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Abstract 

Transporting materials from Earth to Mars is a significant logistical constraint on mission design. Thus, a 
sustained settlement will be enhanced if it can perform elemental extraction and utilization in situ. In this study, all 
requirements to test a novel, biological approach for in situ resource utilization (ISRU) are conceptualized. We 
present designs for two bioreactor systems to be incorporated in a Mars habitat. The first system is a standard algae 
bioreactor which produces oxygen and biomass. The second bioreactor is capable of taking in Martian regolith and 
extracting enhanced iron ores from it via biological processes. Additionally, we propose the use of the leftover iron-
poor but biomass rich material in a plant compartment. The multiple, different compartments feed into each other, 
creating an interconnected process enhancing self-sufficiency. In this paper, computational fluid dynamics of mixing 
behavior under reduced gravity, a breakdown of the process flow for a biological ISRU approach and exploratory in 
silico evaluation of the feasibility are presented. 
 
Keywords: ISRU, bioreactor, iron, space exploration, biomining, algae 
 
Nomenclature 

c - Concentration (mol * L-1) 
K - Monod half-velocity constant (mol * L-1) 
R – reaction rate (mol * L-1 * h-1) 
µ - growth rate (d-1) 
Subscripts 

0 – initial 
Ac – acetate  
Arg – Arginine 
CO2 – Carbon dioxide 
Fe3+ - Ferric iron 
Fe2+ - Ferrous iron 
Glu - Glutamate 
Lac – lactate 
max – maximum  
NH4

+ - Ammonium 
Ser – Serine  
X – Biomass  

 
Acronyms/Abbreviations 

Computational fluid dynamics (CFD) 
Galactic Cosmic Rays (GCR) 
In situ resource utilization (ISRU) 
Micro-Ecological Life Support Systems Alternative 
(MELiSSA) 
Optical density (OD) 
Loss of ignition (LOI) 
Photobioreactor (PBR) 
Radioisotope thermoelectric generator (RTG)  
Ultraviolet (UV) 
Volatile fatty acids (VFA’s) 
Optical density (OD) 
Revolutions per minute (RPM) 
Tryptic soy broth (TSB) 
X-Ray Fluorescence (XRF) 
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1. Introduction 
It is a long-standing ambition of humanity to explore 

space and to establish a habitat on another celestial 
body. A functional habitat requires the presence of a 
certain amount of building blocks and technology, and 
transport of those is the major cost in space exploration. 
In situ resource utilization (ISRU), the use of materials 
already present on another celestial body, has the 
potential to strongly reduce the required transport 
overheads and brings us closer to realizing a sustainable 
outpost on another celestial body [1]. 
 

 Potential for biological ISRU 1.1.
Biological ISRU [2] focuses on the use of 

microorganisms for extracting materials from in situ 
resources. Life on earth is versatile, and multiple 
organisms have evolved to use unconventional 
substrates (e.g. metal oxides) in their metabolism either 
as electron donors or electron acceptors. These 
organisms can be potentially applied to help us extract 
specific metals from Martian regolith. To illustrate, here 
on earth, this approach is used in copper production 
where 20-30% of all produced copper is extracted 
through bioleaching with microorganisms [3]. In a 
similar fashion, organisms such as Shewanella 
oneidensis [4], Acidithiobacillus ferrooxidans [5] and 
several members of the genus Geobacter [6,7] can be 
applied to extract iron and other metals from solid 
minerals. Furthermore, secondary metabolites of the 
fungi Cladosporum resinae have been shown to corrode 
aluminum alloys [8], a property that could help extract 
aluminum from extraterrestrial regolith. In this paper we 
present a design for a bioreactor to facilitate these 
processes, considering the specific challenges that arise 
from the Martian environment. 

 
 Benefits of a biological approach 1.2.
In a production process, microorganisms can be 

described as self-reproducing, modifiable nano-factories 
capable of catalyzing a wide variety of chemical 
conversions [9]. A group of bacteria called 
extremophiles have evolved to survive in extreme 
conditions such as sustained temperatures of up to 121 
°C [10,11]. The resilience of these organisms could be 
harnessed to set up a long-term process on another 
celestial body [12]. However, biomining in a closed 
environment can be performed by organisms, which do 
not have to be extremophiles. Unicellular lifeforms can 
remain unchanged for decades at a temperature of -80 
°C. Due to the self-replicating nature of 
microorganisms, a single drop is enough to start a new 
production cycle in supportive conditions. One heavy-
duty freezer can provide a long-term supply of 
microorganisms and sustain a bioprocess. Furthermore, 
evolutionary engineering or synthetic biology can be 

used to increase microbial resistance to strongly 
inhibiting environments [13,14].  

Integration of the biomining process with algae 
cultivation in a photobioreactor (PBR) and a plant 
growth compartment helps recycle waste streams and 
can provide essential nutrients for the biomining process 
from in situ resources (Fig 1). While producing 
nutrients for the biomining process, the algae convert 
CO2 into O2, which can be used as part of a life support 
system for humans [15–17].  

The plants can potentially use left-over material 
from the metal extraction, with lower heavy metal 
concentrations, as support material and will produce 
edible biomass. Using Martian regolith as plant support 
negates the need to bring growing structures from earth, 
but fresh regolith impairs plant growth due to the 
presence of toxic amounts of several heavy metals [18]. 
The output regolith from the biological ISRU process is 
expected to contain less iron and should, therefore, have 
a smaller inhibitory effect on plant growth, which 
makes it a more suitable plant support material [19]. On 
top of that, the biomining process will result in the 
presence of bacterial biomass in the spent regolith. The 
amino acids contained within this biomass can be taken 
up by the plants, providing them with a supplementary 
source of essential building blocks [20,21].  

The system of bioreactors is intended to be installed 
inside of a human habitat. By doing so, it will benefit 
from the radiation shielding while providing oxygen and 
edible biomass for the astronauts [22]. The current 
proposed system supports the realization of a permanent 
habitat on another planet. 

 
 Mining target element and organism 1.3.
Our focus for biological ISRU is on the extraction of 

iron, which fulfills an essential role in building and 
production processes on earth, and as such can readily 
be beneficial when establishing and maintaining a 
Martian habitat. 

Iron is the most-processed metal on earth - most of 
our building materials incorporate this material in some 
capacity. Given the terrestrial heritage, construction and 
repairs on another planet will also rely heavily on iron, 
especially when we consider the abundance of iron in 
Martian regolith (17.9 ±0.6 wt.% [23]). 

Figure 1. General overview of the three process 
compartments. 
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The groundwater bacterium S. oneidensis will be 
considered for the biomining operation. S. oneidensis is 
an organism that uses a wide variety of unusual electron 
acceptors [24], and its interaction with Fe3+ is of interest 
for the current case study. S. oneidensis can utilize Fe3+ 
ingrained in mineral structures, reducing it to aqueous 
Fe2+ while consuming lactate [25]. 

 
 Assumptions and requirements 1.4.
The algae reactor is a thin-layer PBR, with a plate 

thickness of 1 cm and surface area of 1x1 m. It has a 
total working volume of 60 L which results in a total 
weight of 246.3 kg [SI 1.4]. 

 A laminar flow profile was assumed based on an 
estimation of the Reynolds number [26]. An average 
liquid velocity of 0.15 ms-1 was chosen for the laminar 
flow profile. Light is supplied from both sides of the 
plates [SI 1.1].  

The mining reactor is a 1400 L cylindrical reactor, 
with an internal wall construction guiding the flow 
pattern and a gas/liquid separator on top [27]. The total 
mass of the carbon composite reactor is estimated to be 
300 kg [SI 2.1].  

The regolith should be collected in small grain size 
(diameter < 50 µm) through selective beneficiation by a 
rover with a tire or power shovel and shake-sieved to 
remove big rock particles).  

The microbial performance and interaction between 
bacteria and the solid substrates are assumed to be 
similar to that on earth. We expect minimal impact of 
reduced gravity on the micro-organisms in a well-mixed 
reactor, and thus we assume negligible impact on the 
growth behavior for modelling purposes. 
 
2. Material and methods 

 
 Modelling of algae growth performance 2.1.
A detailed description of the modelling process can 

be found in the supplemental information [SI 1.1;1.2]. 
In short, the stoichiometry of the photosynthetic 
reaction of C. sorokiniana was applied [28], only 
considering the compounds of interest (CO2, O2 and 
biomass) (eq. 1). The respiratory reaction was assumed 
to be the inverse of the photosynthetic reaction. The 
photosynthetic rate (������) was assumed to be limited 
by the carbon dioxide concentration, the light intensity 
(I) and photoinhibition (set by Ki,I)  at high light 
intensities (eq. 2) [29]. The light intensity half velocity 
constant is difficult to estimate at high cell densities 
[29], but was estimated based on several modelling 
studies [30,31]. The rate of respiration (��	
������� ) 
was assumed to be limited by the O2 concentration and 
inhibited by the light intensity (eq. 3). A Lambert-Beer 
relation was used to describe the light intensity over the 
diameter of the culture (eq. 4).  

A concentration balance was set up including a 
diffusive, a convective and a reactive term for 
compounds oxygen, carbon dioxide and biomass (eq. 6).  

A computational fluid dynamics (CFD) analysis was 
executed in COMSOL Multiphysics 5.4 to simulate the 
performance of the reactor [SI 1.1;1.2].   
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 Modelling of biomining performance 2.2.
The elemental composition of Shewanella 

oneidensis biomass, standardized for 1 mol of carbon, 
was assumed to be CH1.66O0.27N0.2 [32].  

To derive the process reaction, the methodology 
from Kleerebezem et al (2010) was adapted to work 
with a known yield (Error! Reference source not 
found.1) [33]. This resulted in the following process 
reaction: 

 
18.13	�M���M

" � 35.34	N?��M � 0.154	���
O �

141.48�O

→ 17.8	���M��
" � 17.8	��� � 70.67	N?�O �

1	���.QQ��.����.� � 88.94	���#$7%

 

 
S. oneidensis requires addition of glutamate, 

arginine and serine to the medium to ensure proper 
growth [24,34]. Consumption of these was calculated to 
be 17, 20 and 9 mmol / Cmol X, respectively [35]. 
Taking into consideration the biomass composition of 
C. vulgaris [36], the required amino acids may all be 
supplied in excess by using 4 gram of C. vulgaris 
biomass per gram of S. oneidensis biomass [SI 2.2]. C. 
vulgaris cells are disrupted with mechanical treatment 
using small beads, while most native protein structures 
can be retained [37]. Milling results in formation of fine 
cell debris making the separation more troublesome 
afterwards [38]. The mildness of the disruption method, 
combined with a disruption efficiency of 99% makes 
this an applicable technique for the ISRU-reactor 
system.  
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The genome of S. oneidensis encodes several 
peptide transport proteins, and an extensive array of 
intracellular peptidases [39]. On top of that, S. 
oneidensis has been shown to excrete proteases [40–42], 
leading to the assumption that both intact and partially 
hydrolyzed protein can readily serve as a source of 
amino acids for S. oneidensis after disruption of the 
algal cell wall. Nitrogen for the remaining amino acids 
was assumed to come fully from NH4

+, leading to a 
requirement of 0.154 mol NH4

+ / Cmol X.  
It was assumed that the outer 0.5 µm layer of the 

regolith particles was available to the bacteria [43]. 
Combined with the expected particle size distribution 
[44] this yielded an iron availability of about 10% [SI 
2.3]. This value agrees with literature reduction 
experiments with jarosite [45,46]. A turbulent flow 
profile was simulated with a bubbly flow model in 
COMSOL Multiphysics 5.4 A particle tracing study was 
done to assess the distribution of regolith particles 

within the gaslift reactor. A continuous random walk 
model was used to account for the fluctuating local 
turbulent velocity [SI 2.5-2.7].  

The growth kinetics were assumed to rely on both 
the concentration of Fe3+ and lactate following Monod 
kinetics, and growth was assumed to be inhibited by 
acetate (eq. 8). 

 

R = RS�T ∗
9U	VW

;U	VW + 9U	VW
∗

9X�Y

;X�Y + 9X�Y
∗

;<,ZY

;<,ZY + �ZY
#$8% 

 
The parameters in Table 1 were combined with 

equation 8 and mass balances for biomass, iron, lactate 
and ammonium based on the reaction in equation 7 . 
This system was solved for 264 h of growth with 
Matlab’s ODE45 solver (SI 2.8), starting from the initial 
values given in Table 1. 

  

 
Table 1. Reactor and biological parameter choices for the algae and biomining models. 

Parameter Value Units Description 
Algae (Chlorella vulgaris)    

Reactor    
[  310 K Temperature 
\�  0.15  m * s-1 Inlet liquid velocity 
9�,:  10  g * L-1 Biomass inlet concentration 
9�,]^_   7.2 * 10-3 mol * m-3 CO2 inlet concentration 
9�,^_   0 mol * m-3 O2 inlet concentration  

�̀   1 atm Absolute pressure 
=�  2000 µmol * m-2 * s-1 Light intensity (PPFD) 
Ɛ0 0.175 m2 *g-1 Extinction coefficient 
C1  46.165 m-1 Light attenuation coefficient 1 
C2  9.664 * 10-6 m3 g-1 Light attenuation coefficient 2 

Biological    
R�	�a�>	b   0.008 h-1 Realized growth rate 
RS�T  0.018 h-1 Maximum growth rate 
c: ^_⁄   0.68 Cmol X * mol O2

-1 Yield of biomass per mol oxygen 
c: ]^_⁄   1.00 Cmol X * mol CO2

-1 Yield of biomass per mol carbon dioxide 
8e  0.28 ∗ RS�T  h-1 Maintenance coefficient 
;<  175 µmol m-2 s-1 Half-velocity constant of light absorption 
;<,���f����g  500 µmol m-2 s-1 Half-velocity constant of light inhibition 

Biomining (Shewanella oneidensis)    
Reactor    

T 303 K Temperature 
\h,�  0.15 m * s-1 Superficial inlet velocity 
iS��
  3.72 m * s-2 Martian gravity acceleration 
jfkffa	  3 cm Bubble diameter 

h̀�
,�  0.97 kg * m-3 Inlet gas density 
A�	h�a���  0.025 - Regolith holdup in liquid  
C�  2.5 - Viscosity coefficient 1 
C�  14.1 - Viscosity coefficient 2 
Ra�lk�b  2.0 * 10-3 Pa * s-1 Liquid viscosity 

Biological    
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RS�T  1.0 * 10-4 h-1 Maximum growth rate [4,35,47,48] 
c: U	VW⁄   0.01415 Cmol X * mol Fe3+ -1 Biomass produced per mol Fe3+ reduced [25,47] 
;U	VW  5.47 * 10-4 mol * L-1 Half-velocity constant for Fe3+ [48] 
;X�Y  1.94 * 10-2 mol * L-1 Half-velocity constant for lactate [49] 
;<,ZY  12.6 * 10-3 mol * L-1 Half-velocity constant for acetate inhibition [50] 
9:,���  5.94 * 10-2 mol * L-1 Initial biomass concentration 
9X�Y,���  7.0 * 10-3 mol * L-1 Initial lactate concentration 
9U	VW,���  1.5 * 10-2 mol * L-1 Available Fe3+ concentration 
9ZY,���  0 mol * L-1 Initial acetate concentration 
9mno

W,���  1 * 10-3 mol * L-1 Initial ammonium concentration 

9��h��	,���  5.5 * 10-5 mol * L-1 Initial arginine concentration 
9
	��	,���  7.58 * 10-5 mol * L-1 Initial serine concentration 
9hak��S��	,���  6.5 * 10-5 mol * L-1 Initial glutamate concentration 

3. Results 
 Expected Martian regolith composition and 3.1.
bacterial interaction  

Based on data obtained by the Mars science laboratory 
at the Rocknest soil the main ores at this area of Mars 
are [51]:   
 
Table 2. Minerals previously identified via X-Ray 
diffraction (XRD) on the Mars rocknest soil.  
Mars Science Laboratory (Curiosity) Rocknest soil 
[51] 
Mineral Chemistry 

Plagioclase  (Ca0.57(13)Na0.43)(Al1.57Si2.43)O8 

Olivine 
(Forsterite)  
 

(Mg0.62(3)Fe0.38)2SiO4 

 

Pyroxene 
(Augite)  
 

(Mg0.88(10)Fe0.37 Ca0.75(4))Si2O6 

Pyroxene 
(Pigeonite) 
 

(Mg1.13Fe0.68Ca0.19)Si2O6 

 
All ores are expected to have a variety of different 
mineral deposits on their surfaces. Shewanella sp. was 
shown to be able to interact with a variety of Fe3+ 
bearing mineral types (e.g. Jarosite (Fe3+) [52], Al-
goethite (Fe3+) [53], Hematite (Fe3+) [54], Smectite 
group (Fe3+) [4]).  
Minerals from the smectite group (clay minerals) were 
identified by the NASA Science laboratory in an ancient 
steam bed in Gale crater on Mars [55], via the Viking 
biology experiments in the Chryse Planitia [56] and via 
satellite measurements on various locations on Mars 
[57,58].  
Hematite was found in high abundance in the bright 
regolith (>10% hematite estimated from orbital scans 
[59]) at Meridiani Planum and is expected globally in 
the bright regolith [60].  

The dark regolith at the Gusev crater and the Meridiani 
Planum showed high abundance in the Fe2+ containing 
olivine and pyroxene minerals but also shows that 15% 
of all iron is in its Fe3+ nanophase [61], which is 
expected to be even more suitable for bio-mediated 
reduction [54,62].  
The Fe3+ rich Jarosite was detected in a variety of forms 
by the Mössbauer spectrometer of the opportunity rover 
at the Meridiani Planum [61], via the Mars 
Reconnaissance Orbiter at the Mawrth Vallis outflow 
channel [63].   
Also, magnetite was found with 9% of all iron in the 
dark regolith regions of Meridiani Planum [61] and with 
even higher abundance in the Gusev plains [64]. This 
magnetite is suggested to be suitable for direct magnetic 
extraction.  
On earth, Shewanella spp. are reported to grow on 
smectite with an iron reduction rate of 0.49 * 10-3 mol 
Fe3+ * gX

-1 * h-1 [4], and on goethite with a reduction 
rate of 3.16 * 10-4 mol Fe3+ * gX

-1 * h-1 [65]. Hematite 
nanoparticles have been shown to act as a terminal 
electron acceptor supporting growth of Shewanella spp. 
with an iron reduction rate between 0.07 and 0.19 * 10-3 
mol Fe3+ * gX

-1 * h-1 [54]. Jarosite has shown to be 
readily reduced by Shewanella spp. with up to 85% of 
Fe3+ reduced to Fe2+ after one month, and 10% reduced 
in the first 2 days [45,46]. Based on these interactions, it 
is likely that Shewanella spp. will reduce Fe3+ from 
iron(III)-bearing minerals in Martian soil.  
Additional reports of ferric sulfate [66], nanophase of 
chlorine-rich ferric oxides [67] and the high abundance 
of Fe3+ in its nanophase ferric oxide state [68] increase 
our confidence in the potential reduction capabilities of 
Shewanella. Coupled with the capability of Shewanella 
oneidensis to precipitate magnetite during the reduction 
of Fe3+ [69,70], literature provides good evidence that a 
magnetic extraction of iron rich ores on Mars with this 
organism will be possible. Further experimental 
analyses for this claim need to be performed with 
different regolith simulants.  
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 Storage and inoculation of microbial stocks and 3.2.
growth medium. 

The algae and bacterium stocks need to be stored in 
glycerol stocks at -80 degrees Celsius, to have a back-up 
for inoculation whenever needed. For the general 
operations a small volume of the previous batch can be 
stored in a chamber inside the reactor. Whenever a 
decrease in productivity (O2 production for the C. 
vulgaris, CO2 production for Shewanella oneidensis) is 
observed, a new batch must be started from the freezer. 
In the latter case the bacteria will first be activated in a 
small batch to ensure optimal growth behavior. The 
cultivability of some microorganisms was shown to be 
significantly decreased during space flight experiments 
[71], further investigations are needed to understand the 
implications for the proposed organisms. Results of tests 
with S. oneidensis, which was sent to the ISS on the 15th 
SpaceX cargo missions are pending [72]. 
Growth medium will be stored in autoclaved pulverous 
form and the hydration of it occurs only for 
experiments. 

  
 Algae reactor design 3.3.
For the algae cultivation, the algae species Chlorella 

vulgaris was chosen for its high growth rate in thin layer 
PBRs (Fig. 2 A,B) [29]. A production rate per hour of 
biomass, O2 and CO2 was obtained by integration of the 
in- and outgoing streams and subtraction of the 
difference (Table 2). The highest oxygen production 
rate is not directly at the wall, due to a low CO2 
concentration and photoinhibition (Fig. 2 C, D, E).  

Approximately 4 g of algal biomass is required per 
gram of S. oneidensis to supply essential amino acids 
for growth [SI 2.2]. This covers only the requirement 
for essential amino acids, the main electron donor for S. 
oneidensis, lactate, still needs to be provided from other 
sources. The mining reactor produces 6 g S. oneidensis 
per batch (264 h), which requires 24 g C. vulgaris 
biomass. Over the duration of one batch, one 10 liter C. 
vulgaris plate produces 84.48 g biomass (0.32 g per 
hour, Table 2). A total of 2 plates (20 liter) is needed to 
produce the required amount of C. vulgaris biomass for 

Figure 2. PBR geometry, flow profile, concentration profile and reaction rate. (A) Reactor geometry. Culture 
plates are displayed in green. LEDs are displayed in yellow. A system filtering out the biomass to keep the steady 
state concentration of 10 g X l-1 is displayed as well as the hollow fiber membrane system used to remove the O2 and 
supply the broth with CO2. (B)Top-view of a photobioreactor plate imbedded between two LED plates. (C) Steady 
state flow profile (m * s-1) in a flat plate of the reactor. Arrows display the direction of the flow (proportional to 
velocity). D) Concentration profile of (top to bottom) produced biomass (1), oxygen (2) and carbon dioxide (3) (g * l-
1) in the reactor. (E) Rates of respiration (1) and photosynthesis (2) in kg O2 * m

-3 * s-1. 
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the biomining reactor. Those 2 plates correspond to 
30.72 g Oxygen per 24 h (Tab. 2). Further upscaling and 
optimization for the oxygen production of the algae 
bioreactor can increase its potential as bioregenerative 
life-support system. 

 
Table 2. Biomass, oxygen and carbon dioxide 

production (kg per hour per 10 L PBR plate). Data 
obtained by integration of the concentrations at the exit 
and entrance. 

Location Biomass(kg/h) O2 (kg/h) CO2 
(kg/h) 

Inlet  54 0 1.71*10-3 

Outlet 54.0003 6.39*10-4 1.11*10-3 

Production 3.23*10-4 6.39*10-4 -5.98*10-4 
 
 Biomining reactor design 3.4.
The bioreactor will be equipped with intake ports for 

water, an inoculation chamber (in which bacteria will be 
grown or stored at a certain OD before used for the new 
batch), nutrients, gas and fresh regolith (Fig 3 A). 
Additionally, there will be ports for the outflow of gas, 
evaporated water, purified product and spent regolith. 
The process will be monitored by an array of probes, 
continuously measuring pH, temperature, optical 
density (measure for biomass concentration) and 
osmolality. Measurement of the osmolality will provide 
insight into the accumulation of salts from the regolith 
in the reactor. Furthermore, the concentration of various 
gasses in the offgas (CO2, N2) will be measured and the 
CO2 will be bound by a CO2 scrubber. The CO2 
production rate is stoichiometrically linked to substrate 
consumption and biomass formation. After correction 
for pH and dissolved CO2 concentration, the pCO2 
profile gives insight in bioprocess performance. 

A flow cytometer is introduced to provide more 
detailed information on cellular health, which is 
strongly correlated with the bioprocess performance. It 
is not yet known how bacteria and Martian regolith will 
interact, and Martian regolith simulants have been 
reported to have different effects on microbial growth 
[19]. These effects should be elucidated before a full-
scale biomining process is greenlighted, and during 
operation longer-term effects should be monitored. 
 
3.4.1. Operational sequence 

The bioreactor process is divided in three phases: the 
intake phase, the growth phase and the extraction phase 
(Fig 3 B). In the intake phase, regolith with known 
mineralogical composition is loaded into the reactor, 
then water is added. The resulting mixture is analyzed 
by the probes and pH is adapted to 7. An excess lactate 

and a stoichiometrically balanced amount of other 
nutrients is added to the reactor. Finally, the bacteria are 
added from the last batch or from a freshly prepared 
one. 

 In the second phase bacteria are utilizing the 
provided nutrients for growth and for extraction of the 
desired elements from the regolith. In this phase the 
process is monitored with the introduced probes, and 
gas is continuously circulated for mixing. The 
concentration of CO2 in the offgas is an indicator of 
process performance and substrate consumption.  

When CO2 production ceases, the extraction phase is 
started. First, magnets at the reactor walls are activated 
to capture the magnetic iron precipitates. The 
nonmagnetic regolith is settled, removed from the 
reactor and can be used as plant growth support 
material. Then, the magnets are turned off, and the 
magnetic, iron-rich precipitates are settled and 
evacuated. Finally, part of the planktonic biomass is 
stored, after which the water is evaporated and 
recovered. The extraction phase combined with the 
preparation of the next batch is estimated to take 
approximately 24 hours.  
 
3.4.2. Nutrient requirements and magnetite 

precipitation 
For the biological iron extraction process to be 

feasible, the amount of extracted iron should outweigh 
the amount of nutrients consumed by the process. The 
amount of iron extracted is dependent on the precise 
iron oxides formed from the dissolved Fe2+, Fe3+ and 
other ions introduced with the regolith and bacterial 
media. 

Ideally, each released Fe2+ ion would recombine 
with 2 Fe3+ and oxygen to form magnetite (Fe3O4), a 
ferrimagnetic material [69]. In this best-case scenario, 
each reduced Fe3+ leads to three extracted Fe atoms, 
tripling the mass efficiency. With about 0.41 g nutrients 
required per gram Fe3+ reduced (Table 3), this would 
lead to approximately 0.14 gram of nutrients consumed 
per extracted gram of Fe. 

In a more realistic situation, the iron will also 
precipitate in multiple other, less magnetic forms of iron 
oxide (siderite, green rust) sometimes incorporating 
other cations [73]. This will increase the consumption of 
nutrients per magnetically extracted gram of iron. 
Experiments are required to assess the extent of these 
effects and to find conditions that best promote 
precipitation of magnetic iron oxides. Some iron-
reducing bacteria reportedly form a product that consists 
of > 60% magnetite under the right conditions [74]. 
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Figure 3. (A) General layout of the reactor with all required in- and output connections. The top construction 
facilitates G/L separation. (B) Operational sequence: (1.) Intake phase: Regolith, water, nutrients and bacteria are 
loaded into the reactor. (2.) Growth phase: The reactor is operated as a bubble column, bacteria consume the nutrients 
and extract the required elements. (3.) Extraction phase: The desired products are extracted, water is evaporated and 
recovered and waste regolith is discarded. (C) Establishment of the turbulent flow profile over time. Flow magnitude in 
ms-1 indicated with colour, flow direction indicated with cyan arrows. A 270° 2D-revolution displays the 3D reactor 
geometry. (D) Regolith distribution at 0, 60 and 120s after initiation of gasflow, simulated for particles with d=50*10-6m.
(E) Concentration profiles (mol/L) of lactate, Fe3+, biomass and acetate over the batch duration of 11 days.  
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Assuming that 50% of the converted iron is 
magnetically extracted following the magnetite 
formation stoichiometry, an hourly production of 11.7 g 
is expected.  

 
Table 3. Nutrient consumption/conversion and iron 

extraction after 11 days as predicted by the kinetic 
model. 
Compound Consumption / 

Conversion (g / L) 
Yield (g / g 
Fe3+) 

Fe3+ 0.812 1 
Lactate 0.700 0.86 
NH4

+ 5.71*10-4 0.00070 
 
3.4.3. Method of mixing 

Operation of an internal airlift bioreactor [75] under 
Martian gravity (3.72 m * s-2) was investigated using 
computational fluid dynamics (CFD). S. oneidensis 
requires a continuous availability of nutrients and Fe3+ 
for growth. The Fe3+ is extracted from regolith particles 
with a density of 1.91 * 103 kg * m-3 [76]. To ensure 
availability of both Fe3+ and nutrients for the bacteria, 
settling of these particles should be prevented. Adequate 
mixing can be achieved with an impeller (mechanical 

agitation) or by introducing a gas phase in the bottom of 
the reactor. To minimize moving parts inside of the 
reactor, a gas-mixed system was chosen. An internal 
airlift reactor was chosen over a bubble column reactor 
because of its higher liquid velocity [77]. The 1400 liter 
reactor geometry and process parameters were set up to 
obtain turbulent flow and sufficient circulation [SI 
2.1;2.4-2.6]. 

The turbulent flow profile of the reactor was 
calculated for 120 seconds after initiation of aeration, to 
determine the steady state flow profile that would be 
achieved (Fig 3C). The resulting mixing ensures a 
homogeneous concentration profile over the reactor. 
Furthermore, the particle tracing proves that the 
particles will stay in suspension with the flow we 
provide. This leads to the conclusion that a uniform 
reaction and concentration is achieved in the reactor 
(Fig 3E).   

 
3.4 Impact of high radiation 

Due to its weak magnetic field and low-pressure 
atmosphere, Mars has only minimal natural radiation 
mitigation mechanisms. Radiation on Mars can be 
divided in two types: Galactic Cosmic Rays (GCR) and 

Figure 4. Schematic overview of the proposed bioprocesses. An algae reactor with C. vulgaris is operated using 
compressed Martian CO2 -rich atmosphere as carbon source to produce biomass for a biomining reactor. Oxygen 
and additional biomass, which are produced during this process can be used for the astronauts. The biomining 
reactor hosts S. oneidensis and Martian regolith. Latter gets reduced by the bacterium. Leading to the generation of 
more magnetic iron species which can be extracted as a construction material. The left-over material can be used as 
a structure giving, biomass rich material for plants.    
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solar UV radiation (p ≥  200 nm). UV-C radiation 
(p =100-280 nm) contains wavelengths easily absorbed 
by DNA [78], which makes it biologically dangerous. 
However, UV radiation is relatively easy to shield 
against [79]. By positioning our system inside a human 
habitat, the danger of UV radiation is expected to be 
negligible. 

GCR are harder to shield against, and a portion of 
this radiation will always penetrate the base [80]. In a 
worst-case scenario, the yearly Martian surface dose of 
0.242 Sv [81] will penetrate the reactor. According to 
literature, an acute radiation dose of 12 Sv extends the 
lag phase of S. oneidensis by approximately 1.5 hours 
and has no effect on the growth yield [82]. After 
comparing these numbers, it was assumed that radiation 
will not have a significant effect on productivity.  

The increased radiation could impact the shelf-life of 
the nutrients, in particular vitamins, as organic 
compounds can be significantly degraded by solar 
energetic particles [83]. The degradation of amino acids 
within the range of a few years is expected to be 
minimal [84]. 

 
3.5 Plant compartment 

The main challenge for growing plants directly on 
Martian regolith (in an enclosed environment) is the 
toxicity of certain elements it contains and its capability 
to store water. Martian regolith simulants (JSC1-Mars) 
tend to act similarly to Loess soil, which can hold 
substantial quantities of water [85]. 
Toxic metals within Martian simulants include: 
• Aluminum may be a toxic and growth-limiting 
reagent, especially in acidic soils. This problem is 
exacerbated with the addition of nitrogen-containing 
fertilizers. Aluminum toxicity reduces plant root growth 
and subsequently increases plant susceptibility to 
drought and decreases the uptake of nutrients [86,87]. 
• Although manganese is a vital micronutrient, it 
can also be toxic [88,89] in alkaline (pH above 8) or 
acidic (below pH 5.5) soils under reducing 
circumstances. These conditions occur for example 
during flooding events, due to the accumulation of 
organic matter, or in the case of compression of the soil 
and the subsequent lack of oxygen [86,90]. 
• Iron, also an essential nutrient to plants [91], 
can lead to brown spots (and therefore insufficient 
chlorophyll) on the plant surface if present excessively. 
This problem is more prevalent under reducing 
circumstances such as flooding [86]. 
Alteration of regolith before using it as a structure-
giving surface for plant growth is important to reduce 
the high concentration of heavy metals and to increase 
the number of biomolecules. These modifications 
should enable plants to grow better on the provided 
substrate and in the long run, make space-exploration 
more sustainable. 

 
3.6 Planetary protection 

A key objective of Mars exploration is the careful 
investigation for microbial traces of current or extinct 
life. However, every human operation increases the 
chance for false-positives because of the diverse 
bacterial community every human being carries. The 
here proposed algae and biomining reactor will be part 
of a closed human habitat and will follow the same 
planetary protection procedures as the rest of the 
habitat. No further increase in false-positives due to 
these reactors is expected.  
 
3.7 Optimal test-site 

A potential test-site on Mars would be the Meridiani 
Planum. The bright regolith there contains significant 
amounts of hematite and jarosite [61] and it was defined 
as a suitable region for crop trials utilizing the regolith 
there [92]. 
 
4. Discussion & conclusion 

In this paper, we presented a concept for ISRU and 
explorative modelling studies for a biological 
production cycle aimed at obtaining high-grade iron 
ores from Martian regolith (Fig 4).  

The system consists of an algae reactor, biomining 
reactor and plant growth compartment (SI 3). With the 
current design, it follows that a 20 L flat plate PBR can 
sustain part of the main nutrient requirements for a 1400 
L biomining reactor. The total hardware is estimated to 
weigh approximately 400 kg. In return, the PBR system 
produces 0.031 kg O2 per day and a production of 100 
kg iron per Mars year is expected.   

Biofilm formation in the PBR could drastically 
decrease the light path through the reactor [93], and a 
scrubber should be introduced to prevent biofilms from 
forming. Systems using automatic magnetic scrapers are 
proposed as a low-maintenance solution [94,95]. 

The currently proposed PBR setup generates laminar 
flow, which results in inactive zones in the reactor due 
to depleted CO2 and dark zones. A turbulent flow 
pattern could provide better axial mixing, resulting in a 
higher total productivity.  

However, the PBR makes the biomining-reactor 
system more sustainable by providing essential nutrients 
via a photoautotrophic pathway, while at the same time 
enabling tests on bioregenerative life-support systems 
on Mars.  

This work describes an operational sequence for the 
biomining reactor. The general framework presented 
here can be used to design other specific extraction 
processes as further feasible conversion approaches are 
discovered. 

The effects of reduced gravity on the behavior of 
biomining organisms are not yet clear, further 
experiments will be required to assess these. Current 
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and future experiments on the ISS [96] or Moon [97] 
could help investigate the effects of partial on 
microgravity on the herewith proposed organisms. 
Further experimental research into the precipitation of 
magnetite from the final solution and the magnetic 
extractability thereof will provide data to complete the 
picture of biological iron extraction. 
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Space constraints make an airlift the best reactor type for biological 

processes 

The operational sequence for biological iron extraction is defined 

The process can be integrated with an algae reactor and a plant 

compartment 

Potential of biologic ISRU is shown with a case study on Shewanella 

oneidensis 


