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Micro Mechanical Hydrogen Storage in MacroSpheres is a novel highly efficient concept for transport and storage of hydrogen gas suitable for small quantities as well as for very large quantities. The system can very well be an answer to the Hydrogen Storage problem and an important stepping-stone towards the Hydrogen Society.
· Background
There is a growing awareness in society that fossil fuels as used today must be replaced with renewable more environmentally friendly alternatives. In many respects, hydrogen gas is the ultimate alternative, it can be created by splitting water into oxygen and hydrogen with many clean renewable energy sources and when used the byproducts are energy and plain water again. The retrievable energy can be used in conventional combustion, powering cars, heating houses, etc. or be used together with fuel cells to produce electricity in large or small scale. Hydrogen has a very high energy content per kilo, almost three times higher than gasoline.
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However, there are some fundamental problems related to the use of hydrogen. The diffusion rate through most materials is quite high, as the hydrogen molecules are very small, hydrogen embrittlement, etc. It is the most lightweight of all gases, resulting in large volumes when stored in compressed form even if the pressure is very high. Hydrogen forms easily highly combustible mixtures with air. 
If the gas has so many advantages as an energy carrier, in spite of the fundamental problems involved, why is it not already commonly used? Most likely, it depends on a few difficulties that prevent or delay this. The main problem areas are related to

· Lack of a suitable Storage Technology.

· High Handling and Accident risks.

· The high costs for many storage alternatives.

· The lack of a hydrogen infrastructure in society.

The innovation presented in this document is a new approach for storage based on high pressure while solving many problems related to conventional high pressure storage in large tanks in an elegant and efficient way.

· Hydrogen Storage alternatives 
A lot of research is going on worldwide in order to find the best method to store and transport hydrogen, metal hydrides, etc. Today there are only two methods in practical use, to store it in high pressure tanks or in liquid phase at cryogenic temperatures.

The main challenge in all hydrogen storage systems is to meet three basic requirements, high safety, high efficiency and cost effectiveness at the same time. To meet one or two of the requirements at the expense of the third is not too complicated, but to meet all three to an appropriate level is difficult. An attempt to evaluate the most promising storage methods regarding six main parameters is done in the evaluation matrix below.
Comparison between different methods for Hydrogen storage
	H2 phase
	Storage method
	Storage capacity
	Safety
	Reusability
	User complexity
	Maturity
	Cost
	Total points
	Remarks

	Gaseous
	High pressure tanks
	17
	0
	10
	5
	10
	2
	44
	Most commonly used technology, matured

	
	Microsystem MacroSpheres
	24
	7
	10
	8
	4
	2
	55
	Concept promising but unproven

	
	Glass Micro Spheres
	8
	9
	5
	4
	4
	4
	34
	Safe, but must be removed for recharge

	Liquid
	Cryogenic
	30
	0
	10
	0
	8
	0
	48
	High energy loss to cool to 20 K, boil off 

	
	Borohydride solutions
	12
	10
	0
	0
	4
	2
	28
	Must be regenerated off board. Expensive

	
	Organic liquids
	9
	2
	5
	5
	5
	8
	34
	High dehydr. temp. 300 C. Toxic 

	Solid
	Carbon materials
	9 
	10
	5
	4
	0
	0
	28
	Interesting, but very immature

	
	Metal hydrids
	7
	10
	5
	8
	5
	6
	41
	Safe but low capacity limited lifetime.

	
	Chemical hydrids
	12
	8
	5
	0
	0
	0
	25
	Regenerate off board. Very high cost


	Storage capacity: 1,5 p per wt%
	User complexity: 0-10 p for high to low

	Safety: 0-10 p for high to low risk

	Maturity: 0-10 p for low to high

	Reusability: No, 0 p; Yes, limited number 5 p
                                   Yes, unlimited number 10 p
	Cost: 0-10 p for high to low


The responsibility for any inadequacies in the table rests with the author alone.

· The MacroSphere concept
Two ideas form the MacroSphere concept, the distributed tanks idea and the integrated gas handling chip idea. Advanced Micro System Technology (MST) is the key enabling element in the gas handling chip. Hydrogen is stored under high pressure in a large number of small autonomous sub-tanks, the MacroSpheres. The difference between internal and external pressure controls the gas flow to or from the MacroSpheres. A gas handling micro chip is mounted inside each sub-tank. The system combines the best storage performance available with focus on a convenient and non-dramatic handling for the user. Some system highlights are presented in the following.
Storage capacity

The storage capacity has the potential to be the highest achieved so far, the world record a couple of years ago was 11.3 wt % by the use of cylindrical high pressure composite tanks. Spherical tanks have by definition twice the pressure resistance compared to otherwise identical cylindrical alternatives (single curved surfaces vs. double curved surfaces).

The exact storage capacity is difficult to estimate as it depends on many parameters such as safety factors, lifetime (i.e. number of pressure cycles), acceptable cost having an impact on the quality of the fiber composite, etc.

Given some realistic assumptions on the system requirements, the storage capacity in wt% versus pressure is illustrated in a simple graph below.
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Storage capacity vs. internal pressure

The shell-thickness required depends mainly on safety factor requirements, which in turn depends on the application.

Mitigation of handling risks.
The method to store gas in a large number of small autonomous composite tanks instead of a few large pressure vessels mitigates risks in handling in several aspects. 
· There is no handling of high pressure fittings or other components, which can cause a risk if mistreated or worn out.
· In vehicle applications, at least two factors limit the possible damage caused by the hydrogen gas stored in MacroSpheres, in case of an accident. First, it is a distributed system with no physical connections between the individual spheres. This means that, if the buffer tank is destroyed, the Hydrogen Spheres will be spread all over the area with many still unharmed and as they then are in ambient pressure, they become leak tight and can be safely collected.

· Composite tanks can have a built-in safe failure mode of delimitation instead of explosion, which together with the previous point further decrease the handling risk.

Reusable - low operational cost

The idea with a return and refill system dramatically reduces the operational costs. The possibility of refilling the tanks hundreds of times has a huge impact on the operational costs over the system lifetime.
The distributed tanks idea 

      The use of many small tanks in an easy to accommodate volume instead of a few large tanks completely eliminates the accommodation problems of large bulky tanks in a vehicle. 

All sub-tanks are located inside a larger tank, in an ordered pattern or randomly as depicted below. The large tank is called the buffer tank as the relatively large dead volume between the sub-tanks are used to keep the secondary gas pressure constant even when the mass flow requirements from the system is fluctuating heavily. A good example of a fluctuating load, is a car in heavy traffic accelerating and braking all the time.
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Storage configurations of Hydrogen MacroSpheres

 When the buffer tank is closed and the internal pressure is increased slightly, the sub-tanks are stimulated to start to gently dissipate the stored gas, which is collected in all dead volumes inside the buffer tank. As all sub-tanks are stimulated at the same time, they all contribute to the total mass flow that can be extracted from the system. When all gas has been drained from the majority of the sub-tanks, they should be removed and replaced. The total amount of gas remaining in the system can be recorded by monitoring the secondary pressure which is slightly depending on the primary pressure inside the sub-tanks. The filling or reloading of the used sub-tanks is done outside the system, at the hydrogen production facility. An important property for the sub-tanks is that they should be harmless during normal handling outside the buffer tank (and thus not exposed to pressure stimuli independent if they are charged or not).
The integrated gas handling chip idea 

     The pressure resistance of a spherical gas storage tank depends on three factors, size, wall material, and thickness. When all factors are considered, it is quite clear that small spheres represent a good solution with regards to the relation between the amount of stored gas and the system mass. The major problem that arises with a system consisting of many small high pressure tanks is how to tap the gas out of hundreds or thousands of small tanks without a very complicated system, resulting in a high cost and a high support system mass. The invention solves the problem in an elegant novel way.

In the invention, each small spherical tank contains its own gas handling system, integrated on the inside of the sphere. The fluid system permits both filling and release of the hydrogen in a controlled way, it is a silicon chip with several micro mechanical devices working together in a small stack of silicon wafers. The chip is bonded to the wall inside the tank, over the gas outlet hole, see figure below.
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Chip location in a MacroSphere
It is the pressure difference between the ambient pressure and the internal tank pressure that controls the system. When the pressure is at, or close to ambient atmospheric pressure, the mass flow is zero or very close to zero from each MacroSphere. At a certain threshold pressure P1 which is slightly but significantly above ambient atmospheric pressure the MacroSpheres starts leaking gas at its maximum mass flow, emptying the sphere in half an hour. When the secondary or working pressure approaches a second pre-determined pressure P2 the micromechanical pressure regulator inside the chip shuts down the mass flow, keeping the working pressure at a constant level, until all MacroSpheres are empty. The maximum secondary pressure, which is pre-determined, is depending on the overall application and can be between a few bar up to several tens of bar.
In the filling procedure a large number of MacroSpheres are placed in a high pressure filling tank and when the pressure is higher than the pressure inside a MacroSphere a check valve opens a flow path, through a filter structure and a flow restrictor, from the outside to the inside. When the pressure difference decreases down to close to zero, the check valve closes again. The second important device in the outlet flow path is a pressure-controlled valve, which is closed under another given limit, this limit can also be freely chosen, but should typically be a little higher than the normal atmospheric pressure. This means that the refilled Macro Spheres can be transported between the filling station and the consumer in several leak-tight conditions i.e. without danger and loss of hydrogen, or particular requirements on the transport vehicle, even in an open paper bag.

Several patent applications have been filed in the US, Europe, Japan and China for the concept and the gas handling microchip.
· Development status 

The concept is presently in an idea verification phase in which all potential obstacles are studied, the results so far look very promising. The next phase, which is the development of a prototype system, is planned to start next year. The generous research support received from MISTRA ( The Foundation for Strategic Environmental Research  ) for the idea verification phase  together with additional support from  USAF ( The European Office of Aerospace Research and Development ) and ÅF Forskningsstiftelse ( Ångpanneföreningens Foundation for Reseach and Development ) are gratefully acknowledged
· Conclusions 
The concept is a good example of the effect of “disruptive technologies”. Advancements in one technical domain can suddenly generate a breakthrough in a completely different area. In this case, the system engineering progress in MEMS or Micro System Technology has generated a completely new approach for efficient hydrogen storage with an unprecedented storage capacity of 10-15 wt%. The absence of high pressure components and interconnections will also have a huge impact on the consumers view on gas storage and handling in the future, as the, in many cases unjustified, fear for high pressure storage will disappear, as the user never has to be confronted with any problems related to high pressure. The same effect is expected from the method with many small independent tanks, where there will be no risk of a single huge release of hydrogen gas in case of an accident. It shall not be more dramatic to buy a small mount of gas to your boat or lawnmower than buying a six-pack of beer in the supermarket or filling up a car with gasoline.
The method to store hydrogen gas is not limited to that particular gas, but any other gas can also be stored with the same method for other applications, such as a new type of diving suites or oxygen distribution to patients in hospitals, etc. The method with many small independent tanks so small that they can be treated as a quasi liquid is quite new approach and it opens a multitude of distribution possibilities of the exact right amount of gas for a particular application. Not being dependent on a few large gas bottle sizes for a gas supply, will also permit new design solutions in many applications where low mass and volume are important.
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