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A B S T R A C T   

We explored the potential of plasma-based In-Situ Resource Utilization (ISRU) for Mars through the conversion of 
Martian atmosphere (~96% CO2, 2% N2, and 2% Ar) into life-sustaining chemicals. As the Martian surface 
pressure is about 1% of the Earth’s surface pressure, it is an ideal environment for plasma-based gas conversion 
using microwave reactors. At 1000 W and 10 Ln/min (normal liters per minute), we produced ~76 g/h of O2 and 
~3 g/h of NOx using a 2.45 GHz waveguided reactor at 25 mbar, which is ~3.5 times Mars ambient pressure. The 
energy cost required to produce O2 was ~0.013 kWh/g, which is very promising compared to recently concluded 
MOXIE experiments on the Mars surface. This marks a crucial step towards realizing the extension of human 
exploration.   

1. Introduction 

In February 2021, the Perseverance rover landed on Mars. It was a 
mission full of firsts, and on April 20th, the Mars OXygen In-Situ 
resource utilization Experiment (MOXIE) completed its first test in 
converting Martian atmosphere into product molecules, including O2 at 
~ 98% purity [1]. Using 300 W of power, an atmospheric gas mixture 
was brought through a Solid OXide Electrolyzer (SOXE) to produce up to 
12 g/h of O2 at peak efficiency [2]. 

In total, it is estimated that to return four astronauts’ home from the 
Martian surface would require over 25 metric tons (25 ×106 g) of O2 [3] 
for rocket propellant, which stresses the importance of technologies like 
MOXIE. The experiments that MOXIE conducted mark a giant leap for-
ward and show a glimpse of what is possible for utilizing the Martian 
atmosphere to produce valuable and life-sustaining supplies; however, it 
is apparent from the sheer magnitude of resources needed for just one 
mission that the future expansion of human exploration to planets like 
Mars demands significant improvements or novel technologies to effi-
ciently utilize all of the resources available on the Red Planet. 

A recent article by Engeling et al. outlined how plasma-based appli-
cations could be used for advanced chemical processing in space to 
support human life during crewed transit and planetary habitation [4]. 
This study focused on several plasma-based applications being investi-
gated at the National Aeronautics and Space Administration’s (NASA) 
Kennedy Space Center, including plasma waste gasification, 
plasma-assisted nutrient recovery, hydrogen plasma Lunar regolith 
reduction, plasma for space agriculture, plasma-activated water, and 
plasma cleaning and processing [4]. Moreover, the European Space 
Agency (ESA) has displayed a keen interest in utilizing plasma-based 
applications and has undertaken several projects aimed at extracting 
key molecules from Mars’ CO2-rich atmosphere [5]. Although plasma 
research is still in its early stages (see Section: Technological Readi-
ness), it can potentially influence future planetary colonization strate-
gies. It is clear from the research conducted by both NASA and ESA that 
plasma-based ISRU is instrumental in advancing space exploration, as 
well as realizing future human-led missions to Mars. 

Microwave (MW) plasma reactors show great potential in an ISRU 
context. As an emerging technology, MW plasma reactors have 

* Corresponding author at: Research group PLASMANT, Department of Chemistry, University of Antwerp, Belgium. 
E-mail address: sean.kelly@dcu.ie (S. Kelly).   

1 Authors are co-first authors. 

Contents lists available at ScienceDirect 

Journal of CO2 Utilization 

journal homepage: www.elsevier.com/locate/jcou 

https://doi.org/10.1016/j.jcou.2024.102668 
Received 27 October 2023; Received in revised form 27 November 2023; Accepted 3 January 2024   

mailto:sean.kelly@dcu.ie
www.sciencedirect.com/science/journal/22129820
https://www.elsevier.com/locate/jcou
https://doi.org/10.1016/j.jcou.2024.102668
https://doi.org/10.1016/j.jcou.2024.102668
https://doi.org/10.1016/j.jcou.2024.102668
http://creativecommons.org/licenses/by/4.0/


Journal of CO2 Utilization 80 (2024) 102668

2

demonstrated favorable energy efficiencies and gas conversion at low- 
sub-atmospheric pressures, such as those found on the surface of Mars, 
and many studies have reported encouraging results [6–12]; however, 
few have applied this technology in a Mars ISRU context [5,13,14]. It 
has been demonstrated that microwave (MW) plasma conversion can 
produce valuable resources like propellants, oxygen for habitats, and 
fixed nitrogen for agriculture at a low energy cost, making it an excellent 
candidate for local generation [5,13], [15]. In our previous study, when 
using MW plasma at sub-atmospheric pressures (i.e., 340 mbar), we 
could achieve an energy cost of approximately 0.04 kWh/g compared to 
0.19 kWh/g that MOXIE reported to produce O2 [1,5]. In conjunction 
with 47 g/h of O2 production, we also showed that other valuable 
chemicals, such as key molecules like CO and NOx, can be produced and 
utilized in an ISRU context. 

In an optical analysis comparing pure CO2 plasma versus a simulated 
Mars atmosphere plasma conducted by Raposo, it is shown that the 
conversion process in MW plasma may be enhanced by near-Mars 

surface pressure conditions (i.e., compared to higher operating pres-
sures) [14]. This thesis outlined the temperature and gas fraction profile 
of the plasma afterglow when a typical Martian atmosphere surface 
pressure is used, and it reported a distinct difference in the afterglow 
chemistry observed by chemiluminescence enhancement, likely attrib-
uted to NO + O recombination. Furthermore, Raposo states that the 
presence of Ar plays a significant role in the ionization and dissociation 
processes. Although more research is needed to confirm these findings, 
the author infers that the overall rate of CO2 dissociation is increased in 
a Martian mixture, likely due to the presence of Ar and N2. Notably, the 
author reflects a change in the plasma regime from a homogenous to a 
contracted plasma (i.e., increasing the intersection of the plasma fila-
ment and the transiting gas) with increased pressure from 6 mbar to 300 
mbar [14], an observation well reported by Wolf et al. in pure CO2 [16]. 

In this work, we investigate the benefits of using MW plasma tech-
nology for the conversion of a Martian atmosphere-like mixture (with a 
composition of approximately 96% CO2, 2% N2, and 2% Ar) into life- 

Fig. 1. A. Schematic overview of the 2.45 GHz plasma reactor with a Martian simulant atmosphere at 25 mbar pressure and 1 kW power. The ignition occurs in the 
coupling chamber of the rectangular WR340 waveguide, where the plasma is stabilized in the center of the quartz tube. The viewing port allows for real-time plasma 
imaging, as seen in the image of the plasma filament. B. Corresponding photograph of the MW plasma reactor installation in a fume hood at PLASMANT laboratories 
at the University of Antwerp, with key components labelled. Note the quartz tube is mounted horizontally through the coupling hole in the ignition waveguide with 
gas flowing from right to left. C. Scheme of the full setup, with key components labelled. 
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sustaining chemicals at near-Mars surface pressure conditions (25 
mbar). We pay special attention to ascertaining the key performance 
metrics at these low pressures (i.e., key species production rates and 
energy costs) with support from kinetic modeling to understand the 
fundamental chemistry. These key aspects, crucial to understanding MW 
plasma technology for gas conversion on Mars, have not been previously 
investigated. Notably, the conversion process involves dissociating CO2 
and N2 molecules, creating target molecules, such as CO, O2, and NOx, 
which can be used as building blocks for liquid bi-propellants and fer-
tilizers. The proposed method can provide valuable resources for future 
human missions to Mars. 

2. Materials and methods 

2.1. Experimental setup 

The experiments used a forward vortex waveguided configuration 
with a 2.45 GHz solid-state power supply composed of laterally diffused 
metal oxide semiconductor (LDMOS) power amplifiers. The output from 
the amplifiers is combined and guided through an isolator and auto- 
tuner to the WR340 coupling chamber. A 27 mm inner diameter 
quartz reaction chamber is perpendicularly mounted through a wave-
guide terminated by a sliding short, where plasma ignition occurs. The 
auto-tuner matches the electric field transition into the waveguide/ 
plasma area such that the reflected power is kept below 1% for all 
conditions. Fig. 1A shows a schematic drawing of the waveguide 
coupling chamber, where the plasma was ignited in a simulated Martian 
atmosphere. The gas is injected using a helical swirl inlet to sustain a 
vortex flow within the discharge area. After that ignition, a surface-wave 
mode is generated and sustained, isolating the extreme temperatures (~ 
6000 K core plasma temperature [9]) from the quartz tube walls. Fig. 1B 
shows the corresponding photograph of the full experimental setup with 
key components highlighted while Fig. 1C illustrates the full experi-
mental scheme. 

2.2. Measurement techniques and analysis 

The post-plasma composition was analyzed using Non-Dispersive 
Infra-Red and UltraViolet (NDIR/UV) absorption spectrometry (Rose-
mount X-STREAM XEGP Continuous Gas Analyzer) for NO, NO2, CO, 
CO2 molecules, whereas O2 was measured using an Infra-Red lumines-
cent quenched absorption technique (Pyroscience GmbH FDO2 Optical 
Oxygen Sensor) [5,17,18]. In calibrating these diagnostic instruments, 
we utilize pre-mixed calibration gases (Air Liquide, e.g., NO 16% in 
Helium and NO2 7.8% in Helium). Cross-checks using Gas Chromatog-
raphy (GC) with Interscience Compact GC are also performed. This GC 
features two channels, each equipped with a Thermal Conductivity 
Detector (TCD), Carboxen, and Molsieve columns (1010 PLOT and 5 A, 
respectively). These are used to detect O2, N2, and CO, while two RT 
Q-bond columns (one with a length of 3 m and the other 10 m) are 
utilized for the detection of CO2 [9]. 

The primary gas converted in our experiments is CO2 (~ 96% of the 
Martian atmosphere), with oxidation of the small N2 content (~ 2%). 
The argon fraction (~ 2%) is not converted due to its inertness. The key 
overall reactions for consideration are therefore: 

2CO2⇌2CO+ O2 (Reactionn 1)  

O2 +N2⇌2NO (Reactionn 2)  

2O2 +N2⇌2NO2 (Reactionn 3) 

During any gas conversion process, the changes in stoichiometric 
proportions result in changes in the molar flow rate in the plasma 
exhaust compared to the inlet flow. In our experimental setup, CO2 is the 
primary component of the gas fraction. When it is converted into CO and 
O2, it leads to an expansion of the inlet flow, which means an increase in 

the molar flow rate. The extent of this increase is directly related to the 
degree of conversion. It’s worth noting that the formation of NO2 results 
in gas contraction; however, due to the relatively small proportion of N2 
and an even smaller fraction of NO2 formed in comparison to CO and O2, 
this contraction effect is negligible when compared to the expansion 
resulting from CO2 conversion; therefore, it is neglected in our analysis. 

In our case, given the predominant CO2 conversion, we can infer the 
degree of expansion by examining the CO2 conversion as follows [5]: 

α = 1+ 0.5 ∗ ηconverted
CO2

(4)  

ηconverted
CO2

=
ηIn

CO2
− α ∗ ηOut

CO2

ηIn
CO2

(5)  

Where α represents the gas expansion factor (i.e., α > 1), ηconverted
CO2 

is the 
fraction of CO2 converted, ηIn

CO2 
is the fraction of CO2 in the mixture 

when the plasma is off (i.e., 0.96 in our case) and ηOut
CO2 

is the measured 
CO2 fraction when the plasma is ON (notably we do not add a dilution 
gas to measure the gas expansion in our experiments [19] with the 
conversion approximated as a pure CO2 conversion given the negligible 
effects of the N2 conversion in our context [5]). Rearranging Eqs. 4 and 5 
we can solve them to find α based on the measured CO2: 

α =
1.5 ∗ ηIn

CO2

ηIn
CO2

+ 0.5 ∗ ηOut
CO2

(6) 

Subsequently, when calculating α, we obtain the CO2 conversion by 
Eq. 5. The CO, O2, and NOx production rates are calculated based on the 
fraction of each species measured in the exhaust (ηCO/O2/NOx

), their molar 
mass (μCO,O2 ,NOx 

[g/mol]), the inlet mass flow rate (finin normal liters per 
minute [Ln/min]), as well as α. The individual production rates (PR [g/ 
h]) are then calculated for CO, O2, and NOx (NO +NO2) as: 

PRCO,O2 ,NOx [g/h] =
ηCO,O2 ,NOx

∗ μCO,O2 ,NOx
[g/mol] ∗ α ∗ fin[Ln/min]

22.4[L/mol]
∗ 60[min/h] (7) 

22.4 [L/mol] is the molar volume of a gas under the corresponding 
normal conditions (i.e., T = 273.15 K and p = 1.01325 bar) for which 
our mass flow controllers (Bronkhorst) are calibrated. 

The energy cost (EC) to produce CO, O2, or NOx is then obtained 
using: 

ECCO,O2 ,NOx [kWh/g] =
Power[kW]

PRCO,O2 ,NOx [g
/

h]
(8)  

where the Power [kW or kJ/s] is the absorbed MW power measured 
during steady-state plasma operation. Additional details regarding the 
setup can be found in our earlier work [5]. 

2.3. Numerical modelling 

To gain a fundamental understanding of the chemistry in our ex-
periments, we employed a quasi-1D chemical kinetics model using the 
ZDPlasKin (Zero-Dimensional Plasma Kinetics) solver [5,17,18,20]. The 
temporal evolution of species densities, encompassing electrons and 
various charged and neutral species, is determined through balance 
equations, which consider production and loss terms resulting from 
chemical reactions. The gas velocity undergoes dynamic changes due to 
variations in temperature and stoichiometry within the gas mixture, and 
these changes are updated at each time step. The power density is 
derived from experimental measurements of absorbed power (i.e., for-
ward minus reflected power) combined with the determination of 
plasma volume through camera imaging within the waveguide. The 
assumed shape for the plasma volume is cylindrical [21], consistent with 
vortex-stabilized discharges. Indeed, in such discharges, the plasma is 
confined within the inner region of the tube, separated from 
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containment walls by a swirling or vortex flow boundary, elongating 
along the flow direction, forming a cylindrical shape [16,21,22]. 

To address radial variations in power density from the center to the 
edge of the plasma filament, light emission across the radial extent of the 
filament at its ignition point inside the waveguide is used as a proxy for 
the plasma width. The quasi-1D model is applied to two radial sections, 
representing high power density at the plasma core and relatively low 
power density to simulate the plasma edge, as explained in our earlier 
publication [17]. For each quasi-1D model, a triangular distribution of 
power density is assumed in the lateral extent of the plasma, aligned 
with earlier models of power dissipation in surface wave-sustained MW 
plasmas [23,24]. To simulate electron dynamics, we employ the Boltz-
mann solver BOLSIG+ , linking plasma conductivity (a function of the 
reduced electric field) to electron mobility. The gas temperature is 
computed at each time step in the model by the gas thermal balance 
equation under isobaric conditions, accounting for gas heating from 
elastic collisions between electrons and gas molecules, enthalpy con-
tributions from chemical reactions among plasma species, heat losses to 
walls, and dynamic heat capacity considering the gas mixture. More 
detailed information can be found in our earlier works [5,17,20,25]. 

The reaction scheme for the Martian atmosphere (96/2/2% v/v CO2/ 
N2/Ar) used in this study is compiled from our prior research efforts, 
with complete details given in our earlier publications [5,25–27]. The 
model encompasses 148 distinct species, including electrons, CO2, Ar, 
N2, O2, CO, various NxOy molecules in ground state, as well as different 
(vibrational and electronic) excited levels, radicals, atoms, and ions (see  
Table 1), which undergo interactions through 973 electron impact re-
actions and 12,604 heavy particle reactions, involving molecules in 
ground state or excited levels, radicals, atoms, or ions. The rate co-
efficients for the heavy species reactions are drawn from our previous 
works, whereas the rate coefficients for electron impact reactions are 
computed using the Boltzmann solver BOLSIG+ [28] integrated into 
ZDPlasKin. 

Due to the relatively inert nature of N2 and CO2, considerable energy 
is required for thermal conversion; however, plasma-based conversion 
provides additional reaction pathways. This is especially the case in low 
pressure MW plasma [16] where the electrons have the energy needed to 
induce excitation towards the lowest vibrational levels in CO2/N2 
(~1 eV), followed by further vibrational-vibrational (V-V) collisions, 
which enable a "ladder-climbing" process, gradually populating higher 
vibrational levels (denoted as CO2(v) and N2(v)). In addition, there can 
be significant populations of electronically excited molecules (i.e., 
CO2(E) and N2(E)), which form inside the plasma region. In contrast to a 
purely thermal case, these molecules serve to lower the overall energy 
required for CO2 and N2 dissociation (i.e., O2 formation and NOx for-
mation), as their higher energy levels will help to overcome the 

activation barriers. 
NOx production (overall Reactions 2 and 3 above) in plasma depends 

on atomic nitrogen (N) and oxygen (O) formation. In a plasma, this can 
also proceed via an electronically or vibrationally enhanced Zeldovich 
mechanism [29–31] consisting of the following reactions: 

O+N2/N2(E, v)⇌N +NO (Reactionn 9)  

N +O2/O2(E, v)⇌O+NO (Reactionn 10) 

Given the strong N2 triple bond, the above reaction pair is typically 
rate-limited by Reaction 9. Compared to the purely thermal Zeldovich 
mechanism (i.e., involving only ground state N2 and O2), plasma-based 
conversion has the additional presence of vibrationally or electronically 
excited N2 and O2 molecules, which lower the dissociation threshold 
required to break the N2 bond (~9.8 eV) by colliding with O atoms 
(Reaction 9). The N atoms formed here further react with both ground 
state and vibrationally/electronically excited O2 molecules (Reaction 
10) to produce another NO. Reaction 10 also produces an additional O 
atom, which can again react with ground state and vibrationally/elec-
tronically excited N2 molecules (Reaction 9). Furthermore, it can oxidize 
NO to produce NO2: 

NO+O⇌NO2 (Reactionn 11) 

When considering CO2 dissociation, a similar reaction pathway ap-
plies. The overall reaction shown in Reaction 1 above includes the 
following elementary sub-reactions involving atomic oxygen: 

CO2(E, v)⇌CO+O (Reactionn 12)  

CO2(E, v)+O⇌CO+O2 (Reactionn 13) 

Direct dissociation processes in Reaction 12, such as electron impact 
dissociation, have an energy threshold of 5.5 eV to overcome the 
(ground state) CO2 bond energy, but the O atom produced in Reaction 
12 can further react (i.e., Reaction 13) with CO2 (and its vibrationally or 
electronically excited states). This coupling lowers the threshold 
considerably (e.g., for ground state CO2, this lowers the overall energy 
threshold to 2.9 eV [8]). 

3. Results and discussion 

3.1. Experimental results 

We discuss our experimental results using our solid-state surface- 
wave MW plasma reactor, modified for operation at reduced pressures 
close to Martian ambient conditions. All experiments were carried out 
using the 2.45 GHz MW reactor described in the Materials and Methods 
section, with a flow rate = 10 Ln/min (i.e., 1131 g/h CO2, 30 g/h N2, 
and 21.4 g/h Ar mass flow rate for a Martian mixture in a ratio 96/2/ 
2 v/v CO2/N2/Ar), a pressure of 25 mbar, and 1000 W of absorbed 
plasma power. Throughout the text, NOx indicates the sum of NO and 
NO2. 

The production rates of CO, O2, and NOx (PR CO,O2 ,NOx ) measured in 
the plasma exhaust are presented in Fig. 2(A). For comparison, we have 
included our previous results, which were investigated under the same 
pressure conditions as the MOXIE experiments (340 mbar) [5]. The PRO2 

was 75.7 ± 0.9 g/h, which is approximately a 50% relative increase 
over the 340 mbar conditions previously reported. Additionally, the 
PRCO was 127.7 ± 1.0 g/h, an approximately 66% increase over our 
previously reported results, and the total PRNOx was 2.9 ± 0.1 g/h, i.e., a 
factor two higher than our previous results, with an equivalent con-
centration in the exhaust mixture of 3015 ± 14 ppm (or ~ 0.3%). The 
primary species produced were NO and NO2, with a ratio of NO/NO2 of 
approximately 9 (i.e., NO concentrations dominate), corresponding to 
approximately 15% of the N2 inflow being fixed. We can thus conclude 
that reducing the pressure closer to Mars’ ambient conditions increases 
the overall production of CO/O2/NOx, despite a significant reduction in 

Table 1 
Species simulated in the quasi-1D kinetic model for a CO2/N2/Ar Martian 
mixture.  

Neutral Excited Charged 

CO2, CO, C2O, C, C2, 
CN, ONCN, NCO, 
NCN, C2N, C2N2 

CO2(Va, Vb, Vc, Vd), CO2(V1- 
V21), CO2(E1), CO(V1-V10), CO 
(E1-E4) 

CO2
+, CO4

+, CO+, C2O2
+, 

C2O3
+, C2O4

+, C2
+, C+, 

CO3
- , CO4

- 

O2, O, O3 O2(V1–V15), O2(A1Δ), 
O2(A3C3C1)a, O2(B1Σ), O(1D), O 
(1 S) 

e, O+, O-, O2
- , O2

+, O4
- , 

O4
+, O3

- 

N2, N, NO2, NO, N2O, 
N2O3, N2O4, N2O5 

N2(V1–V21), N2(A1Σ), N2(A3Σ), 
N2(B3Π), N2(C3Π), N(2D), N(3P) 

N2
+, N3

+, N4
+, N+, NO2

+, 
NO2

- , N2O-, N2O+, 
NO+, NO-, NO3

- 

Ar Ar(4S), Ar(4P), Ar2(E)b, Ar 
(4S3[P0]), Ar(4S3[P1]), Ar 
(4S3[P2]), Ar(4S1[P1]) 

Ar+, Ar2
+

a : O2(A3C3C1) is a combination of three electronically excited states O2(A3Ʃ), 
O2(C3Δ) and O2(c1 Σ) with a threshold energy of 4.5 eV. 

b : Ar2(E) is a combination of the excited states Ar2(1Σ) and Ar2(3Σ) of the Ar2 
dimer. 
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gas residence time under the low-pressure conditions by nearly a factor 
of ten. Overall, the sampled exhaust mixture has a percentage ratio of 
approximately 15.9% CO, 8.3% O2, and 0.3% NOx. 

Furthermore, in Fig. 2(B) we observe that the corresponding ECCO is 
0.0080 ± 0.0004 kWh/g, the ECO2 is 0.013 ± 0.006 kWh/g, and the 
ECNOx is 0.35 ± 0.03 kWh/g. Given the boost in PRCO,O2 ,NOx , the EC 
drops similarly by approximately 50 – 70% for O2 and CO, respectively, 
and by more than a factor two for NOx under these reduced pressure 
conditions, when compared to our previous work [5]. 

It is evident by these results that plasma-based conversion of CO2 and 
fixation of N2 is significantly more productive at pressures resembling 
the Martian environment. This is likely due to vibrational excitation, as 
these levels are known to be overpopulated in plasmas at lower pressure 
because of the reduced losses upon collisions with ground state mole-
cules. This results in a more pronounced vibrational-translational non- 
equilibrium, which gives rise to the most efficient conversion routes [6, 
32]. We explore this further by numerical modeling in the next section. 

3.2. Fundamental insights using numerical modelling 

We applied a chemical kinetics model [5,17,20] at near-ambient 
Martian pressure corresponding to our experimental conditions (i.e., 
25 mbar which is ~3.5 times the typical Martian ambient pressure of ~7 
mbar) in order to gain a deeper fundamental understanding of the 
mechanisms behind the observed gains in production rate (PRCO,O2 ,NOx ) 
and the lower energy cost (ECCO,O2 ,NOx ). In Fig. 3, we plot the calculated 
concentrations of CO, O2 and NOx as a function of position, in the active 
plasma region (between 0 and 20 cm) and in the afterglow region (be-
tween 20 and 35 cm), where a steady state is eventually reached. The 

experimentally measured concentrations in the effluent, as reported 
above, are indicated with stars for comparison. 

As shown in Fig. 3(A), an O2 concentration of 8.2% is predicted at 
35 cm, downstream of the plasma region, which is within the error value 
of the measured concentration of 8.3 ± 1.1%, as indicated by the star. 
The CO concentration predicted by our model is approximately twice the 
O2 concentration, with a value of 17.6% at the same position down-
stream. This value compares reasonably to our experimental measure-
ment of 15.9 ± 0.7%. 

Fig. 3(B) demonstrates that at 35 cm downstream, our model pre-
dicts a steady-state total concentration of NOx to be approximately 
6777 ppm. Compared to the total measured NOx concentration (ca. 
3000 ppm), our model overestimates NOx production by more than a 
factor of two. This overestimation is attributed to the relatively small 
number of N2 levels simulated, the complexity of the underlying 
chemistry relying upon thousands of empirical reaction rate coefficients, 
and the inherent physical approximations required in quasi-1D models. 
Given the deviation found in the predicted NOx concentration in our 
earlier work at 340 mbar (factor ~ four), the deviation here (factor ~ 
two) is reasonable to expect. However, we believe that the model can 
still provide valuable insight into the dominant production mechanisms. 

Fig. 4 presents an overview of the modeling results in terms of CO2 
dissociation pathways. Taking an average across the simulation domain, 
we find that CO and O2 are primarily formed via Reaction 13, involving 
the collision of O atoms with CO2, yielding CO and O2. Our analysis 
reveals that 79% of the CO and O2 produced via Reaction 13 involves the 
symmetric stretch and bending vibrational modes of CO2, namely 
CO2(va-vd) (ranging 0.08 – 0.33 eV in energy) [33], while 7% occurs 
from ground state CO2. In contrast to the pressure conditions at 340 

Fig. 2. Comparison of (A) production rate, and (B) energy cost, at a pressure of 25 mbar (or ~3.5 Martian atm) with 340 mbar (dashed lines) [5]. Martian mix at 10 
Ln/min, 1 kW. Note the NOx data is indicated in the right-hand y-axes in both graphs. 

Fig. 3. Calculated CO, O2 (A) and NOx (B) product concentrations as a function of position in and after the MW plasma, using a Martian simulant mixture (96/2/2% 
v/v CO2/N2/Ar) at a flow rate of 10 Ln/min, a pressure of 25 mbar, and 1 kW of absorbed power. The measured CO, O2 and NOx concentrations downstream (hence, 
after the plasma) are indicated with stars, for comparison. 
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mbar in our earlier work, we observe approximately double the contri-
bution from the asymmetric stretch vibration mode, CO2(v1–21), with 
14% at 25 mbar, which we find to originate primarily from additional 
contributions from CO2(v4–9) (ranging 1.2 – 2.5 eV in energy). The 
contribution of the symmetric stretch and bending modes remains high, 
with a slight drop from 85% at 340 mbar to 79% at 25 mbar. Finally, the 
contribution from the ground state remains similar (i.e., 8% vs. 7%) 
despite the almost tenfold drop in pressure. 

Fig. 5 provides an overview of the NO production mechanisms pre-
dicted by the ZDPlasKin model. The contribution of the first Zeldovich 
reaction (Reaction 9) between N2 and O atoms increases to 67% at 25 
mbar, compared to our previous results, where this reaction contributed 
51% at 340 mbar. Notably, O2(v1–2) has a larger contribution here at 25 
mbar, increasing to 8% from 5% at 340 mbar. Furthermore, ground state 

contributions increased to 16% at 25 mbar from 13% at 340 mbar. The 
role of the other O2(v) levels and the O2(E) had a negligible contribution 
under both pressure conditions. 

This Zeldovich reaction is facilitated by electronically or vibration-
ally excited N2 molecules. Indeed, the N2 molecules in the ground state 
play a negligible role in NO formation, both at 25 and 340 mbar. The 
N2(E) molecules contribute 14% at 25 mbar, significantly lower than the 
43% we observed at 340 mbar. On the other hand, the vibrationally 
excited N2(v), mainly from levels near the threshold energy for N2 
oxidation (v = 10 – 14), contributed for 53% to the overall NO formation 
at 25 mbar, compared to only 9% at 340 mbar. As the production of 
N2(v) requires less energy than of N2(E), i.e., the excitation energy for 
N2(v) (v = 10 – 14) is in the range 2.7 - 3.7 eV, while for N2(E) it is over 
6.2 eV, this explains why the energy cost for NO production at 25 mbar 

Fig. 4. Analysis of CO2 dissociation mechanisms from the ZDPlaskin model with a highlight of the key findings. We directly compare these model results with the 
results of our previous work [5]. 

Fig. 5. Overview of NO production mechanisms from ZDPlasKin model.  
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is more than a factor two lower than at 340 mbar (see Fig. 2). When we 
analyze the role of the second Zeldovich reaction (Reaction 10), we find 
that it contributes 24% to the overall NO formation at 25 mbar, 
increasing to 8% from 5% at 340 mbar. Notably, O2(v1–2) has a larger 
contribution at 25 mbar, increasing to 8% from 5% at 340 mbar, while 
the ground state contribution increases to 16% at 25 mbar, from 13% at 
340 mbar. The other O2(v) levels and O2(E) have a negligible contri-
bution under both pressure conditions. 

The remaining NO is created from non-Zeldovich reactions, 
contributing 9% at 25 mbar, mainly due to the reaction of N and its 
electronically excited state, N(2D), with CO2/CO2(va-d), making up 
approximately 7% of the overall reaction. The weight of this reaction is 
increased at higher pressures, where we observed a stake of 30% at 340 
mbar [5] following the exact mechanisms, with the reaction of N/N(2D) 
with CO2/CO2(va-d) contributing approximately 19%. As this reaction is 
less energy-efficient than the vibrationally and electronically enhanced 
Zeldovich mechanism, we can conclude that this heavily affects the 
overall energy cost of NO formation and is the reason why our results 
show a drop in energy cost by more than a factor of two compared to the 
results at 340 mbar (cf. Fig. 2). 

In summary, our model predicts that most NO formation at 25 mbar 
occurs by a combination of the electronically and vibrationally 
enhanced Zeldovich reactions (Reaction 9 and Reaction 10), with a total 
contribution of 91%. Most strikingly, the contribution of vibrationally 
excited N2(v) increases significantly at lower pressures, explaining the 
boost in production and drop in energy cost of NO formation at 25 mbar 
vs 340 mbar. 

An important factor in utilizing the near-ambient Martian pressure 
(25 mbar), while keeping the same mass flow rate as in our earlier work, 
is the limited residence time of the gas in the plasma region at reduced 
pressures. At 340 mbar, the gas is found to spend approximately 75 ms 
within the plasma region (i.e., 0 – 20 cm). At 25 mbar, using the same 
mass flow rate of 10 Ln/min, the gas spends approximately 7.5 ms 
within the plasma region. Therefore, exploiting the benefits of low- 
pressure conditions while elongating the gas residence time within the 
plasma, by applying a lower mass flow rate or creating a longer plasma, 
could have further benefits to conversion. This will be explored in our 
future work. 

3.3. Plasma-based IRSU on Mars 

As we have outlined, plasma-based conversion of Martian atmo-
sphere enables not only O2 production but also the formation of CO and 
NOx. These life-sustaining molecules can be utilized as IRSU precursors 
for both fuels and fertilizers. Numerous studies have shown that ISRU on 
Mars will be essential in realizing cost-effective missions and future 
colonization of The Red Planet [15,34–36]. To explore Mars, we need 
propulsion systems that require less mass to be launched from Earth, as 
reaching Mars requires substantial resources, although the exact amount 
of propellant will depend on the weight of the launch vehicle and 
mission outline, according to NASA [35]. 

Plentiful sources of hydrogen have yet to be identified on the surface 
of Mars; therefore, traditional rocket propellants are likely unavailable 
for in-situ production. In an article assessing and comparing potential 
hydrogen-free propellants for an In-situ Mars Ascent Vehicle (IMAV), 
Conley et al. [37] determined that a liquid propulsion system using a 
mixture of CO and O2 was the most favorable regarding performance, 
safety, and feasibility. The CO/O2 propellant combination is a top 
candidate for a Martian in-situ propellant rocket engine, and the feasi-
bility of a pump-fed engine has been detailed in a report by Roncace et al. 
[38]. As we have shown, plasma conversion of Martian atmosphere can 
provide a low energy cost method to produce this bipropellant. 

In May 2008, the Phoenix Scout Mission landed on the surface of 
Mars in search of water and signs of life. Within the data, the Martian 
regolith was found to consist of essential nutrients for plant growth, 
including both macronutrients, such as oxygen, carbon, hydrogen, 

nitrogen, potassium, phosphorus, calcium, magnesium, and sulfur, and 
micronutrients, such as iron, manganese, zinc, copper, molybdenum, 
boron, and chlorine [39–41]. The Martian regolith was also shown to be 
laced with an abundance of heavy metals and, of particular interest, 
perchlorates, which can be highly toxic to humans if ingested or inhaled. 
This will pose a significant issue for future explorers, as any heavy 
metals will be taken up by the plants and subsequently consumed by 
Martian colonists. Furthermore, perchlorates pose a chemical hazard to 
any astronauts on Mars [42–44]. Nevertheless, many studies have been 
conducted on the feasibility of growing plants on the surface of Mars 
with fair success using Martian soil simulants [40,41]; however, it is 
clear that due to the nature of Martian regolith, inoculation of organic 
matter and fertilizer to the growth medium will be critical to crop suc-
cess, which will be a critical resource for self-sufficient colonies. 
Although the production of NOx species from plasma-based application 
will most likely not be the only source for enrichment of Martian rego-
lith, it is a key product formed in the dissociation of Mars atmosphere 
that can be utilized in the production of ISRU fertilizers. 

3.4. Post-plasma separation: harnessing the martian atmosphere 

As outlined in the previous section, plasma-based conversion of 
Martian atmosphere provides a gateway to produce O2, CO, and NOx as 
precursors to bi-propellants and fertilizers. The challenge lies in effi-
ciently separating these value-added molecules in the post-plasma 
effluent mixture. Various separating schemes exist in industry 
[45–51], including several hybrid designs, combining gas separation by 
pressure swing adsorption (PSA), vacuum swing adsorption (VSA), or 
temperature swing adsorption (TSA); however, in theory, the most 
promising separation scheme for this application is vacuum and tem-
perature swing adsorption (VTSA), to profit from the available low 
pressure at the Martian surface and the heat generated by the MW 
reactor. 

Furthermore, Oxygen transport membranes (OTMs) for O2 separa-
tion can be utilized in the separation from the post-process stream [52]. 
These are comprised of a material that is conductive for oxygen ions and 
electronic charge carriers (electrons, defect electrons). The OTMs are 
referred to as mixed ionic electronic conductor (MIEC) membranes or 
ion transport membranes (ITMs), with the driving force for O2 perme-
ation created by the difference of partial pressures of oxygen (pO2) 
determined by a gradient of oxygen vacancies across the membrane 
[53]. The oxygen ion transport mechanism is a thermally activated 
process; therefore, such membranes work at high temperatures, typi-
cally 800 ◦C – 1300 ◦C. The post-plasma region of a MW plasma falls 
well within this temperature range [9]. Among the studied OTM mate-
rials, Ba0.5Sr0.5Co0.8Fe0.2O3-δ (BSCF) appears to be among the most 
promising for O2 separation from a gas mixture, showing excellent 
performance in terms of oxygen flux and separation [52,54,55]. 
Although promising, it should be noted that BSCF has shown inadequate 
chemical stability when in contact with reacting gases such as CO2, CO, 
and NOx [56,57], which poses a significant challenge. It is theoretically 
possible to address this by operating the membranes in a “protected” 
mode. A scheme for this might consider utilizing a VTSA unit for pur-
ifying the effluent mixture before these reacting gases come into contact 
with the OTM. Following this, the permeated oxygen could be removed 
by vacuum on the permeate side of the membrane, followed by pres-
surizing or condensing using cryopumping equipment. 

Finally, it is feasible to utilize VTSA units to separate and recycle 
unreacted CO2, N2 and Ar back into the reaction stream. This could be 
achieved by using a multi-layer structure of adsorbers following the 
conversion characteristics of the plasma reactor, as well as the needs of 
post-plasma processing, such as protecting the OTM. The separately 
collected gases could then be pressurized or condensed using cry-
opumping for storage and later use. In a continuous plasma process, 
converted gas can be stored in intermediary equipment and, following 
industrial standards, should be made of at least two capacities installed 
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in parallel that are cyclically compressed and connected to the VTSA 
unit. In some of the proposed gas separation schemes, particularly 
relating the introduction of inert gas, such as Ar (recovered and recycled 
in the separation system), has been considered to enhance the separation 
performance. 

3.5. Technological readiness and future prospects 

Currently, plasma-based gas conversion has a Technology Readiness 
Level (TRL) of approximately 3, i.e., achieved experimental proof of 
concept [58]. Growing commercial interest in nitrogen fixation, carbon 
utilization, and hydrocarbon (e.g., methane) reforming are expected to 
drive the general readiness of the technology in the years to come [8,59] 
Plasma technology in an ISRU context is less developed than Earth-based 
applications, with an estimated TRL of 1 – 2, i.e., basic principles and 
technology concepts formulated. Progress for Earth-based applications, 
however, should significantly speed up the development of plasma 
technology for ISRU and aerospace, with substantial overlap and 
complementarity anticipated. 

Most importantly, considerable evidence suggests that the techno-
logical and scientific advances that stem from space exploration hold 
tremendous potential for propelling humanity forward. These state-of- 
the-art advancements can contribute to addressing global issues, such 
as climate change. They also have the additional advantage of more 
intangible benefits, such as inspiring more individuals to pursue careers 
within science and technology, furthering the collective ‘minds’ seeking 
the expansion of human knowledge [60–62]. Many have proposed 
plasma-based technology as a Power-2-X technology that can help 
combat climate change by introducing a circular economy for carbon 
emissions [59,63–65]. By employing this technology in an ISRU context 
for Mars, it is possible that we can realize the potential for ISRU here on 
Earth as well. 

The new generation of solid-state Radio Frequency (RF) is driven by 
cellular communications, where there’s a need for high power linearity 
that is created by transistors and semiconductors. The approach gener-
ates a stable, efficient, and, more importantly, controllably reproducible 
signal that magnetron-based reactors could never realize [66,67]. As a 
result, solid-state MW power systems have some enticing advantages, 
which are particularly interesting for aerospace and ISRU applications. 
They are a considerably more compact and portable form factor 
compared to bulky and high-voltage-powered magnetron systems [66]. 
The technology is also frequency- and phase-stable in coherent systems, 
which allows the power combining of generators to deliver an extensive 
power range or distributed power sources into large geometries [66]. 
Modularity is impossible with magnetron technology or would entail 
bulky waveguide distribution systems. Furthermore, solid-state tech-
nology offers much improved operational longevity over magnetrons (i. 
e., > 100,000 vs. 8000 h lifetime) and better mechanical ruggedness. 
The magnetron filaments are sensitive to mechanical shock (like those 
created during rocket starts). Notably, the magnetron is a “single point 
of failure” power source, while solid-state generators typically consist of 
several sub-units; therefore, if a failure occurs in one or more sub-units, 
the system can still function [66]. Also, the efficiency of contemporary 
solid-state MW power supplies is comparable with mature magnetron 
technology in many instances, with efficiency levels of > 60% possible, 
even for 2.45 GHz systems [61,68]. Hence, solid-state systems will not 
deteriorate in power output or efficiency like magnetron sources. The 
solid-state RF generators detailed above are ideal for ISRU, aerospace, 
aeronautics, and defense applications. This mature technology un-
derpins today’s cellular network capabilities on Earth. Moreover, it 
surpasses tube-based amplifiers in weight, size, and modularity. 

Radiation hardness is a concern on Mars due to the lack of a pro-
tective ionosphere, exposing it to a high-energy radiation [35,60]. 
Although radiation affects semiconductors, smaller devices, and active 
components exhibit reduced sensitivity. The gallium nitride (GaN) 
semiconductor, with its high energy density and small device area per 

transistor, is remarkably robust against radiation and is already preva-
lent in advanced aerospace and defense sectors [60,61]. Furthermore, 
GaN offers benefits in miniaturization and weight reduction over 
traditional RF semiconductors like LDMOS. In essence, the 
semiconductor-based RF generators discussed in this paper hold great 
potential for Mars ISRU missions. 

4. Conclusion and outlook 

Mars presents favorable low-pressure conditions ideal for efficient 
conversion through vibrationally-induced dissociation pathways of CO2 
and N2 using solid-state MW plasma reactors, positioning such devices as 
promising candidates for In-Situ Resource Utilization (ISRU). However, 
the potential of these devices in the context of ISRU remains largely 
untapped [5,13–15]. In the MOXIE experiment [2,69], the energy cost to 
compress from the Martian surface pressure using a scroll pump was 
about one-third of the total energy cost of the CO2 conversion into O2. 
Hence, the overall energy cost may be considerably reduced if Mars 
ambient pressure can be used. Our prior research delved into MW 
plasma-based conversion of Martian atmosphere at the pressure condi-
tions used in the MOXIE experiment, specifically 340 mbar [5], allowing 
for a more direct comparison of these two technologies and demon-
strating the energy-efficient performance of plasma-based ISRU, 
although it should be realized that the cost of separating the product mix 
was not yet accounted for. In this paper, we present our experimental 
findings, bolstered by modeling, from our solid-state surface-wave MW 
plasma reactor, adapted to operate at pressures closely mirroring 
Martian ambient conditions, thus avoiding the above-mentioned gas 
compression costs. We thus compare the conversion near-ambient 
Martian pressure conditions (25 mbar) to our previous work (340 
mbar) [5]. 

We achieved an O2 production rate of 75.7 ± 0.9 g/h, CO at 127.7 
± 1.0 g/h, and NOx at 2.9 ± 0.1 g/h. Remarkably, the rate of O2 pro-
duction is about 47 times greater than that of the MOXIE test experiment 
(~1.6 g/h) [1,2], and this was accomplished at an energy cost of 0.013 
kWh/g, i.e., nearly 15 times lower than that of the MOXIE test (0.19 
kWh/g). When contrasted with our earlier experiments at higher pres-
sures [5], the tests conducted at 25 mbar showed an increase of 50 – 70% 
in O2 and CO production rates. Moreover, roughly 15% of the incoming 
N2 transformed into NOx, exceeding a twofold gain compared to the 
higher-pressure conditions [5]. This uptick in production, accompanied 
by a comparable drop in energy cost, was observed despite the gas 
residence time in the plasma region being reduced by a factor of ten. Our 
results show that CO2 conversion and N2 fixation via plasma are notably 
more efficient at Martian ambient pressures. 

We also performed numerical modeling to reveal the underlying 
chemical pathways, supporting our experimental findings. We observe 
an approximate doubling in the contribution from the asymmetric 
vibrational modes, CO2(v1–21), to CO and O2 production, from 7% at 340 
mbar to 14% at 25 mbar. This explains the higher CO and O2 production 
rates and lower energy costs at near-ambient Martian surface pressure. 
Moreover, our model predicts that NO formation occurs primarily by a 
combination of the electronically and vibrationally enhanced Zeldovich 
reactions, a well-known reaction pathway for nitrogen oxidation, with a 
total contribution increase from 70% at 340 mbar to 92% at 25 mbar. 
The most significant factor is the contribution of vibrationally excited 
N2(v), which appears to be the most efficient pathway for nitrogen fix-
ation compared to the electronic or ground-state species contributions. 
As this pathway increases at lower pressures, it explains the observed 
boost in NO production rate and drop in energy cost. 

Our MW plasma-based conversion of Martian atmosphere yields a 
combination of O2, CO, and NOx; therefore, separation is essential to 
fully harness these products in an extraterrestrial ISRU context. 
Although post-plasma separation is out of the scope of this research, we 
highlight potential gas separation systems and their theoretical inte-
gration with a solid-state MW plasma reactor. However, this integration 
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is intricate due to numerous parameters and should be carefully 
considered. Future studies should focus on utilizing a multi-objective 
optimization strategy, drawing from comprehensive numerical simula-
tions of the entire process. Currently, various components of the gas 
separation system — including the MIEC membrane module, the dedi-
cated VTSA, cryopumping systems, and the dual-capacity gas pressur-
izing system — are under construction and simulation at Air Liquide. 
These efforts aim to validate the models intended for scaling the design 
to meet ISRU-specific applications. 

It is clear that exploration and colonization of Mars present enor-
mous challenges that extend beyond just reaching the planet. Estab-
lishing a sustainable and self-reliant habitat on a foreign planet requires 
innovative technologies and efficient resource utilization strategies. 
Plasma-based applications, as highlighted, offer a promising avenue for 
advanced chemical conversion in the challenging Martian environment. 
The capability to produce life-sustaining chemicals and propellants from 
Mars’ atmosphere points to a future where humanity can truly live off 
Martian land. Research geared toward the advancement of space 
exploration also provides valuable insight into sustainable practices that 
could benefit civilization as a whole. The lessons learned from these 
endeavors of achieving ISRU on a foreign planet will undoubtedly shape 
our approach to sustainability and resource management on our home 
planet. 
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