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Abstract

Introduction

Earth’s geological risks and climate instability positions Mars as a candidate for long-term human
habitation. Despite significant reductions in launch costs, sustained reliance on Earth-supplied oxygen,
food, and consumables remain economically unsustainable beyond NASA’s “take-or-make” breakeven
threshold. [1, 2]. Navigating Mars constraints, including 43% solar intensity (590 W m~—2) and 95%
COy atmosphere, necessitates robust biological models to manage radiation [3]. Unlike International
Space Station (ISS) physicochemical systems recycle water and oxygen yet treat metabolic byproducts as
isolated waste streams [4], Bioregenerative Life Support Systems (BLSS) are mandatory for deep-space
autonomy [5]; critical as Earth-stored nutritional supplies inevitably degrade during multi-year missions,
posing severe health risks that only sustainable, in-situ biological production can mitigate [6]. To close the
resource loop, human urine-rich in nitrogen and phosphorus-serves as a substrate for microalgae such as A.
platensis [7]. However, quantitative potential of such bioregenerative pathways to simultaneously support
oxygen generation and in-situ nutrition under realistic crew and habitat constraints remains insufficiently
explored. The purpose of this study is proposing and quantitatively evaluating an integrated microalgae-
based bioregenerative concept for Mars habitat, coupling COs -driven oxygen production with urine-
derived nutrient recycling; protein-rich biomass generation within a single closed-loop photobioreactor
system, and assessing its numerical potential meeting crew oxygen and nutritional demands [7, §].

Methodology

A conceptual four-crew habitat was defined, incorporating an integrated photobioreactor. Crew O
demand and urine generation rates were adopted from established human spaceflight references. Microal-
gal growth, biomass productivity, protein and oxygen generation were estimated using literature-based
PBR performance ranges. A mass-balance-driven numerical potential analysis was performed to assess
oxygen production and nutrient recovery under realistic operational constraints.

Results

Results indicate that the system can support an Oy production capacity of approximately 4.4 kg O5 day ™~
corresponding to a dry microalgal biomass requirement of 3.3 kg day~!. Assuming a protein content of
40% (dry weight), this biomass yields approximately 1.3 kg day ! of protein. Nitrogen mass-balance anal-
ysis shows that urine-derived nutrients alone (4-8 L day~!, 10 g N L~!) can sustain only 0.5-1.0 kg day~*
of biomass, identifying nitrogen availability as a limiting factor despite sufficient COs and light for Oq
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generation. Partial recycling of clarified harvest water further enhances nitrogen utilization, increasing
urine-based protein production by approximately 5-20% while reducing water demand.

Conclusion

The results highlight that coupling nitrogen recovery with microalgal photobioreactors enables a quan-
tifiable, mass-efficient life support strategy capable of simultaneously addressing oxygen supply, waste
recycling, and protein production in Mars habitats.



