Integrated Energy Production Using a Fuel Cell System for a Crewed Space Base Station
Executive Summary

The following white paper presents findings from a study to investigate the feasibility of an alcohol or methane-powered fuel cell on a Mars base. The purpose of this study is to demonstrate that fuel cell technology can be incorporated into the utilities section on the base where space is a priority. Inputs were from a concept for alcohol-powered fuel cell systems developed by researchers from the University of North Dakota Energy and Environmental Research Center (UND EERC) and numerous literature sources referenced throughout this white paper, and information on Mars bases and closed-loop systems from researchers at Johnson Space Center (JSC).
The energy system is centered around a fuel cell system with a focus on the various auxiliary components such as the development of a renewable fuel source, fuel processing scheme, fuel sources, oxygen supply, and water balance. On a mars base, closed systems are necessary so that everything is being used without being emitted into the Martian atmosphere. The amount of power the fuel cell produces compared to its weight may be a limiting factor in how efficient it would be for the application on a Mars base. 
The Mars base is still only theoretical. NASA is working on a test facility that will test the effects of the enclosure on humans. This test facility is called INTEGRITY, formerly known as Bio-plex, and soon to be renamed. The compatibility concerns with the station are space limitations, water, fuel, and oxygen availability. Also, the extreme environment on Mars, including wind, extreme changes in temperature, radiation, and other various environmental conditions are problems to overcome. Issues like these are just part of finding a system that works best for a crewed space station application and meet the needs of the advanced life support system.
Several potential sources of fuel would be available on a Mars base. Most of the fuel would come from crops grown on the station itself. Corn would be the best option for making ethanol, but will not be available on the station. Sweet potatoes, rice, and soybeans would be readily available to be converted into fuel. The remaining fuel needed could be converted from water through electrolysis or taken from the waste streams from the solid waste and water waste Sabatier stream. Biomass is another alternative that would work in combination with partial oxidation and the water-gas shift processes. Another consideration would be to use energy-dense liquid fuels from the earth.

The reforming process is difficult to imagine for this base. The limiting factor is weight. Of the different kinds of fuel processing, steam, catalytic partial oxidation, and auto-thermal reforming are the main types of fuel processing. Before the reforming process can take place the crops must be converted into ethanol, thus creating a need for more equipment. The need for a system to convert crops to ethanol and then ethanol and/or other gases to hydrogen also creates a size problem. 

Oxygen and water availability is dependent on the life support system. These two things required for all life, are most important. Several ways are available to clean up wastewater and recycle air through the systems. Finding the source of getting hydrogen out of these systems is quite challenging. In a closed system, oxygen and water can not be pumped out of the station or pumped into it in any form. This means that everything the people do in the station directly affects the water/oxygen balance. With the fuel cell taking oxygen out of the system, there has to be enough oxygen to make up for it. The fuel cell uses the oxygen and produces water.  

The solid oxide fuel cell (SOFC) and the proton exchange membrane fuel cell (PEM) are possibly the best fuel cells suited for use on a closed-loop system. Each has problems, but that will be addressed later. The SOFC would work well due to the fact that no external reforming is necessary with certain fuels. The PEM would work the best in combination with solar panels. So either way, the system requires careful design and planning.

Conclusively, the recommendation is to use a SOFC using gases from the waste systems on base and postreformed ethanol as fuels in the cell and to use catalytic partial oxidation reforming techniques to reform the ethanol that will be produced from plants grown on the space base station. Another idea is to use solar panels to electrolyze or convert water into its components and then run them into a fuel cell. A PEM fuel cell may also work with the current setup, but when taking into consideration the reforming process and the heat available from the fuel conversion, the SOFC an attractive option. 
Introduction
The following white paper presents findings from a study to investigate the feasibility of an alcohol or methane-powered fuel cell on a Mars base. The purpose of this study is to demonstrate that fuel cell technology can be incorporated into the utilities section on the base where space is a priority. Inputs were from a concept for alcohol-powered fuel cell systems developed by researchers from the University of North Dakota Energy and Environmental Research Center (UND EERC) and numerous literature sources referenced throughout this white paper, and information on Mars bases and closed-loop systems from researchers at JSC.

The sections below will discuss the various aspects of the research and its recommendations. The report section of this paper will include compatibility concerns on the base station, fuel source options, the fuel processing concept, oxygen balance, water balance, and the fuel cell impact and integration. All the information that deals with mars and a Mars base is speculative. 
Crewed Space Station Compatibility Concerns 
· A big concern with the space station is that its power consumption is more than can be provided by a fuel cell. This is due to all the lights that have been implemented on the station. Lights are required so that the crew can maneuver through the station, and high powered-lights are necessary to provide light for the plants to grow. This is the main concern with the fuel cell and fuel processing concepts that are referenced in this paper. This is one of the biggest problems to overcome because with NASA’s simulation facility they aren’t even worrying about a power system yet because the station draws too much power. 
· Systems on a space station must be as energy and size-efficient as possible. Size is a major concern for anything you think about putting onto or into a closed-loop system. A fuel cell is an excellent idea for incorporating it into a base station because it produces a high density of power to weight. The problem that arises from fuel cells is the need to reform fuel for them. Several ways are possible to do the reforming, but many of the processes are too big to set up inside the closed-loop system. Catalytic partial oxidation is a reforming process that is compact enough in size to be able to fit on the station. Along with catalytic partial oxidation, the process of converting potatoes to ethanol is also a small process in terms of size. 
· Fuel is available from many sources. These sources can either be made on the station itself, like the waste systems or crops, or it could be brought from earth. Weight is a major concern when a space mission is planned, so more than likely, most of the fuel will be produced as a by-product of different processes or from crops grown that are converted to fuel and then reformed into hydrogen for the fuel cell.
· There should not be a concern with oxygen availability. There will be enough oxygen in the ambient air on the space station to satisfy the needs of the SOFC. Also, air is used in the reforming process, and that can also come from the ambient air inside the station. This is made possible because the plants scrub the carbon dioxide from the air and produce oxygen. 
· The extreme environment on Mars could create a problem with the station. Heat is not really an issue because the temperatures on Mars are all below zero except south of the equator for only a short time during the Martian year. These cold temperatures should not be an issue because the base station should be very well insulated. Anything located outside the station will also likely be insulated to prevent it from freezing up. 
Fuel Source Options


Fuel sources are an integral part of the power system; not having the right fuel can drop the hydrogen production and fuel cell efficiency.  Several crops could be used for fuel. All the crops used must be high in starches so that they can be converted to ethanol or another hydrocarbon-rich fuel. The feedstocks that would work the best would be corn, soybeans, potatoes, or biomass. 

The space station they will not grow corn because of the high amount of waste it produces. Sweet potatoes will be grown on the space station and are attractive because they are easily converted to alcohol. Along with the potatoes, soybeans could be added, and other crops that are not on the list yet might provide more fuel. Biomass is another option that itself might not produce much, but could add to the total amount of fuel available.


The waste system in the space station could also contribute to the fuel supply. Composting produces methane which is normally burned off, but could be reformed into hydrogen. Also, there are biological wastes that are produced that could potentially be used for the production of hydrogen. Nitrogen and ammoniums can be converted over to hydrogen out of the water recovery system (WRS) functional process that converts waste over to usable water and gases through the Sabatier process. 

Another option is to get methane from the Sabatier process on the solid and liquid waste streams. This process converts waste gases and hydrogen into methane. Methane is a good fuel for the SOFC because it can be converted at the anode of the cell. This gas is also a good fuel because it reduces the temperatures to a degree. 

The amount of methane produced is as follows. For a minimum crew loading (7.78 EP), the maximum methane production will be 3.579 lb/day. For a minimum (3 EP) crew loading, the maximum methane production rate will be 1.38 lb/day. Also, these numbers could be approximately cut in half if running in a hydrogen lean environment. The above assumes that 4 moles of hydrogen will be available for every 1 mole of CO2 produced by the crew. It is apparent that methane could not be the only fuel used for fuel because it does not provide the amount of fuel necessary to power the SOFC or PEM. An additional fuel would be required in order to produce the power needed for the station. 
Oxygen is another resource to think about, since it is also necessary for the fuel cell in order for it to function. It can come directly from the air in the system, or it can be converted from another gas. Electrolysis powered by solar panels is one way to get the oxygen needed, and it also produces pure hydrogen with it which is a premium fuel for both PEM and SOFC. 
Fuel Processing Concept

Fuel processing is a critical step for the integrated power production system. The selection of fuel processor types and operating conditions can largely affect the fuel requirements, heat balance, water balance, gas purity, oxygen sources, etc., for the main power system on a base station. Some of the options for a hydrogen production system include steam reforming, autothermal reforming (ATR), and catalytic partial oxidation (CPOx). See figure 1 below for a detailed diagram of the fuel processing concept. 

Some main objectives to consider when thinking about the integration of a fuel processing system are minimizing the weight for the long trip to mars or the moon, and the number of steps it takes for the reforming process. Another aspect to consider is how long the reforming process takes, which impacts the volume requirements of the reformer vessels. It is essential to optimize the efficiency so that there is not too much waste fuel and to maximize oxygen requirements and production of waste heat. Also, maximizing the use of the produced heat is another way of further improving efficiency.
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Figure 1 – diagram of the fuel processing concept
Steam reforming comprises a burner that heats the fuel up and is then routed through pipes where it is bonded with oxygen from water molecules to free the hydrogen from both the fuel and the water itself. Steam reforming has some attractive features to it and some drawbacks for the application in a closed system. The one major drawback of this type of reforming is that it takes an external heat source and the system becomes quite large. The other major downfall is with it being a complicated system, the weight would be significant to consider. The process also goes through a number of steps, making the need for the fuel to stay in the system longer before it is converted. So, the major downfall of the steam reforming process is that it takes up so much space. There are advantages to using steam reforming compared to partial oxidation. One of the main advantages of the steam reformer is that it produces more hydrogen, because it not only takes hydrogen from the fuel, but also from the water vapor. 
CPOx uses a process of partially burning the fuel in a low oxygen environment at a high temperature with a catalyst to speed up the conversion and allows reduction in temperatures. This is a very attractive method of reforming since it is much smaller in size and uses temperatures similar to SOFC. It works by burning the hydrocarbon in half the oxygen needed to make carbon monoxide, which frees up the hydrogen in the hydrocarbon. The only drawback of this method is that it is not quite as efficient as the steam reformer, but there are less steps, making it a smaller system as a whole. With the smaller size, there is also less weight making this an attractive alternative to the steam reformer. The other advantage of CPOx is there is heat produced that could be used to help heat the life support system or for helping to heat cryogenic gases. This method is also much faster due to the catalyst making this a promising option. 
Autothermal reforming uses both of the procedures above. The partial oxidation step is mainly there to produce the heat for the steam reaction to take place. During the partial oxidation stage, a small amount of the fuel is converted, but it is mainly there as an exothermic reaction to heat the endothermic steam process. This method is attractive because of the overall efficiency it uses in the conversion. More hydrogen is produced with this method, and it is faster than just the steam reforming. The system is also smaller in comparison to that needed for the steam reforming process. 

The current concept is to use a CPOx system or an ATR process combined with a SOFC to take advantage of the similarities in temperature (~1300° F) of the out and inflow gases. This concept will be the most compact and effective since the SOFC can tolerate traces of carbon dioxide and other gases that are harmful to fuel cells. 
Fuel Cell Impact/Integration


The SOFC will integrate into the power systems on the Mars base easily. The complexity of the fuel processing concept and the fuel cell system is kept to a minimum. The impact of the fuel cell will be small and will also produce heat and water when necessary. If these elements are not required, they can be vented or recycled back into the fuel cell. 

The impact that this fuel cell may have on the station would be excess heat, excess water, and the use of waste gases from the fuel cell. Excess heat is something that can be dealt with by placing the SOFC outside the actually base and keeping it well insulated. This is an option if there is too much heat on the station, but it also may not cause a problem because the temperature on Mars is almost always negative. The amount of excess water created could easily be recycled into the system; since the water is pure, it could easily be implemented back into the water system. This water could then be used for human consumption or watering plants or for fuel processing. The trapping of waste gases off the fuel cell may not be necessary if enough fuel is available through the fuel processing concept or the methane streams from the Sabatier process. 
Conclusion/Recommendations


Conclusions are that a SOFC is an attractive option for this application because it operates at high temperatures and requires less fuel processing when compared to other types of fuel cells. It has roughly the same temperature as the CPOx reforming process allowing efficient thermal integration. This creates less need for a heat exchanger to heat the fuel gas. This type of fuel cell can also tolerate CO and it allows for some internal reforming, especially of methane and CO.

The CPOx reforming method is the best for this application because the outlet temperatures are about the same as the SOFC. This process does not involve much combustion which is good because then it does not use up much oxygen. Also, the operation of this reforming process is less complicated and more straightforward than other types of reforming. 


Ethanol is a premium fuel for the space station because it is easily made from crops or biomass. The fuel itself does not contain any sulfur which would poison the reformer and the fuel cell. Also, the fuel contains oxygen in the molecule so that even less oxygen is needed in the reforming process. 

The recommendations of this research are that more improvements in the technology of fuel cells and fuel processing are needed in order to make this process efficient enough to be feasible for use on a space station. Several other ways of producing power also need to be evaluated, such as nuclear, solar, and wind energies. 

Also, it might be beneficial to have some of each type of power system. This way energy is always being provided to the system despite if it is dark or there is no wind. NASA should continue its research into these other types of energy-producing systems. 
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