vestment and technology development.

Taken together, both electrolysis stages one and two are sized to generate
the required amount of acetate to feed the four 1,000 L bioreactors each
day. At this production capability, the 35 kg O2 generated in both pro-
cesses is in excess, as only 11 kg O2 per day is needed for the bioprocess.
The excess O2 can be used for many purposes, including filling the formed
habitats. While costly in mass and power, this system advantageously uses
the COgenerated from precedent in situO2 production systems that would
typically be an unused waste stream. Similarly, acetate poses as a versatile
feedstock for future biological ISRU missions.

Inorganic Nutrients and Medium from Leached Regolith

Beyond water, oxygen, and carbon, life requires inorganic nutrients such
as nitrogen and phosphorus, and these must be supplied to the bioreactor
in sufficient quantities. Decades of Mars rover and lander experiments have
demonstrated that these elements are present in the Martian regolith. For
Mars Seed, we propose mixing Martian regolith with water in set ratios to
leach the necessary inorganic nutrients into solution. In previous work, we
developed a defined medium that accurately simulates the soluble chem-
istry of leached regolith, based on terrestrial leachate data and Mars rover
data, and show that mixing 400 grams of regolith with a liter of water
and separating the insoluble material will produce a mineral medium capa-
ble of supporting high-titer growth of several bioproduction organisms32.
Critically, this medium will contain perchlorate, a known soluble stressor in
martian regolith, at about 30 mM45. While impactful, many organisms can
tolerate that amount of perchlorate46, including the engineered organism
designed for Mars Seed47. Producing 2,000 L of culture media per day
requires 800 kg of regolith per day. The regolith is added to a simple tank,
where it is mixed with water and allowed to settle, after which the aqueous
phase is pumped out. Assuming two 1,000 L batches per day, a simple
1,200 L tank with an impeller system and a release hatch to expel spent

regolith would be sufficient (Figure 3). Such a system may require filtra-
tion to remove micrometer-scale regolith particles from the media; a solid
ceramic filter with occasional backwashing is one reliable and reusable en-
gineering precaution that could be included48. Mars Seed turns abundant
in situ regolith into a scalable culture medium, an aqueous environment
containing all the necessary inorganics for the bioprocess.

Themass and power requirement for similar setups on Earth, such as leach-
ing tanks in mineral processing operations49 or even bioleaching50, are
dominated by the milling requirement51, but the near-surface globally dis-
tributed regolith fines available may not require further size reduction52.
Therefore, the primary power requirement is stirring the 1,200 L tank with
400 kg of regolith to maintain complete suspension, which should re-
quire approximately 0.5 kW under Martian gravity53. A simple system like
a leaching tank is sufficient to harvest the necessary nutrients from the
regolith, as opposed to complex chemical processes that would further
convert the regolith and likely cost more mass and power than allotted
here.

Figure 3: Regolith leaching tank design.

Artistic representation of a proposed regolith leaching tank. The 1,200 L

tank is filled with 1,000 L of water and 400 kg of regolith. The suspension

is mixed with an impeller. The aqueous portion is pumped into a bioreac-

tor and insoluble particles are discharged. The process repeats twice a

day.

Biotic Infrastructure

Microbial Process to Produce Bioplastic Polymers

Mars Seed uses microbial fermentation to convert Martian resources into
bioplastic polymers for use in habitat construction without reliance on
Earth-supplied nutrients. The bioprocess used in Mars Seed is well stud-
ied: microbes likeCupriavidus necator can accumulate bioplastic polymers
such as polyhydroxyalkanoates (PHAs) at up to ∼90% dry cell mass in as
little as 24 to 48 hours, depending on the strain andmedium conditions, as
a form of biological energy storage55. On Earth, microbially-derived bio-
plastic is generated at industrial scales for use in consumer goods, using
nutrients like sugars or agricultural waste streams, as well as bulk inor-
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Planetary Protection

One of the aims of planetary protection is to protect extant life on Mars, if it exists, from forward contamination of invasive species from Earth. The
NASA policies that governed the era of rovers take the approach of full sterilization of all spacecraft and minimizing the total spore count, and, taken
literally, would bar not only this proposed payload in Mars Seed but also any Mars-bound crew, since no astronaut is microbially sterile. Efforts are
underway by the Committee on Space Research (COSPAR)’s Planetary Protection Committee and others to transition to new frameworks that assist
in decision making during the upcoming era of human spaceflight on Mars. Unlike the human microbiome, which carries unknown microbes and thus
unknown risks, clonal organisms used in biomanufacturing can have their risk of becoming invasive quantified exactly. Previously, we have presented
a first example of doing so, and demonstrated that the microbes used in Mars Seed, which require a mixed, heated, pressurized bioreactor to grow,
would be rapidly sterilized if exposed on Mars, and have a propagation probability to ∼10-24 per cell, well inside the proposed compliance 10-4 risk
threshold before considering any equipment-based and containment safeguards54. Well-studied biomanufacturing organisms present a planetary
protection risk that is more tractable to characterize relative to the diverse, incompletely characterized microbiome of a human crew.

ganic nutrients like ammonium55–57. In contrast, Mars Seed is designed
as a fully in situ biological process that does not rely on crew presence,
Earth-shipped consumables, or Earth-derived nutrients while still generat-
ing bioplastic at a meaningful scale.

We have previously shown that the engineered organism sPL.001 (an
evolved C. necator strain) is capable of aerobic growth and bioplastic
production under Martian conditions, using leached Martian regolith as a
source of inorganic nutrients and acetate as a carbon and energy source47.
This bioprocess must be carried out in a mixed, oxygenated, and warmed
system to ensure rapid growth. Optimized fed-batch fermentations, where
nutrients are continually supplied, with the same base microorganism and
carbon source from Mars Seed produce about 5 g/L polyhydroxybutyrate
(PHB), a type of PHA polymer, from about 16.7 g/L of acetate over a 29-
hour run at a 5 L scale58. The final cell weight is about 70% PHB, meaning
the final culture has a density of 7 grams of biomass per liter. Assuming sim-
ilar productivity levels, with 2,000 L/day of mineral media and 33 kg/day
of acetic acid, we expect to produce about 14 kg/day of biomass contain-
ing 10 kg of PHB for downstream processes, an efficiency of 0.3 grams
PHB per gram of input acetate. This process also requires approximately
11 kg/day of O2 to respire the carbon, provided by the electrolysis process.
After the growth process, the microbe will have depleted all the input nutri-
ents, requiring fresh batches of acetate, oxygen, and leached regolith for
the subsequent cycles. The fresh media is inoculated with sPL.001 and the
bioplastic production continues.

Microbial fermentation is typically housed in a growth container, called a
bioreactor. Standard bioreactor designs59,60 would only need minor mod-
ifications or redesigns to be compatible with Mars-surface functionality.
For hardware, we propose a simple bioreactor with minimal moving parts
and maintenance requirements, with a per-unit mass and power draw of
550 kg and 0.4 kW (Figure 4), meaning 2,200 kg and 1.6 kW for the
four-unit system. The mass is based on using a tall and thin design, about
3 meters tall and a 0.75 meter diameter, to hold 1,000 L of media, with
mixing and oxygenation accomplished by sparging gas through a central
column, much like an airlift bioreactor. Each bioreactor has a three mil-
limeter outer shell of 316 stainless steel, massing approximately 200 kg,
with the remaining 350 kg per bioreactor allocated for pumps, instrumen-
tation, and a carbon fiber skid. Alternative materials, such as aluminum
or titanium, or composites may further decrease the mass requirement.
The power drives the oxygen recirculation and liquid pumping. Further
features of the bioreactors include pH and temperature control. Here, pH
is controlled by metered addition of acetic acid to counteract alkalinization
by metabolism of acetic acid and temperature is controlled by circulating
cooled water through a jacket. This bioreactor system could be designed
without any hardware requirements for self-sterilization methods, like UV

or steam sterilization, due to the decreased risk of external contamination
on Mars. All together, the four 1,000 L bioreactors draw heavily on terres-
trial precedent and highlight how traditional bioprocess equipment can
translate to a space context.

Figure 4: Bioreactor design.

Artistic representation of a proposed Mars surface bioreactor. Each of

the four bioreactors is filled to a 1,000 L working volume with medium

and inoculated with a microbial seed culture. Detection probes measure

fermentation metrics, such as dissolved oxygen, pH, and optical density.

Recirculated oxygen is used to maintain cell suspension. A cooling jacket

enables temperature control. After the cell growth has finished, culture

is removed from the bottom of the tank and dewatered for downstream

processing.

For consistency and continuous operation, the four bioreactors run in se-
ries and are completely emptied and refilled after each cycle. Each bioreac-
tor would run on a two-day cycle, with 29 hours to cultivate the bioplastic-
rich biomass and 19 hours to empty and start a fresh fermentation process.
Prior to starting a new run, the bioreactors could be opened to the Martian
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atmosphere to reduce the internal bioburden. It may be desirable to oper-
ate the bioreactors in a semi-continuous or continuous process, where only
a portion of the culture is drained after the 29-hour growth process and
refreshed with medium instead of entirely emptying the tank. This type of
operation would decrease turnaround time, is common in typical bioman-
ufacturing production processes, and has been demonstrated to increase
productivity in PHA production61. Yet it may lead to unintentional evolution
that could result in inconsistent yields62,63. For now, the safest option for
modelingMars Seed is to fully drain the tank at the end of each bioreactor’s
growth process, ensuring consistent bioplastic production each cycle.

Downstream Processing for Bioplastic Purification

After the fermentation process is complete, the resulting biomass must be
separated from the aqueous environment, typically referred to as dewater-
ing. The daily output of the bioreactors is 2,000 L/day of an aqueous solu-
tion, with roughly 7 g/L of biomass at 70% bioplastic by mass. Dewatering
here is accomplished with continuous-flow centrifugation techniques that
are widely used in the biomanufacturing, food, and chemical industries64,
and typically operate at large scales. For example, a small-sized commer-
cial model processes 4,000 L/day, draws 1.5 kW of power in continuous
operation, and contributes less than 200 kg of mass, with modifications to
the skid65,66. This type of system sufficiently dewaters the bioreactor out-
puts and produces about 14 kg/day of biomass. A flight-ready continuous
dewatering system could be built without significant development for low
hundreds of kilograms and less than a kW of continuous power.

In typical bioprocesses, further downstream processing, like purification
or washing, is required to turn the harvested biomass into usable mate-
rial. Once the biomass in Mars Seed is harvested, it is split into two equal
streams. The first half does not require further processing and is sent as is
directly to be blended with regolith and extruded into the regolith-bearing
outer shell. The other stream must be further processed into pure bioplas-
tic to make the pressure-tight liner. Since the bioplastic is trapped inside
the cells, the purification requires a two-step process where cells are lysed
and then the bioplastic is separated from cell debris. One option to ac-
complish this is to use supercritical CO2. Complete cell lysis can be ac-
complished by mixing biomass with liquid CO2 at supercritical tempera-

tures and then releasing pressure, which causes the CO2 to infiltrate and
lyse cells, sometimes aided by additional co-solvents or wash steps67. This
process liberates PHB granules from within cells, which are further sep-
arated from cell debris as unwanted lipids are washed away with the su-
percritical CO2, which has been demonstrated at pilot-scale68. This takes
about 1.7 kg liquid CO2/kg raw biomass, requiring 12 kg/day of supercrit-
ical CO2, or 0.04 kW of continuous power, based on achievable pump
designs to extract liquid CO2 from the atmosphere at 0.08 kWh/kg69. If
higher bioplastic purity is needed, several low-consumable approaches
could be investigated, such as air flotation70, additional continuous cen-
trifugation methods with liquid CO2

67, or air classification71. Mars Seed
is designed with the multi-stage process of lysis and separation process
allotted with a few hundred kilograms of equipment and one kW of con-
tinuous power. Completely consumable-free purification of PHB is not as
developed, though operating this process on Mars grants the ability to
advantageously use the present conditions (i.e. CO2 for an in situ solvent,
low-pressure and low-temperature atmosphere for freeze-drying), which
would decrease the mass and power requirements over what would be
required on Earth.

Habitat Building

Surface habitats to provide astronauts with a pressurized and radiation-
shielded area will be required for any sustained presence on Mars. A va-
riety of habitat designs have been proposed for this effort, ranging from
shipped inflatable habitats72 to habitats built in situ, such as regolith-based
structures73 or biobased mycotectural buildings74. The product of Mars
Seed is a habitable structure that builds on those preexisting designs by uti-
lizing in situ resources as the core building material while relying on a feasi-
ble biological process to produce a regolith binder and inflatable liner. The
habitat is designed as a half-cylinder with domed ends five meters across
and 15 meters long, buried under two meters of raw regolith to provide
micrometeorite, thermal, and radiation shielding (Figure 5). The regolith-
bearing layer is a corrugated shell composed of a biomass-regolith com-
posite. Inside the structure is a pressure-containing liner made of purified
bioplastic, capable of holding the NASA exploration atmosphere of about
57 kPa75 with a safety factor of four. Combining the corrugated shell and

Figure 5: Mars Seed surface habitats.

Artistic representation of the cross-section of regolith-biopolymer surface habitats. The habitat is constructed of two biobased components: a regolith-biomass compos-

ite exterior shell and a bioplastic interior liner. They are buried under two meters of regolith to provide radiation shielding. At 5 meters wide and 15 meters long, each

habitat has sufficient livable floor space (75 m2) to house two crew members.
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interior liner, the total mass of one habitat is about 1,300 kg of PHB, or
about 1,800 kg of bioplastic-containing biomass. A 15-meter-long struc-
ture can provide 75 m² of floor space. Standards for habitable area re-
quirements for extraterrestrial structures vary depending on the location
(i.e. surface vs. outer space) and mission design76. We therefore choose
to use NASA’s Technical Standards, such as NASA-STD-300077, to define
that one habitat is enough for two people at about 35m2 per person. These
combined bio- and in situ-based habitats provide a livable environment for
future surface missions.

Constructing the Outer Shell

The exterior of the habitat is two meters of loose regolith piled on top of
a structural outer shell. This outer shell is a composite made by mixing
regolith with harvested biomass at an 87:13 ratio. The biomass acts as a
binder for the particulate regolith; this composite is printed as a thin corru-
gated wall to support the loose regolith overburden. A similar material and
structure has been demonstrated in the Lunar Infrastructure Asset (LINA)
setting, where amix of simulated regolith and polylactic acid (PLA) polymer
was robotically extruded through a nozzle at 180°C under near-vacuum
conditions78. Comparablemixtures of 12-20%binder in regolith have been
shown to have high flexural strengths of 8 to 11 MPa79. Furthermore, the
binder can be whole-cell biomass rather than a purified polymer, as unpu-
rified C. necator biomass containing 70% PHB can be directly extruded80

and can match or exceed neat PHB in flexural strength81. The dewatered
biomass, the most simple unprocessed product of Mars Seed, can directly
act as a material for habitat construction without any further modifications.

The primary purpose of the habitat shell is to provide radiation shielding
and therefore must be strong enough to hold the piled-on regolith over-
burden, which is the functionally protective material. We use 300 g/cm2

of regolith as the minimum overburden amount based on demonstrations
of the radiation shielding ability of regolith82,83. At 1,500 kg/m3 for loose
regolith84,85, two meters of overburden provides 300 g/cm2 of shielding,
meaning about 400 tonnes of loose regolith would be required for each
5 × 15 m structure. Under Mars’ reduced gravity, this places a load of

1,500 kg/m3 x 3.7 m/s2 x 2 m = 11 kPa

on the crown of the structure. Based on published mechanical measure-
ments for printed regolith-polymer composites78 and a screening cal-
culation based on classical equivalent-stiffness methods for corrugated
sheets86,87, we developed a concept-level shell consisting of a 5 mm
printed wall with corrugations approximately 90 mm deep. The calcula-
tion suggests that corrugation would provide the stiffness needed to sup-
port the regolith overburden with a safety factor of 1.5, which is based
on NASA’s Technical Standards on specifications for a bonded composite
structure under exterior pressure88. This calculation idealizes the wall as
a periodic sheet and uses classical closed-cylinder buckling theory as a
screening analogue89 but does not model additional constraints, like the
actual corrugation profile, end walls, or regolith-structure interaction. We
treat these dimensions as a preliminary mass-sizing basis rather than a
validated structural design, and they will require further analysis and rep-
resentative load testing. The shell is built as a curved surface of a half-
cylinder habitat with a surface area of 120 m2, and with the proposed
corrugation has an effective thickness of 23 mm, so a total of 2.8 m3 of
blended polymer and regolith material is required. Assuming an approxi-
mate composite density of 2,400 kg/m3, based on the combined propor-
tional densities of the mineral regolith84,85 and the bioplastic-containing
biomass90,91, the composite shell has a mass of 6,600 kg. Since the shell
is only 13% biomass, this requires 860 kg of biomass per structure mixed

with 5,800 kg of regolith. A corrugated design enables resource-efficient
construction of a composite shell capable of holding up the necessary
amount of regolith to provide radiation shielding.

The equipment necessary to build the habitat shell would consist of an ex-
trusion line that blends coarse and fine regolith, mixes it with whole-cell
biomass, heats it, and extrudes it through a gantry-mounted nozzle. The
LINA framework again provides precedent; it used a 180 kg demonstration
gantry78 to print a regolith-loaded thermoplastic into the shape of a struc-
ture within a ∼1 m3 footprint. The gantry to print the Mars Seed habitat
shells would likely be about ten-fold heavier and need to cover a space
approximately a hundred times larger. While the gantry is physically large,
the dominant power draw of this system would be heating the 50 kg/day
of blended material, which would require about 0.1 kW of constant power
to heat from 30 to 180 °C. Habitat-scale construction equipment does not
require any biology-specific modifications and instead will be designed
based on ongoing space habitat construction technology development.

Manufacturing the Interior Bioplastic Liner

Surface habitats must hold in an artificial atmosphere to make them liv-
able for a crew. Inside the outer shell, we propose a flexible bioplastic liner
capable of containing the pressure of a breathable atmosphere inside the
half-cylinder habitat. This liner is structurally separate from the outer shell,
and does not rely on the weight of the regolith to maintain its structure.

The liner can be formed from two primary components, both produced
from purified bioplastics. The first component is the bulk membrane, ap-
proximately 1.5 mm thick and made of simple cast bioplastic film. It can be
formed as multiple redundant 0.5 mm-thick layers, each sufficiently gas-
impermeable to hold the atmosphere. With an area density of 1.9 kg/m2

calculated from a density of 1,300 kg/m3, and covering a surface area of
230 m2, the bulk membrane requires approximately 440 kg of PHB91. The
second component of the liner are straps, which stretch across the inside
of the membrane and help contain the habitat's internal pressure. These
can be made of woven bioplastic filaments formed by melt-spinning92,
which has been demonstrated with PHA polymers to form fibers with
740 MPa of tensile strength93. This is sufficient to contain an internal pres-
sure of the 57 kPa atmosphere75, as the stress for a 2.5 m radius habitat
would be

57 kPa x 2.5 m = 140 kN/m

With a required safety factor of four for human-occupied structures72, the
required strength is about 560 kN/m. One way this could be met is with
a series of PHA fiber straps, spread out over the interior of the bulk mem-
brane. To cover the necessary strength, the straps would need a total areal
thickness of about 0.76 mm as

560 kN/m ÷ 740 MPa = 0.76 mm

This effect can be achieved using amesh net over the bulk membrane, with
1.5 mm thick straps that are 50 mm long and spaced every 100 mm, leav-
ing 50 mm-wide gaps between the force-containing straps. They would
have a density of 0.95 kg/m2 and, over a surface area of 230 m2, would
have a total mass of approximately 220 kg. The ends of these straps are an-
chored into the regolith to support the half-cylinder shape of the structure.
The total structure of the interior two-component liner is therefore about
660 kg, with one-third in the straps and two-thirds in the bulk membrane.
The two-component interior liner can be created entirely from the in situ
derivable bioplastic and is designed to hold in the breathable atmosphere
at an appropriate safety factor.
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The interior liner described here is a theoretical design to conceptual-
ize feasibility, and would require further hardware development to take in
5 kg/day purified PHB, cast the bulk membrane, and melt-draw the strap
fibers. The general concepts of inflatable habitats72 have been demon-
strated by the BEAM module on the ISS as well as Sierra Space’s LIFE
habitat, which specifically demonstrates the paired membrane and strap
approach. Multiple companies, including CJ Biomaterials, Danimer Scien-
tific, Newlight Technologies, and RWDC Industries, are improving biopro-
duced plastic production technology. Such hardware used on Mars will be
less heavy and power-intensive relative to their Earth counterparts given
the relatively small scale of the process, and could be accomplished for
a few hundred kg and less than one kW of power. Significant further re-
search and development are required before these processes could be
run autonomously on Mars. Further avenues of research, such as PLA/PHA
blends94 or modified monomers95 are ongoing, highlighting future work
to genetically engineer production organisms to produce biopolymers with
improved mechanical properties. Finally, the membrane would require
rigid fittings for an airlock, valves, and structural interfaces, which are not
included in this model. Such fittings would be required for any early habitat
constructed on the Martian surface.

MANIFEST AND TECHNICAL DEVELOPMENT PRIOR-
ITIES

Mars Seed outlines a complete end-to-end bioprocess accomplished us-
ing 13 subsystems totaling 20,000 kg, designed to maximize the bio-ISRU
process while bound by the 40 kWe fission surface power system. The
biofoundry subsystems have substantial overlap with other space mission
architectures, allowing us to draw assumptions from the existing arsenal
of design reference studies. We chose assumptions for the mass, power,
throughput of each subsystem to represent a physically plausible, internally
consistent system based on the best available design studies, prototypes,

and scaling relationships (Table 1). Every subsystem still requires substan-
tial further development before it could be used in a Mars mission context,
ranging from laboratory testing of pressure-tight bioplastic liners to scale-
up of MOXIE.

Maturation of these technologies is already in progress. Power and wa-
ter are currently high priority areas of research for space agencies, and
surface fission reactors and Rodwells have been designed. CO-to-acetate
electrolysis is already commercially scaled on Earth42 and would therefore
need focused development to adapt it for space exploration. Heavy-lift lan-
ders and autonomous robotic operation are shared requirements of nearly
every proposed human-to-Mars surface mission. Much of the biotic infras-
tructure equipment, like bioreactors and centrifuges, exists today at the
appropriate scale for Mars Seed. However, they require translating ground
equipment to flight equipment, including building with lighter materials
and evaluating robustness and functionality on Mars’ surface. As with any
connected system, the entire biofoundry needs to be tested for continu-
ous autonomous operation; from equipment setup and regolith collection
to bioplastic materials generation and habitat assembly.

Mass and Power Breakdown

Breaking down Mars Seed into the individual subsystems can highlight
insights into massive and power-hungry functions. Looking at the mass
breakdown, a third of the mass of Mars Seed is dedicated to the fission sur-
face power system, with another third allotted for the in situ resource gath-
ering and conversions, and the last third comprising the biotic infrastruc-
ture, connective plumbing, and the habitat building subsystems (Figure
6A). Only about 15% of the total mass is dedicated to the biotic infrastruc-
ture, predominantly the bioreactor systems which are sized to meet the
bioproduction demands, with redundancy built in. After the fission reac-
tor, the next largest subsystem is the CO-to-acetate electrolysis system.
This subsystem is also the largest energy user of the equipment in Mars

Figure 6: Mass and power breakdown of Mars Seed.

A. Mass of Mars Seed by subsystem. The fission surface power system accounts for the most mass (30%), followed by acetate production. Biotic infrastructure accounts
for 15% of the mass of Mars Seed.

B. Power draw of Mars Seed by subsystem. Two-thirds of the 40 kWe is consumed by the electrolysis subsystems for O2 and acetate production. Biotic infrastructure

accounts for less than 10% of power draw.
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Table 1. Mars Seed manifest.

The complete manifest of equipment to be transported to Mars, with their allotted mass and power draw, informed by engineering precedents. Tech-
nical development priorities, highlighting critical areas of research, are provided for each subsystem.

Subsystem Function Mass
(kg)

Power
(kW)

Engineering Precedent Technical Development Priorities

Fission surface
power system

Continuous elec-
tricity

6,000 40 out Based on NASA’s 40-kWe surface-power design
objective and associated mass targets22,27.

Continued development on dependable large-scale
surface fission reactors and engineering to extend
lifetime.

Stage 1 Electrolysis,
CO2 to CO + O2

Carbon monoxide
and the aeration
oxygen

850 6.6 Flight demonstrated on Mars at 12 g O2/hour5

and scaled to a terrestrial demonstration of 500 g
O2/hour96. Systems engineering analysis of scaleup
is available38.

While high TRL technology exists for oxygen ISRU,
it would need adjustments to the larger throughput
scale required.

Stage 2 Electrolysis,
CO to acetic acid

Reduce CO to the
carbon feedstock

2,750 20 Electrochemical conversion has been demonstrated
at 0.7 kW scale39 and 10 kw scale97, with larger
commercial systems under development42. Down-
stream acidification scaled from terrestrial bipolar-
membrane electrodialysis43.

The technology for this process needs to be transi-
tioned from Earth- to space travel-readiness, includ-
ing the ability to be robotically set up and serviced.
The stack lifetime needs to be validated for long-
term operation on Mars. Further development could
remove the dependency on consumables (i.e. the
bipolar membrane).

Rodriguez well
(Rodwell)

Water from sub-
surface ice

750 1 Supported by NASA Rodwell preliminary
assessment26, Mars-condition melt-pool experiments
and system modeling28, integrated Mars-pressure
prototype development98, and decades of Antarctic
Rodwell field heritage30.

The Rodwell and equipment would need to be de-
signed for appropriate scale and location, like param-
eterization of injected water temperature flow and
water withdrawal rates. Mars poses a higher risk of
boiling and water loss due to the low-pressure atmo-
sphere.

Mobility robotics General mobility
and regolith
haulage

1,000 1.4 Based on a commercial semi-autonomous lunar
cargo-rover design20 and NASA regolith-excavation
prototypes with tonne-per-day design capabilities21.

Regolith excavators and collectors need to be tested
at scale. Many large-scale autonomous robotics
designed for the Moon would translate to future Mars
missions.

Regolith leaching Dissolve nutrients
from regolith

550 1 Based on past mission data on regolith chemical
makeup45,99 and scaled from our prior work on
bench Mars-simulant leaching and biological valida-
tion of the resulting defined medium32.

Assessment of ion abundance in a variety of regolith
sites will help inform exact quantities of leached
regolith required. Equipment could be modified from
terrestrial mining and milling operations.

Water recycling Recover ~90% of
process water

650 1.3 Based on terrestrially well-established systems34,35

and by the long-duration water-recovery operation
aboard the ISS33.

Expansion of water recovery systems, like those on
the ISS, to the required scale to process 2,000 L of
media waste per day.

Bioreactors Ferment acetate
to PHB

2,200 1.6 Scaled from 5-L acetate-fed C. necator PHB
fermentation58 and Mars-medium compatibility in
the Pioneer study47. Similar designs as terrestrial
systems59,60.

Much of this infrastructure already exists in semi-
autonomous use for on-Earth biomanufacturing.
These equipment require modification for flight-
readiness as well as fully autonomous duty cycles,
sterilization, and maintenance.

Centrifuge Harvest and
dewater the cell
culture

200 1.0 Commercial centrifuges in the required 50-200 L/h
range are common in terrestrial industry65,66.

Requires demonstration at scale at low mass equip-
ment and properly accounting for fluid dynamics
in the low-pressure and low-gravity environment
on Mars. Ideally continuous dewatering operation
rather than batch operation to minimize risk of cake
buildup.

Bioplastic purifica-
tion

Purify the bioplas-
tic polymer out of
cells

550 1.0 Based on (sub-)gram-scale supercritical CO2 recov-
ery from mixed-culture biomass67,68,100.

Purifying PHB out of cells and into liner-grade pu-
rity using only in situ derived solvents is a major
technology/hardware challenge that will need to be
addressed to unlock the bioplastic pressure liners. It
will also be driven by the required final purity of the
PHB for forming into the liner components.

Liner casting Form the
pressure-holding
liner

500 0.6 Standard plastic processing systems, like extruding,
spinning, and casting equipment92,101 are also used
for bioplastic102 and biocomposite applications, such
as films, fibers, and sheets.

Desired material properties will dictate the necessary
plastic processing equipment parameters to trans-
form the polymer into the final liner

Composite extru-
sion

Form the biomass-
regolith compos-
ite shell

1,500 2.0 Scaled from regolith–thermoplastic printing un-
der vacuum and cryogenic conditions78, molded
regolith–polymer79 and regolith-biomass103 formu-
lation studies, and laboratory extrusion of PHB-rich
whole-cell biomass81.

Scale up to production from laboratory miniatures to
full-scale regolith/biomass shells. Print and load-test
a representative full sized corrugated shell under
Mars relevant conditions.

Miscellaneous:
plumbing, control,
spares

Fluid handling, au-
tomation control,
communication,
spares

2,500 2.5 Predominantly driven by spare membranes for Stage
2 electrolysis. Further estimating communication and
control systems is beyond the level of detail of this
study. They will be based on overarching precedent
for general operations and interconnection of sur-
face equipment.

Mature other subsystems to better define the chal-
lenges and requirements of integration. Continue
development to minimize the requirement of spares
or consumables.

Total 20,000 40.0
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Figure 7: Mars Seed process flow diagram.

Process flow diagram detailing the daily input and outputs for each resource-transforming subsystem.

Seed (Figure 6B) and it is one of the few that requires spare parts to be
sent (bipolar membrane for KOH regeneration). The biotic equipment uses
a smaller fraction of power, less than 10%. Even as a biological ISRU mis-
sion, themajority of themass and power in Mars Seed goes towards abiotic
infrastructure and functions, much of which requires development for any
surface mission with a crew presence.

Production Capability

In total, three raw in situ resources, atmosphere, ice, and regolith, are
converted into habitable structures by the complete Mars Seed process
(Figure 7), generating one complete habitat about every 130 Earth days.
About 50 kg of atmospheric CO2 is captured daily from the atmosphere
to be converted to the oxygen (11 kg/day) and acetate (33 kg/day) neces-
sary to feed the microbe. After an initial large water draw to start the first

Figure 8: Mars Seed compared to shipping building

material.

Amount of habitable surface area (m2) created by Mars Seed over a ten-

year timeframe compared to an equal mass mission with shipped building

material. Even if the alternative mission is designed with a faster habitat

build rate, it plateaus at 810 m2 once shipped material is exhausted.

process, 200 L of water is extracted from subsurface ice by the Rodwell
daily, and is supplemented by an additional 1,800 L of recycled water to
create the liquid media for the bioprocess. Over 4,000 kg of regolith is
used every day, for generating the inorganic nutrients for the bioprocess
(∼800 kg/day), mixing with bioplastic-containing cells to form the corru-
gated shell (∼50 kg/day), and finally providing the habitat with 2 meters
of regolith for radiation shielding (∼3,200 kg/day). Ultimately, the resulting
biomass is purified and used to generate a habitat of 75 m2 livable area,
large enough for about two people. All three raw inputs are effectively
inexhaustible at these rates. Therefore, equipment lifetime, not resource
availability, determines Mars Seed’s lifetime.

Comparison to Alternative Mission Using Shipped Construction
Material

An alternative to building the infrastructure necessary to locally produce
structures is to bring in materials from Earth. Because of the mass expan-
sion of combining a polymer with regolith to create a structure, it is signif-
icantly more mass-efficient to import a polymer, mix it with local regolith
and extrude a structure than it is to bring pre-manufactured construction
materials like steel104,105. Therefore, the best comparison point for this ar-
chitecture is an alternative version where a 1,000-kg FSP system powers
the necessary robotics, regolith mixing and extrusion infrastructure, with
a total mass of 6,500 kg (Table S1). Remaining mass up to 20,000 kg is
then available to launch raw polymer as the building material to mix with
regolith and extrude shells similar to the Mars Seed habitats, as well as pre-
cast inflatable liner habitats from Earth. In this alternativemission (“Shipped
polymer”), 13.5 tonnes of polymer produces a maximum of 10 complete
habitats, or 810 m2 of total possible habitable area (Figure 8). Mars Seed
produces the same yield in 1,400 sols, 88 sols before the two-synodic
period between the initial landing and the arrival of a long-term habita-
tion crew, as in the NASEM 30-Cargo-300 campaigns. At two synodic
periods, it has produced 870 m2. Then it continues, producing 2,100 m2

of habitable area over a ten-year timeframe, the equivalent to shipping
43,000 kg of extrusion infrastructure and polymer materials to Mars. Even
if the alternative mission is able to construct habitable area more quickly,
once the stock of material is exhausted, it is not able to continue produc-
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ing structures. Therefore, given the same mass allotment, Mars Seed is a
more intriguing design that builds the same amount of habitats while de-
risking key science questions and providing a path towards a sustained
and scalable surface presence.

Sensitivity analysis

We conducted a sensitivity analysis of Mars Seed to understand which
improvements to the process would yield the greatest increases in pro-
ductivity. For each of seven key variables, we consider a reasonable op-
timization based on existing literature and also the largest justifiable im-
provement. We compare the productivity increase in terms of habitable
area produced compared to the base Mars Seed design (220 m2 per year)
(Figure 9). Note that accurately comparing possible optimizations requires
re-optimizing the remaining subsystem requirements based on a 20 tonne
minimum total mass and 40 kWe maximum power allotment for the entire
mission.

The most feasible optimization of the process is improvements to the bio-
production organism, which would yield a meaningful increase in the
amount of habitable area produced. For example, optimizing biological
productivity would produce PHB at a faster rate, increasing the amount of
yearly habitable area. Increasing the PHB yield to what has been demon-
strated in literature with acetate as a feedstock58, or the theoretical maxi-
mum conversion of acetate to PHB, would decrease the demand for more
media. Potentially large improvements in the power and mass efficien-
cies of the fission reactor and electrolysis systems would also increase
throughput, since those two subsystems are nearly half of the mass of
the biofoundry. A thermodynamically maximum efficiency of the acetate-
generating electrolysis would givemassive gains, however the best demon-
strated efficiency39 improves throughput by only a few percent. Therefore,

it is unlikely that such large gains will be easily realized. Finally, decreasing
thematerial demands for habitable structures increases the amount of hab-
itable area produced. For example, printing the habitat shells at a smaller
bead size (ex. 4 mm as demonstrated in LINA78) or improving the strength
of the bioplastic liner would decrease the required amount of bioproduct to
make each habitat. Further lowering the safety factors also decreases the
material demands, but is not a viable option prior to extensive stress test-
ing of the habitat. A future combined sensitivity analysis, where multiple
aspects of the process are improved or changed in parallel, could yield
larger benefits, as each process's throughput could increase in step in-
stead of shifting resources to accommodate other less-efficient processes.
Overall, research focused on biological optimization provides a clear path
towards improved efficiency while technological development on abiotic
ISRU and extraterrestrial planet habitat construction continues.

COMPATIBILITY WITH OTHER MISSION PROPOS-
ALS

Mars Seed is described herein as a standalone bioprocess. However, the
infrastructure for Mars Seed has substantial overlap with many other mis-
sions designed for Mars (Table 2). Any human mission will require robotics,
power, oxygen, atmospheric compression, and water for life support and
propellant generation. Many long-term missions will rely on uncrewed pre-
cursor missions to autonomously setup a surface presence. Systems engi-
neering approaches can identify synergies between shared components
and available waste streams, such as excess oxygen, brine, and biomass
created by the biofoundry. The overlap in mission needs raises the po-
tential for larger joint missions with economies of scale, integration of

Figure 9: Sensitivity analysis.

A sensitivity analysis of Mars Seed highlights gains in productivity given improvements to various portions of the process. The units are given in m2 of habitable area

created per year by a 20 tonne set of equipment. The first bar in each category is considered feasible given literature review, while the second bar is the maximum

theoretical improvement.
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waste streams, and development of core technologies while accomplish-
ing shared mission objectives.

Beyond the universal objective of exploring Mars, many of the objectives of
previously designed missions have core overlaps with Mars Seed. Dating
back to Mars Direct69, most designs propose utilizing uncrewed landings
to assess the area and establish available resources, for both ISRU and
science research. Designs for surface habitats range from near-term inflat-
able structures72,108 to long-term harnessing of local resources4,13, much
like Mars Seed, and have been designed specifically for Mars110 or as a
general habitat design111. Most Mars mission studies accomplish similar
objectives.

The NASEM 30-Cargo-300 campaigns are especially intriguing for com-
patibility with Mars Seed. The 30-Cargo-300 campaigns incorporate a
launch dedicated to the autonomous setup of a surface infrastructure
with a sustained human presence in subsequent launches. Assuming each
launch is timed with planetary alignment to minimize the travel time, the
300 portion of the campaign lands two synodic periods after the 30
launch. That time aligns withMars Seed’s structure building timeline, where
sufficient structures to house a larger crew would be established by the
time of the 300 landing. As a three-launch design, the 30-Cargo-300 is
uniquely suited to establish a biological ISRU process in the earliest mission,
providing it time to operate prior to a longer surface presence landing.

Beyond mission objectives and potential launch timelines, there are sev-
eral overlapping technologies between these proposals. Since NASA’s first
work into exploring fission reactors in 2016, most subsequent proposals
cite fission as the necessary power source for surface missions22. The
development of autonomous systems and robotics is another through-
line, most prominently defined in Moon to Mars architecture, and will

be required for most future missions focused on establishing a sustained
presence13. The proposals involving surface presence highlight developed
in situ oxygen generation systems, such as MOXIE, which, regardless of
mission, would need to be appropriately sized to meet expected oxy-
gen demands. In addition, the NASEM 2026 Science Strategy references
Rodwells and bio-chemical-physical closed-loop systems as enabling
technologies4. Lastly, most designs utilize large capacity landers, ranging
from a 25 tonne requirement13,112 to Starship’s 100 tonne design107.

A systems approach can identify ways for integrating waste streams to
improve the efficiency of a complex mission architecture. For example,
Mars Seed uses the CO waste stream generated by MOXIE as an input for
acetate production. The biofoundry produces two potential useful waste
streams. A concentrated brine solution from the biofoundry’s water re-
cycling will be high in ions like chloride, sodium, and potassium. This
concentrate could be processed by bipolar-membrane electrodialysis to
produce acid and base streams, as demonstrated for terrestrial desalina-
tion brines113. These reagents could support pH control, equipment clean-
ing, mineral processing, and alkali-activated regolith binders114. The bio-
foundry also produces cell biomass waste from the bioplastic purification
process for the liner (about 2 kg per day), which is a rich nutrient source
high in biologically available nitrogen and carbon and could serve as an
optimal input for more specialized bioprocesses or fertilizer for soil-based
crops. Finally, the regolith leaching process produces a substantial amount
of spent regolith. This washed regolith, now depleted of both the inorganic
nutrients and soluble toxins (i.e. perchlorate), can be used as a building ma-
terial, either as described in Mars Seed or in a similar ISRU habitat design. It
remains critical to identify overlap to find opportunistic chances for making
compatible mission designs that accomplish respective science objectives
while using closed-loop systems and shared infrastructure.

Table 2. Process and mission overlaps with other studies.

Overlap in processes and mission objectives between Mars Seed and select similar studies. Process overlaps detail shared equipment (ex. FSP) and
requirements (ex. tonne-scale lander, autonomous infrastructure assembly). Mission overlaps detail shared techniques (ex. ISRU O2 generation), time-
frames (ex. launch window timing), and objectives (ex. surface habitat, bio-ISRU).

Study Process Overlaps Mission Overlaps

NASEM 30-Cargo-300 Cam-
paigns (2026)4

• Autonomous infrastructure setup
prior to crew arrival
• Rodriguez well for water ISRU

Utilizing strategically designed launch windows, the 30-Cargo-300 campaign specifically could
align with the two synodic period timeline of Mars Seed. Mars Seed similarly envisions a ded-
icated uncrewed mission to initiate ISRU infrastructure prior to human arrival. Specifically, ice
and regolith are highlighted as used for both basic needs (i.e. water) and as a building material
(i.e. structures of bound regolith and/or ice).

Human Exploration of Mars Design
Reference Architecture 5 (DRA 5)
(2010, 2014)19,106

• Autonomous infrastructure setup
prior to crew arrival
• Fission surface power
• SOXE for O2 generation

Beyond using the same system for O2 generation as DRA 5 (MOXIE), Mars Seed uniquely takes
advantage of the carbon monoxide generated from SOXE, where an additional electrolysis step
converts the typically vented CO into acetate, a biocompatible feedstock.

Moon to Mars (2025)13 • Fission surface power system
• Landing of large payloads

Mars Seed details specific equipment capable of the required atmosphere and ice abiotic ISRU
highlighted in Moon to Mars. Several cited desired Mars Functions or Mars Use Cases are de-
scribed in Mars Seed, such as “equipment to accommodate biological experiments” (FN-U-
204M) and “demonstration of construction using surface-born resources” (UC-I-201M).

Starship Mission Architecture
(2022)107

• Autonomous infrastructure setup
prior to crew arrival
• Fission surface power system
• Rodriguez well for water ISRU

Mars Seed relies on successful completion of a Mars lander capable of a 100 tonne payload.
Beyond demonstrating this lander, the Starship surface campaign also highlights the importance
of other necessary ISRU functions for self-sufficiency (O2, water).

Mars Surface Habitat Concept
Design (2023)108

• Fission surface power system
• Autonomous infrastructure setup
prior to first EVA
• Landing of large payloads

The Mars Surface Habitat (MSH), based on a lunar habitat, is made of inflatable softgoods, much
like the Mars Seed habitat liner, yet would also provide crew habitation in space. MSH calls for
venting the crew’s CO2 waste which could instead be pumped into a smaller setup for conver-
sion for bio-ISRU.

Rocket Propellant via bio-ISRU
Process Design (2021)15

• Basic bioprocess equipment (ex.
bioreactor, cell separation)
• Water recycling

Utilizing cyanobacteria as the system for O2 generation would remove the need for abiotic ISRU.
In that case, the nutrient rich cyanobacteria biomass can feed the Mars Seed bioprocess as an
energy source in lieu of CO2 electrolysis.

Biomanufacturing-driven Ref-
erence Mission Architecture
(2022)109

• Atmosphere conversion for oxygen
and other nutrients
• Regolith collection for nutrients
• Low-mass bioreactor system

Acetate is a commonly cited ISRU-derivable carbon and energy source for microbial biopro-
cesses. The specific bioprocess of Mars Seed (PHA generation from C. necator) is highlighted
as a possible product. All similarly depend on other in situ resources, such as water and regolith,
and standard bioprocess equipment, like bioreactors.



14

Mini Mars Seed (MMS)

Figure 10: Mini Mars Seed compared to shipping build-

ing material.

Amount of habitable surface area (m2) created by Mini Mars Seed (MMS) over a

ten-year timeframe compared to an equal mass mission with shipped building

material. Even if shipped bioplastic facilitates a faster habitat build rate, as

shown, it plateaus once shipped material is exhausted.

The architecture described throughout the main text optimizes bio-
plastic production given a dedicated 40 kWe fission reactor, result-
ing in 870 m2 of habitat over two synodic periods, considerably
more than is required for the proposed first six-person human mis-
sion. Alternatively, we can develop a design that meets the minimum
habitation needs of an early human outpost while minimizing power
and mass. Using the same standard of 35 m2 habitable area per
person77, a six-person crew, as described in the NASEM campaigns4,
requires at least 210 m2 of floor space. Assuming the 30-Cargo-300
launches each mission in optimal launch windows, the 210 m2 of liv-
able habitat needs to be established in two synodic periods. We call
this alternative sizing Mini Mars Seed (MMS), and it may be a more
attractive option to include in early mission proposals.

MMS requires all of the same equipment and processes as the full
design but at lower throughput and therefore lower mass and power
requirements. To further fit the minimal requirements, the size of the
habitats is adjusted to be 105 m2 livable area (5 m x 21 m), fitting
three astronauts per habitat instead of two but resulting in slightly
more bioplastic needed per habitat. Now at 1,500 kg of bioplastic
per habitat, 3,000 kg of bioplastic is required in total. At the same
titer of 5 g/L bioplastic, 900 L of culture generates 4.5 kg per cycle
and therefore makes 3,000 kg in about 1,300 days, or 1.7 synodic
periods. The culture amount drives the in situ resource requirements
and the amount of necessary daily nutrients (leached regolith, acetate, and oxygen) is decreased to only feed a single bioreactor. Similarly, if wastewater
recycling is maintained at the same rate as in Mars Seed (90%), the Rodwell only needs to supply 45 L per day, requiring much less power and a
smaller mass pump. Scaling down the power and mass by the new required nutrient amounts results in MMS using around 10 kWe, 25% of a 40 kWe
fission reactor, and a total mission mass of 8,100 kg (Table S2). We pro-rate the fission reactor's mass contribution by power draw, allotting MMS one
quarter of the reactor's 6,000 kg mass. In practice, a single full reactor would more likely be shipped to serve multiple missions rather than a fraction
built for MMS alone. At 40% of the mass of Mars Seed, MMS accomplishes the minimum amount of habitat construction using scaled-down versions
of the same infrastructure.

We can compare MMS to a similarly sized alternative mission that brings raw polymer material instead of the bioprocess equipment. MMS is sized
precisely to generate 210 m2 of habitable area within two synodic periods. The alternative mission could build the same required area faster as it would
be limited by the habitat-building equipment rather than the biology productivity rate but would again be limited in expansion without polymer resupply
from Earth (Figure 10). At the designed mass and power allotment, MMS becomes more attractive to include as an expansion of an existing mission
that includes a larger fission reactor. While not achieving the same production goals with the larger Mars Seed architecture, improved processes may
render MMS more competitive against shipping building material, or more viable for long-term scaling of a base designed for multiple missions.

EXTENDING INTO OTHER BIOPROCESSES

Mars Seed draws on a biomanufacturing paradigm that is already ma-
ture at industrial scale on Earth, and that can in principle be used to pro-
duce most of the materials and products of Earth's biosphere. On Earth,
microbial fermentation already produces more than 100 billion liters of
ethanol115 and more than 2 million tonnes of citric acid annually116. Mi-
crobial fermentation has been our source for recombinant human insulin
since 1982117. Terrestrial bioreactors can range from small bench-scale sys-
tems to 1,000 L pilot systems to 500,000–1,000,000 L reactors for bulk
commodity fermentation63. The space-biotechnology community has pro-
posed using biomanufacturing in space for food, medicine, materials, and
waste recycling9,10,118. Rather than build a new industry from scratch, the
goal is to adapt the infrastructure, scale, and reliability already established
on Earth to deliver a large fraction of the products that will be needed in
space. Mars Seed is a minimum viable version of that larger vision. It pro-
vides a complete template for end-to-end bioproduction, including both
feedstock production and processing, that can be expanded to additional
products.

Many additional products and organisms can be added to the Mars Seed
architecture without redesigning the core processes. Bioplastics are a
broad family of materials119 used in applications ranging from packaging
products to textile fibers. Many bioplastics can also be chemically mod-
ified, blended, or copolymerized to expand their material properties120.
With genetic engineering, C. necator can produce a number of differ-
ent bioplastics, such as longer chain length PHAs or PHA co-polymers,
like with PLA, that expand the potential physical properties of the result-
ing material to include flexible or rubber-like polymers121–123. C. necator
can also produce commodity chemicals like isopropanol and the terpene
β-farnesene124–126. The same acetate-fed bioreactor could also be used
to grow other acetate-utilizing microorganisms41,127,128 with only modest
changes to the bioreactor’s operational conditions, such as Corynebac-
terium glutamicum to produce recombinant proteins129 and Escherichia
coli to produce 2,3-butanediol and acetoin130. Across all of these, the re-
actor, feedstock, and parts of the downstream process (ex. cell lysis and
separation) built for Mars Seed's PHB production carries over unchanged.

Larger modifications would open up more product options, at the ex-
pense of added complexity or reliance on finite consumables. First, re-
placing acetate with glucose is a direct route to higher yields, since sugar
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Table 3. Open scientific questions.

Select key open scientific questions relevant to Mars Seed and brief proposals of next steps and potential impacts.

Scientific question Potential impact and next steps

Bi
ol

og
y

How does regolith composition and site-to-site variability
affect fermentation biomass generation and bioplastic
yields?

Site-to-site variability in regolith composition could positively or negatively impact biomass yield by altering
the leached nutrients and potential stressors from the regolith132. It is crucial to gain a better understand-
ing of regolith composition at candidate landing sites and test fermentation performance with analog or
returned samples133. Prioritizing aqueous geochemistry experiments on Mars, as was done on the Phoenix
lander45, will provide more insight into regolith variability.

Can the engineered organism maintain productivity and
physiological stability over years of repeated reseeding
and growth?

We need long-duration growth studies across repeated cycles of seeding new cultures and growth to
measure productivity and organismal stability over time134. Minimizing radiation exposure during the scale-
up process should also help maintain consistency.

Do the fermentation yield and kinetics hold at Mars Seed
production scale and duty cycle?

Larger scale Mars regolith analog based fermentation needs to be tested and optimized to confirm target
fermentation yields and rates. Medium simulants already exist32, as do appropriately sized bioreactors.
Relatedly, studies are needed to understand the effect of fed-batch vs. (semi)continuous operation on
productivity, much like the traditional scale-up process134.

What level of cleaning is required to prevent buildup of
insoluble inorganic material inside the bioreactors over
years of operation?

Continuous operation of bioreactors will depend on the ability to autonomously empty and clean the inside
of the tank. Testing with leached regolith simulants and different cleaning and sterilization methods will
inform the rate of potential buildups. Preventative procedures and intermittent cleaning to maintain contin-
uous operation of bioreactors is standard in biomanufacturing.

En
gi

ne
er

in
g

What level of robotics is necessary to assemble and oper-
ate the biofoundry?

The number and type of robotics will be determined by the variety and frequency of tasks. For example,
regolith collecting will be a continuous operation while the fission reactor is only set up once. Complete
systems engineering analysis and further comparison to current or future Mars exploration proposals will
indicate the minimum level of robotics.

What is the feasibility of other production techniques for
building materials on Mars?

Comparison of the feasibility and structural properties of regolith-biopolymer composite habitats to other
potential in situ regolith binders, like ice73 or sulfur135, must be done.

How much perchlorate remains inside the liner post-
purification, and is an additional purification/remediation
step required to reduce it to human-safe levels?

Presence of detectable perchlorate in the biomass or bioplastic recovered will influence the safety of the
habitats. The amount of perchlorate in recovered material should be quantified to test if it meets human-
safe levels. Countermeasures to perchlorate will continue to be studied136.

What are the gas-permeability, tensile strength, and long-
term durability properties of the purified bioplastic liner?

The materials properties of the bioplastic liner need to be tested under longer-term thermal and pressure
cycling. Such testing of materials is already a common part of habitable softgoods development72.

What are the mechanical properties of the regolith-
biomass composite used in the outer shell, including
UV degradation?

Understanding how extrusion or printing parameters influence material performance can be informed from
3D-printing practices137. More work needs to be done to characterize the strength and lifetime of the load-
bearing regolith-biomass composite outer shell.

is more readily used by cells for growth. However, Mars has no estab-
lished in situ source of sugar, and producing it locally would require more
abiotic infrastructure than Mars Seed’s CO2-to-acetate system. Second,
hydrogen-oxidizing microbes could consume H2 and CO2 directly to pro-
duce food and biopolymers131, as have been previously proposed for space
biomanufacturing11. This removes the need for acetate and its associated
infrastructure, but introduces other equipment complexity, including re-
quiring generating, storing, delivering, and recycling H2. Third, photosyn-
thesis could be used to fix carbon, eliminating electrochemical fixation that
dominates Mars Seed’s mass and power budget. However, it creates a
different engineering problem: that of supplying and maintaining a large
illuminated and heated growing area14,15,40. Finally, relaxing the require-
ment for consumable-free purification would greatly expand the range of
products that could be recovered at high yield and application-grade pu-
rity, especially recombinant proteins and pharmaceuticals. However, pu-
rification consumables (resins, membranes, solvents, adsorbents) can ac-
count for 35–77% of process inputs in modeled pharmaceutical purifica-
tion bioprocesses in space18 thus requiring either shipping consumables
from Earth or building the infrastructure to manufacture or regenerate it
on Mars. Throughout, Mars Seed serves as the starting point: a complete
worked example, from feedstock to a purified product, built on a quantifi-
able and comparatively small footprint of equipment. Additional biopro-
cesses can be built on top of the analysis done here and compared to
Mars Seed using similar metrics of mass/power allotment and biological
ISRU productivity.

OPEN SCIENTIFIC QUESTIONS

There are many open scientific questions that could greatly impact this ar-
chitecture’s mass and power targets, as well as its realization (Table 3). Cur-
rent research efforts have focused on derisking core scientific principles
of biological ISRU, with the required characteristics of biobased habitats
as only one of many research areas. Some concepts and equipment can
be studied in a Moon-to-Mars setting, such as autonomous robotics and
regolith harvest, while others need to be investigated directly on Mars for
ISRU technologies, such as oxygen andwater generation. The biomanufac-
turing concepts, such as bioreactor design and cell separation equipment,
are well established in on-Earth industrial scale fermentation and need to
be tested in the space exploration context. New discoveries or advances
in biomanufacturing, chemical processes, and materials science will be
necessary to build out the technology for Mars Seed.

CONCLUSION

Here, we present Mars Seed, an end-to-end reference architecture that
uses a bioprocess to convert Martian atmosphere, ice, and regolith into
pressure-containing, radiation-shielded habitats. A 20-tonne biofoundry
operating with a self-contained 40-kWe power budget produces 870 m²
of habitable space within approximately two synodic periods. Once de-
ployed, the process requires no recurring Earth-supplied consumables
and can continue producing habitats as long as the equipment remains
functional.

Our analysis shows that the bioprocess cannot be evaluated in isolation.
The biotic infrastructure equipment represents only about 15% of the
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landed mass and less than 10% of the power demand. Most of the mass
and power is dedicated to abiotic infrastructure that supports the organ-
ism: notably fission power used to fix atmospheric carbon. The system-
level costs of biological production become clear only when the mass and
power requirements of all accompanying infrastructure are explicitly ac-
counted for. Doing so allows biological ISRU to be directly compared to
alternatives using common measures of mass, power, time, and output.

Mars Seed is envisioned as a starting framework to guide future work. It
makes explicit the assumptions that underlie a functional consumables-
free bioprocess for Mars, enabling scrutiny and optimization of key tech-
nical bottlenecks. Key uncertainties include acetate-electrolysis stack life-
times and consumable-free PHB recovery. These assumptions define con-
crete research and engineering priorities deserving future work. By explic-
itly accounting for feedstock generation and product purification, Mars
Seed provides a framework for determining what other terrestrial biopro-
cesses must operate independent of Earth supply chains. Similarly, mission
designers can use Mars Seed for understanding bio-ISRU integration op-
portunities that outperform other approaches. Future studies can use Mars
Seed as a common baseline by replacing individual organisms, products,
unit operations, or habitat designs and measuring the consequences for
the complete system.
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SUPPLEMENTAL INFORMATION

Table S1. Shipped polymer mission manifest.

Alterations to the manifest that could be used if shipping bioplastic
polymer from Earth, rather than producing it on Mars.

Subsystem Function Mass
(kg)

Power
(kW)

Mobility
robotics

General mobility and regolith haulage 1,000 1.4

Composite
extrusion

Shipped polymer combined with re-
golith extruded into structural habitat
shells

1,500 2

Liner casting Form the pressure-holding liner 500 0.6

Miscellaneous:
plumbing,
control, spares

Automation control, communication,
spares

2,500 2.5

Fission surface
power system

Continuous electricity; prorated 6.5 kWe
at 150 kg/kWe

1,000 –

Bioplastic
Polymer

Building material 13,500 –

Total landed 20,000 6.5

Table S2. Mini Mars Seed equipment manifest.

The complete manifest of equipment for Mini Mars Seed, with their
allotted mass.

Subsystem Mass (kg)

Fission surface power system (prorated) 1,500

Stage 2 Electrolysis, CO to acetic acid 1,500

Stage 1 Electrolysis, CO2 to CO + O2 170

Bioreactor 530

Centrifuge, bioplastic purification 110

Rodriguez well 450

Mobility robotics 650

Regolith leaching 240

Water recycling 150

Habitat building equipment 1,100

Misc: plumbing, control, spares 1,700

Total 8,100
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