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The goal of the Trash-to-Gas project is to develop space technology alternatives for 
converting trash and other human spaceflight waste materials into high-value products. A 
major milestone for this task was to select one of five potential technologies to carry forward 
for future development. Experimental data were reported for each technology in the areas of 
(1) trash processing, (2) product generation, and (3) system size and operating conditions. 
Models were developed to scale up each technology to an end-to-end system capable of 
processing the mass of trash generated by a crew of four on a one-year spaceflight mission. 
The experimental and model data for each technology were evaluated and compared using 
key performance parameters that were developed for two operational scenarios with 
different primary goals: full conversion of trash to methane, or conversion of trash to gases 
for venting or thermal expansion (resistojet) propulsion. Steam reforming technology scored 
highest in both scenarios, and is the focus of current efforts to optimize pre- and post-
processing of the waste materials, and integration into mission scenarios where the gases 
produced from waste can be most beneficial. 

Nomenclature 
CH4 = methane 
CO = carbon monoxide 
CO2 = carbon dioxide 
FOM = figure of merit 
H2 = hydrogen 
H2O = water 
Isp = average specific impulse 
M = key performance parameter maximum score value 
mg = annual mass of all gases produced for scaled system 
mr = mass of waste remaining after run 
mub = unexpected mass of waste remaining after run 
mw = initial mass of high fidelity waste simulant per run 
MWa = average molecular weight 
N = key performance parameter no score value 
O2 = oxygen 
S  = key performance parameter score 
t = processing time 
Ta = annual waste throughput 
Tb = waste throughput per run 
W = key performance parameter weight 
X = key performance parameter technology value 
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I. Introduction 
he overall goal of the Trash to Gas (TtG) task, which is part of NASA’s Advanced Exploration Systems (AES) 
Logistics Reduction and Repurposing (LRR) project, is to develop space technology alternatives for converting 

trash and other human spaceflight waste materials into high-value products. These high value products may include 
propellants, power system fuels and life support products such as oxygen and water. This reuse of discarded 
materials is a critical component of closing the life support material loop for space systems. The TtG study will help 
determine the feasibility and benefits of different technologies while determining the best way to obtain useful 
products. The overall technical approach for TtG is to adapt technology already developed by industry for terrestrial 
applications for use in space, and ensure that the results of this work are available for spin-off applications on Earth. 
 This paper details the technologies selected for evaluation under the TtG task, and the methodology used to 
select the most promising technology for future work. The experimental results obtained from each technology are 
explained in detail, as are the models used to determine the trash processing capabilities and product generation rates 
for full-scale versions of each current laboratory-scale technology. The key performance parameters (KPP) 
developed to compare and rank the technologies based on multiple operating scenarios are also reported. 

II. Technology Descriptions 
Five technologies were 

considered and evaluated on 
their ability to generate 
useful products from trash 
produced by a human 
spaceflight crew. As part of 
the TtG task, laboratory-scale 
trash processing reactor 
systems were developed for 
each technology, and are 
shown in Figure 1. Each 
reactor system processed a 
high fidelity waste simulant 
(HFWS), which simulates the 
waste produced by the crew 
of a long-term human 
spaceflight mission and is 
summarized in Table 1. 

A. Catalytic Wet Air 
Oxidation 

Catalytic wet air 
oxidation (CWAO) is a 
catalytic process in which 
reactants are oxidized in the 
presence of an oxidant above 
the saturation pressure of 
water, allowing the reaction 
to occur in the aqueous 
phase. This process occurs at 
lower temperatures, but 
higher pressures than other oxidation processes. CWAO can oxidize waste to carbon monoxide and carbon dioxide, 
or convert waste to methane, depending on the catalyst chosen. The CWAO system was developed by Glenn 
Research Center (GRC)1. The system gasifies trash in the presence of air, subcritical water, and a catalyst. The 
products generated by the CWAO system depend on the catalyst used. Using a platinum catalyst, the CWAO system 
processes an aqueous trash slurry to generate primarily carbon dioxide, a significant amount of methane, and a small 
amount of carbon monoxide. A ruthenium catalyst can be used instead of platinum to maximize methane production. 

 
 

T 

Figure 1: Trash-to-Gas reactor systems. A: catalytic wet air oxidation; 
B: incineration/gasification; C: ozone oxidation; D: pyrolysis; E: steam reforming 
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Table 1. Composition of high fidelity waste simulant. 
Component Mass % Component Mass % 

Urine brine 21.3 Food 8.9 
Urea (7.0) Juice (41.0) 
Potassium sulfate (3.0) Hot dog (27.0) 
Potassium chloride (1.2) Tortilla (21.0) 
Sodium nitrate (0.7) Dried apricot (11.0) 
Sodium dihydrogen phosphate (0.5) Hand/face wipes 5.5 
Calcium sulfate (0.13) Tissues 4.9 
Water (balance) Body, bath, and hygiene towels  4.8 

Polyethylene sheet 16.2 Nylon sheet 4.6 
T-shirt 12.6 Shampoo 2.4 
Fecal simulant 11.2 Aluminum foil 2.3 

Yeast (16.5) Nitrile gloves 2.1 
Miso paste (16.5) Toothpaste 1.2 
Peanut oil (11.0) Paper 0.6 
Cellulose (5.5) Maximum absorbency garments 0.5 
Polyethylene glycol (2.7) Disinfecting wipes 0.4 
Potassium chloride (2.2) Duct tape 0.4 
Calcium chloride (0.5)   
Water (balance)   

B. Incineration/Gasification 
Incineration/gasification is a combination of two high-temperature oxidation processes. Incineration occurs in 

the presence of excess oxygen, allowing hydrocarbons to combust completely into carbon dioxide and water. 
Gasification occurs in the presence of a limited amount of oxygen, resulting in conversion of combustion products to 
carbon monoxide and hydrogen. The incineration/gasification system was developed by Kennedy Space Center 
(KSC)2,3. It operates under the same principle as a co-current fixed bed (downdraft) gasifier, in which trash is heated 
and combusted in the top part of the reactor, and air is flowed downward below or through the trash. This 
configuration allows air to be heated by the combusting trash, and forces tars generated through a bed of hot char, 
further degrading the tars and reducing buildup downstream of the reactor. The reactor is configured with a second 
heating zone below the waste heating zone, which can accommodate cracking catalysts to further reduce tar 
generation. 

C. Ozone Oxidation 
Ozone oxidation is a process in which ozone cleaves carbon-carbon bonds, breaking hydrocarbons into smaller 

molecules. This process occurs at moderate pressure and relatively low temperatures. The product gases are similar 
to those produced by incineration, with complete conversion to carbon dioxide and water, and trace amounts of 
carbon monoxide. The ozone oxidation system was developed by TDA Research, Inc. (Wheat Ridge, CO), under a 
Small Business Innovation Research (SBIR) grant monitored at Ames Research Center (ARC)4,5. It operates by 
feeding oxygen to an ozone generator, which converts 5% of the oxygen to ozone. Waste is added to water forming 
a slurry, and is heated in the presence of ozone dissolved in the water slurry, and oxygen in the reactor vessel where 
oxidation takes place. The product gases are passed through a condenser which returns water to the reactor vessel. 
Unreacted oxygen and ozone can be separated and returned to the reactor feed, and product gases including carbon 
dioxide, carbon monoxide, and nitrogen oxides are recovered downstream. 

D. Pyrolysis 
 Pyrolysis refers to the breakdown of organic material at high temperature. Pyrolysis occurs in the absence of 
oxygen, and breaks hydrocarbons into hydrogen, carbon dioxide, carbon monoxide, methane, shorter hydrocarbons, 
tars, and carbon char. The pyrolysis system was developed by Advanced Fuel Research, Inc. (East Hartford, CT), 
under an SBIR monitored by ARC6. It operates by feeding waste into a reactor vessel consisting of two 
independently-heated zones. Trash is broken down by pyrolysis into volatile hydrocarbons in the first zone, and 
these gases are carried by nitrogen into the second catalytic cracking zone for further decomposition. Energy to both 
zones is provided by microwave. Water is removed downstream of the reactor by a condenser, and particulates are 



 
International Conference on Environmental Systems 

 
 

4 

removed by a filter. Products are carbon char and gases, which include carbon monoxide, carbon dioxide, methane, 
ethylene, acetylene, and hydrogen. 

E. Steam Reforming 
Steam reforming is an oxidation process in which high-temperature steam reacts with hydrocarbons to produce 

carbon monoxide, carbon dioxide, and hydrogen. The steam reforming system was developed by Pioneer 
Astronautics (Lakewood, CO) under a GRC-monitored SBIR grant. The system heats water and feeds the generated 
steam and a supply of oxygen to the reaction vessel. Water is removed by a condenser, and the product gases, which 
include carbon dioxide, carbon monoxide, and hydrogen, are passed through a zinc oxide bed to remove sulfur. The 
product gases and additional hydrogen are then fed to a Sabatier reactor, which produces methane and water, which 
is removed by a condenser. Methane is separated from the remaining product gases by a membrane separator; the 
methane is recovered and the other gases are returned to the Sabatier reactor. 

III. Methodology 
 Experimental data were reported for each technology in three key areas: trash processing (mass of trash 
processed, processing time, residual solids), products generated and consumables required (methane, carbon dioxide, 
carbon monoxide, ethylene, acetylene, hydrogen, oxygen, and water), and design envelope (reactor and system 
mass, reactor and system volume, system power consumption, operating temperature, operating pressure). These 
data, which are reported in Section II, were scaled to a larger end-to-end system capable of processing 2,122 kg/yr 
of trash, the approximate mass of trash generated by a crew of four on a one-year spaceflight mission7. Mass balance 
models were developed and used in conjunction with the experimental data to determine the full-scale trash 
processing capabilities of each technology. 
 The experimental and model data for each technology were evaluated using KPP that are described in detail in 
Section III. The technologies were compared to each other based on two operational scenarios, either of which can 
be employed depending on mission needs, and a leading technology was selected for each scenatio. 

A. Trash to Supply Gas 
The first scenario considered is Trash to Supply Gas (TtSG), in which conversion of trash to methane for 

propulsion is the primary goal. This is accomplished by feeding the product gases from the trash processing reactor 
to a Sabatier reactor, which converts carbon dioxide, carbon monoxide, and hydrogen to methane and water. The 
water is electrolyzed to provide additional hydrogen for the Sabatier reaction, and the oxygen is stored as an 
additional product. In all cases, excess water from the spacecraft supply is required to maximize methane production 
and close the system mass balance. In this scenario, methane is considered a more desirable product than water. 

B. Trash to Gas 
 The second scenario considered is Trash to Gas (TtG), in which reduction of trash volume and conversion of 
trash to gases for venting or resistojet (thermal expansion) propulsion are the primary goals. Like the TtSG scenario, 
the product gases from the trash processing reactor are fed to a Sabatier reactor to produce methane and water, but 
additional water is not taken from the spacecraft supply to achieve maximum conversion to methane. Instead, excess 
water is generated in addition to the gas products, which is returned to the spacecraft supply. In this scenario, water 
is considered a more desirable product than methane or any other gases. 

IV. Data Analysis 

A. Experimental Data 
 For each technology, the initial mass of HFWS being processed (mw), the mass remaining in the reactor after the 
run (mr), and the processing time (t) were reported as an average of at least three batch runs. The per-batch 
unexpected mass remaining (mub) was calculated using Eq. (1) as the difference between mr and the experimentally-
determined ash content of the HFWS (5.9% by mass). The per-batch throughput (Tb) of each technology’s current 
reactor system was calculated using Eq. (2), and was scaled to an annual throughput (Ta), assuming 16 hours of 
processing time per day, 350 days per year. The results are shown for each technology in Table 2. 

 𝑚𝑢𝑏 = 𝑚𝑟 − 0.059 ∙ 𝑚𝑤 (1) 

 𝑇𝑏 = (𝑚𝑤 −𝑚𝑢𝑏) 𝑡⁄  (2) 
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 The recovery of various product gases were measured and reported for each technology. The per-batch 
product recovery rates, normalized to the mass of HFWS processed per batch, are shown in Table 3. The carbon 
recovery rates were calculated based on the mass of particular products recovered, and their molecular weights. 
According to an elemental analysis performed on HFWS samples, the HFWS contains 33.8% carbon by mass. 
Incineration/gasification and steam reforming show complete carbon recovery. 

The reactor mass, system mass, reactor volume, system volume, power consumption, operating temperature, and 
operating pressure for each technology are reported in Table 4. 

 
Table 2: Trash processing data for reactor systems. 
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Mass of HFWS processed (mw, g/run) 1 101.7 100 100 306 
Processing time (t, min/run) 300 77.3 933 35 60 
Mass remaining (mr, g/run) 0.4 5.7 18.3 12 31.8 
Unexpected mass remaining (mub, g/run) 0.3 -0.3 12.4 6.1 13.7 
Per-batch throughput (Tb, g/min) 0.002 1.24 0.09 2.51 4.57 
Annual throughput (Ta, kg/yr) 0.7 443 32 901 1637 

 
Table 3. Normalized product recovery rates for reactor systems. 
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Methane (g/g HFWS) 0.054 0.008 0 0.076 0.457 
Carbon dioxide (g/g HFWS) 0.540 1.107 0.562 0.077 0 
Carbon monoxide (g/g HFWS) 0.006 0.075 0.087 0.088 0 
Ethylene (g/g HFWS) 0 0 0 0.023 0 
Acetylene (g/g HFWS) 0 0 0 0.012 0 
Hydrogen (g/g HFWS) 0 0 0 0.014 0 
Oxygen (g/g HFWS) 0 0 0 0 0.663 
Water (g/g HFWS) 0 0.433 0.655 0.402 0 
Total carbon recovered (g/g HFWS) 
 

0.190 
(56.2%) 

0.340 
(100%) 

0.191 
(56.5%) 

0.131 
(38.8%) 

0.343 
(101%) 

  
Table 4. Design envelope data for reactor systems. 
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Mass of reactor (kg) 3 40 5 20 7 
Mass of system (kg) 26 80 23 92 113 
Volume of reactor (L) 0.1 4.6 5.0 2.0 6.3 
Volume of system (L) 1 470 100 162 100 
Power (kW) 1.00 1.63 0.60 2.40 1.78 
Operating temperature (°C) 350 600 130 950 700 
Operating pressure (psia) 2320 30 35 15 40 
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B. System Mass Balance Models 
The system mass balance analysis describes the performance of the technologies when processing a complex 

waste stream, and provides a means to evaluate each technologies performance when integrated with the rest of the 
Environmental Control and Life Support System (ECLSS)7. Since the waste model used provides detail down to the 
element level, it was possible to generate detailed mass balances for each technology when integrated with the 
ECLSS. The analysis estimates the system level water balance along with the amount of gases produced. The 
integrated system combines the waste processing with water electrolysis, CO2 and humidity removal, the Water 
Recovery System (WRS) and downstream methane conversion (Sabatier reaction or CO methanation). System 
integration allows estimation of how consumables required by each technology affect the rest of the ECLSS. 

In order to project the performance of the reactors to the LRR model and the integrated system performance, it 
was necessary to determine the reactor conversion rate. The conversion of carbon, as demonstrated by the 
experiments, was used to estimate the total reactor conversion. The experimental work provided the amount of 
carbon provided by the waste (33.8% by mass), and the amount of carbon converted to gas species (e.g., CO, CO2, 
CH4). 

The relative conversion of carbon was taken as the relative conversion for other elements including nitrogen, 
sulfur, fluorine, and metals. It was assumed that nitrogen, sulfur and the metals would be converted to their 
respective oxides, while fluorine would be converted to hydrogen fluoride for solid/gas phase reactors. For liquid 
phase reactions, nitrogen and sulfur would be converted to their respective acids and the metals would be converted 
to oxides. Hydrogen and oxygen were adjusted to balance mass input and mass output. In most cases, the analysis 
achieved mass closure within a small percentage (< 5%).  The mass balance around the reactor therefore provides 
the amount of carbon gases produced (e.g., CH4, CO, CO2), water produced, residual gases, and residual solids. Any 
unreacted mass was treated as unreacted waste or char (of varying compositions) and those amounts were counted as 
residual solids. In the case of pyrolysis, it was assumed that unconverted species would be allocated to char. 
However, this was not confirmed experimentally and therefore there is a greater level of uncertainly with the 
pyrolysis mass balance. 

The integration of waste processing with the ECLSS was achieved through a number of connected unit 
operations. The product gases (e.g., CO, CO2) were fed to a mass balance calculation around the methane 
conversion reactor, while product water (the sum of moisture in the waste and water generated from the trash 
processing and Sabatier reactors) was fed to a water electrolyzer. The conversion of CO and CO2 to CH4 was 
assumed to be 100%. The total amount of water required was determined by the hydrogen and oxygen requirements 
of the system, and any additional water not provided by waste processing or methane production was provided 
directly by the WRS. An example of this interconnectivity is shown in Figure 2 for incineration/gasification in the 
TtG scenario. 

This analysis was provided for both the TtSG and TtG operating scenarios. A number of comparisons were 
made, including system level water consumption or production, product gases produced, residual solids produced by 
the reactor, and consumables (O2, H2, H2O) required by the reactor. Required inputs and residual solids for each 
technology on the reactor level, which remain the same for either TtSG or TtG scenarios, are shown in Table 5. 

The Trash to Supply Gas scenario involves converting all carbon from the waste along with CO2 from the crew 
to methane. Electrolyzer sizing and the total water requirement are therefore determined by the amount of hydrogen 
required to convert all recovered carbon to methane. Because there is not enough hydrogen available in the waste to 
convert all carbon to methane, additional water was required. Therefore, the TtSG scenario results in a net water 
deficit which would be satisfied by bringing extra water. Any excess oxygen after satisfying the needs of the crew 
and waste processing would be stored for use by the propulsion system. Figure 3 summarizes the results of the TtSG 
scenario analysis. 

 
Table 5. Reactor-level inputs and residual solids. 

Technology 
Oxygen 

Required 
(kg/yr) 

Water 
Required 

(kg/yr) 

Residual Solids (kg/yr) 

Total Char Unreacted 
Catalytic Wet Air Oxidation 803 0 672 0 531 

Incineration/Gasification 2456 0 142 0 0 
Ozonation 1386 0 672 0 531 
Pyrolysis 0 0 812 671 0 

Pyrolysis w/Oxidation 1455 0 141 0 0 
Steam Reforming 804 1040 141 0 0 
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Figure 3. Trash to Supply Gas system-level major products. 
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Figure 2. Mass balance block diagram for incineration/gasification in the Trash to Gas scenario. 
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The Trash to Gas scenario involves converting all carbon from the waste along with CO2 from the crew to gases 
including CH4, CO2 and CO. Electrolyzer sizing and total water requirement are therefore controlled by the amount 
of oxygen required to operate the waste processing and oxygen required for the crew members. The oxygen 
requirement fixes the availability of hydrogen for methane production. Figure 4 summarizes the results of the TtG 
scenario. 

Upon comparison of all the data in both TtG and TtSG operating scenarios, it is apparent that the single-pass 
conversion of waste becomes the most influential performance metric. As discussed earlier, all of these technologies 
perform the same function, which is to convert carbon from one form to another, in different ways. In the TtSG 
scenario, the means by which methane is produced is of little consequence. Ultimately, the same product is 
generated and the same amount of consumables is required. In the TtG scenario, the data show greater variation 
between processes and therefore consumables, along with hardware metrics, weigh upon the process economics. 
However, the conversion rates have the greatest influence upon system sizing and overall process economics. 

 

 
Figure 4. Trash to Gas system-level major prodcts. 

V. Key Performance Parameters 
The five technologies were scored based on three key performance parameters (KPP). These parameters, the 

methods for calculating them, and the relative weights assigned to them, were developed though a peer review 
process involving the entire multi-Center team. The technologies received a score (S) on a linear scale for each 
parameter per Eq. (3). The score was based on that parameter’s weight (W), a particular technology’s value for that 
parameter (X), and where it fell between a no score (N) and maximum score value (M). The weights, no score 
values, and maximum score values are defined for each parameter in the following paragraphs. 

 𝑆 = 𝑊 (𝑋 − 𝑁) (𝑀 −𝑁)⁄  (3) 

A. Trash Processing 
This KPP, which makes up 40% of the total score, includes the throughput of each technology’s current reactor 

system, residual and unreacted solids that must be reprocessed or removed from the reactor, char remaining in the 
reactor that can be further processed or removed from the reactor, and additional water required from the spacecraft 
supply. The Trash Processing KPP was further subdivided into the parameters listed below, and the results are 
reported in Table 6. 
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KPP 1.1: Current Reactor Throughput 
W = 20% for TtSG and TtG 
N = 0 kg/yr 
M = highest throughput value among the five technologies 
The potential annual throughput of each technology’s current reactor system was calculated from the mass of 

HFWS processed in one batch, the unexpected mass remaining in the reactor after the run, and the processing time. 
This is a critical parameter for both the TtSG and TtG scenarios, because it determines how much each technology’s 
current reactor system must be scaled up in order to meet the required trash processing rate. 

 
KPP 1.2: Residual and Unreacted Solids 
W = 10% for TtSG, 20% for TtG 
N = highest residual solid value among the five technologies 
M = minimum mass based on experimental data (5.9% of 2122 kg/yr = 125 kg/yr) 
The mass of solids remaining in each technology’s reactor after a run (e.g., unreacted trash, ash, char) was scaled 

to an annual rate based on the mass balance model. This parameter was considered for both the TtSG and TtG 
scenarios because residual solids contribute to longer processing times, larger reactor vessels, and more human 
interaction with the system to remove or reprocess the solids. This parameter was weighted more heavily for the TtG 
scenario because reduction of trash volume is one of the main goals of TtG. The mass of carbon char remaining in 
the reactors as determined by the mass balance models was subtracted from this parameter for the TtG scenario 
because converting trash to char results in a significant volume reduction. 

 
KPP 1.3: Water Required from ECLSS 
W = 10% for TtSG, 0% for TtG 
N = highest water requirement value among the five technologies 
M = 0 kg/yr 
 
The mass of water (and subsequently, though electrolysis, hydrogen) required to completely convert all carbon 

dioxide and carbon monoxide to methane was scaled to an annual rate based on the mass balance model. This 
parameter was only considered for the TtSG scenario because methane production is not a main goal of the TtG 
scenario. Water is an extremely valuable commodity, so minimizing its use is an important consideration. 

 
Table 6. Trash Processing key performance parameter values. 

Technology Throughput 
(kg/yr) 

Unreacted Mass 
(kg/yr) 

Remaining Char 
(kg/yr) 

Water Required 
(kg/yr) 

Catalytic Wet Air Oxidation 0.7 672 0 627 
Incineration/Gasification 443 142 0 1208 

Ozonation 32 672 0 627 
Pyrolysis 901 812 671 354 

Steam Reforming 1637 141 0 1210 

B. Product Generation 
This KPP, which makes up 40% of the total score, includes all products generated for a scaled-up reactor system 

based on experimental data and system mass balances. The Product Generation KPP was further subdivided into the 
parameters listed below, and the results are reported in Table 7. In all cases: 

N = 0 
M = highest production value among the five technologies 
 
KPP 2.1: Methane Produced 
W = 30% for TtSG, 0% for TtG 
The mass of methane, carbon dioxide, and carbon monoxide produced by each technology was scaled to an 

annual rate based on the mass balance model, with carbon dioxide and carbon monoxide being fully converted to 
methane using makeup hydrogen. Production of methane is one of the primary goals of the TtSG scenario. 
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KPP 2.2 Oxygen Produced 
W = 10% for TtSG, 0% for TtG 
The mass of oxygen produced by each technology was scaled to an annual rate based on the mass balance model. 

Production of oxygen is not a primary goal of the TtSG scenario, but it is a desirable byproduct. 
 
KPP 2.3 Figure of Merit 
W = 0% for TtSG, 30% for TtG 
A figure of merit (FOM) was calculated using Eqs. (4)8 and (5) for each technology based on the scaled mass of 

all gases produced (mg), and the average specific impulse (Isp) as a function of average molecular weight (MWa) if 
the gas was used to power a resistojet engine. 

 𝐼𝑠𝑝 = 487.5 ∙ 𝑀𝑊𝑎
−0.359 (4) 

 𝐹𝑂𝑀 = 𝑚𝑔 ∙ 𝐼𝑠𝑝  (5) 

KPP 2.4 Water Returned to ECLSS 
W = 0% for TtSG, 10% for TtG 
The mass of water generated by each system was scaled up based on the mass balance model. This parameter 

was only considered for the TtG scenario because the TtSG scenario requires that all water generated be electrolyzed 
and the resulting hydrogen be used to convert carbon dioxide and carbon monoxide to methane. The ability to return 
water to the spacecraft supply is an important benefit of the TtG process. 

 
Table 7. Product Generation key performance parameter values. 

Technology Methane 
Produced (kg/yr) 

Oxygen 
Produced (kg/yr) Figure of Merit Water Returned 

(kg/yr) 
Catalytic Wet Air Oxidation 1094 1666 2.53 x 105 304 

Incineration/Gasification 1539 2316 3.51 x 105 129 
Ozonation 1096 1667 2.49 x 105 359 
Pyrolysis 884 1410 2.13 x 105 500 

Steam Reforming 1539 2317 3.43 x 105 267 

C. Design Envelope 
This KPP, which makes up 20% of the total score, includes the estimated full-scale system mass (KPP 3.1), 

volume (KPP 3.2), and power consumption (KPP 3.3), as well as the current system operating temperature (KPP 
3.4) and pressure (KPP 3.5) for each technology. Minimization of mass, volume, and power consumption are 
important considerations for any space system. Operating temperature and pressure should be minimized where 
possible to reduce the risk of damage to spacecraft and crew in the event of a system failure. The results are reported 
in Table 8. In all cases: 

W = 4% each for TtSG and TtG 
N = highest mass, volume, or power value among the five technologies 
M = lowest mass, volume, or power value among the five technologies 
 

Table 8. Design Envelope key performance parameter values. 

Technology Mass 
(kg) 

Volume 
(m3) 

Power 
(kW) 

Temperature 
(°C) 

Pressure 
(psia) 

Catalytic Wet Air Oxidation 157 0.830 2.24 350 2320 
Incineration/Gasification 130 1.156 3.63 600 30 

Ozonation 92 0.831 2.47 120 50 
Pyrolysis 89 0.708 1.74 950 15 

Steam Reforming 137 1.115 2.88 700 40 
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VI. Results and Discussion 
The scores generated for the KPP are tabulated and explained for both the TtSG and TtG scenarios. The 

ozonation and CWAO reactors are hampered by low current system throughputs, high residual masses, and average 
gas production rates. They are not considered strong candidates for further aerospace development at this time. The 
discussion in the sections below will focus on the incinerator/gasifier, pyrolyzer, and steam reformer. 

A. Trash to Supply Gas 
The KPP scores for each technology are reported for the TtSG scenario in Table 9. The steam reforming reactor 

is considered the leading technology for the TtSG scenario, mainly due to the system’s high trash processing 
capability, and its ability to convert nearly all of the carbon from the HFWS to methane due to its integrated Sabatier 
reactor. The main drawback of the steam reformer is its high water requirement and relatively large mass and 
volume. 

The incinerator/gasifier is also a viable technology on the basis of its high conversion of HFWS to carbon 
dioxide (and subsequently methane). The current incinerator/gasifier reactor, however, will need to be scaled up by a 
factor of about five to meet the annual trash processing requirement, and will require a gas separator prior to 
entering the Sabatier reactor. Like the steam reformer, the incineration/gasification reactor is hindered by its high 
water requirement and relatively large mass and volume. 

While the pyrolyzer has a high trash processing rate and low water requirement, it is not an ideal technology for 
methane production due to its relatively low yield of product gases that can be converted to methane, and high 
residual mass. The residual mass (char) can be further processed to generate useful products, but will require an 
additional processing step. 

B. Trash To Gas 
The KPP scores for each technology are reported for the TtG scenario in Table 10. As is in the TtSG scenario, 

the steam reformer is considered the leading technology for TtG scenario. The pyrolyzer is also a very strong 
technology in this scenario, due to its high current throughput, water production rate, and trash volume reduction by 
producing char instead of product gases. The incinerator/gasifier is likely the least viable of the three leading 
technologies for the TtG scenario, due to its relatively low throughput and water output. 

 
Table 9. Trash to Supply Gas key performance parameter scores. 

Parameter 
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1.0 Trash Processing 40 6.9 15.4 7.3 18.1 30.0 
1.1 Throughput 20 0.0 5.4 0.4 11.0 20.0 
1.2 Unreacted Solids 10 2.1 10.0 2.1 0.0 10.0 
1.3 Water Required 10 4.8 0.0 4.8 7.1 0.0 

2.0 Products 40 28.5 40.0 28.6 23.3 40.0 
2.1 Methane 30 21.3 30.0 21.4 17.2 30.0 
2.2 Oxygen 10 7.2 10.0 7.2 6.1 10.0 

3.0 Design Envelope 20 8.8 7.3 17.1 16.0 7.9 
3.1 Mass 4 0.0 1.6 3.8 4.0 1.2 
3.2 Volume 4 2.9 0.0 2.9 4.0 0.0 
3.3 Power 4 2.9 0.0 2.5 4.0 1.6 
3.4 Temperature 4 2.9 1.7 4.0 0.0 1.2 
3.5 Pressure 4 0.0 4.0 3.9 4.0 4.0 

TOTAL 100 44.2 62.7 53.0 57.4 77.9 
 



 
International Conference on Environmental Systems 

 
 

12 

Table 10. Trash to Gas key performance parameter scores. 

Parameter 
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1.0 Trash Processing 40 0.0 25.4 0.4 31.0 40.0 
1.1 Throughput 20 0.0 5.4 0.4 11.0 20.0 
1.2 Unreacted Solids 20 0.0 20.0 0.0 20.0 20.0 

2.0 Products 40 27.7 32.6 28.5 28.3 34.6 
2.3 Figure of Merit 30 21.6 30.0 21.3 18.3 29.3 
2.4 Water 10 6.1 2.6 7.2 10.0 5.3 

3.0 Design Envelope 20 8.8 7.3 17.1 16.0 7.9 
3.1 Mass 4 0.0 1.6 3.8 4.0 1.2 
3.2 Volume 4 2.9 0.0 2.9 4.0 0.0 
3.3 Power 4 2.9 0.0 2.5 4.0 1.6 
3.4 Temperature 4 2.9 1.7 4.0 0.0 1.2 
3.5 Pressure 4 0.0 4.0 3.9 4.0 4.0 

TOTAL 100 36.5 65.2 46.0 75.9 82.6 

VII. Conclusion 
The steam reformer is considered the strongest technology for both methane production and trash volume 

reduction/resistojet propulsion scenarios. The incinerator/gasifier is considered the second strongest technology for 
methane production, while the pyrolyzer is the second strongest technology for volume reduction/resistojet 
propulsion. Future work will be focused on rapid advancement of the steam reforming technology. Future efforts 
will focus on operational aspects and interfaces such as pre- and post-processing of the waste materials, and 
integration into mission scenarios where the gases produced from waste can be most beneficial. Other areas of future 
work include maximizing the trash processing rate of the steam reformer, increasing automation, minimizing 
maintenance, and identifying and upgrading critical components for a more flight-like system. Of particular interest 
are mechanisms for a continuous, automated trash feed, and design of components for operation in microgravity. 
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