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1.  Introduction
Distributed production of hydrogen at the forecourt of the refueling station is viewed as one of the primary modes for building a hydrogen distribution infrastructure to support hydrogen fueled vehicle deployments.  Over the last five years, numerous hydrogen refueling station projects have demonstrated that hydrogen can be produced, stored and dispensed at the forecourt in a safe and reliable manner.  Several of these projects have concluded that on-site production of hydrogen can be an economically viable infrastructure option.  However, the majority of these hydrogen refueling stations have used fossil fuels as the primary source of hydrogen.  Although demonstrations are limited, there is reason to believe that hydrogen can be produced from renewable sources at the forecourt and with economics comparable to fossil fuel based hydrogen.  To that end, Virent Energy Systems, Inc. (Virent) and Shell Hydrogen LLC have announced a five year collaboration with the goal of demonstrating the production of renewable hydrogen from biomass derived carbohydrates at the forecourt of a refueling station.  
The potential for sustainable and renewable sources of hydrogen continues to be a main driver for a transition to a hydrogen economy.  Without the development and commercialization of an economically viable source of renewable hydrogen, the full benefit of a transition to a hydrogen economy will not be realized.  
One of the most promising technologies for economical distributed renewable production of hydrogen is Virent’s BioForming™ process.  Virent’s patented BioForming process produces hydrogen from a range of biomass-derived feedstocks, including carbohydrates (such as glucose and sucrose) and polyols (glycerol and sorbitol).  The novel heterogeneous catalyst used by the BioForming process operates in the aqueous phase with high hydrogen selectivity at low temperatures, resulting in a simple one-step process that reforms water soluble oxygenated hydrocarbons into an easily purified hydrogen gas stream.  The carbohydrate based feedstocks themselves are excellent hydrogen carriers and are environmentally safe to store and handle.
This paper will discuss the benefits of using biomass derived liquids as hydrogen carriers, provide a brief introduction to Virent’s BioForming process, and  summarize the technology and commercial progress over the past year.  
2.  Biomass Derived Liquids as Hydrogen Carriers  
There are several biomass derived liquid hydrocarbons that have the potential to be effective hydrogen carriers.  Such hydrocarbons include sugars (glucose, sucrose), sugar alcohols (sorbitol, mannitol, glycerol, ethylene glycol), and alcohols (ethanol, methanol).  The hydrogen density of biomass derived liquids is sufficiently high to enable their use as economically viable hydrogen carriers.  Several potential biomass derived carriers are compared in Table 1.  
However, in order for a biomass derived liquid to be an effective hydrogen carrier it must not only have a high volumetric hydrogen density but must also have the ability to efficiently release the stored hydrogen.  Virent’s BioForming process efficiently produces hydrogen from sugars and sugar alcohols thus enabling these biomass derived liquids to be viable hydrogen carriers.  The renewable carriers compared in Table 1 have differing upstream and downstream processing requirements, process efficiencies and cost profiles.  As it can be seen in Table 1 anhydrous glucose and ethanol have very similar hydrogen densities for delivery to the forecourt.  However, compared to renewable alcohols, sugars and sugar alcohols will require less upstream processing, are environmentally benign, less expensive, and easy to process.  
Table 1:  Various Hydrogen Carriers and the Associated Volumetric Hydrogen Density – Based on reformation stoichiometry with H2O to H2 and CO2
	H2 Carrier
	Kg H2 / L Feedstock Substrate
	Renewable Availability
	Relative Cost

	Ethylene Glycol
	0.181
	Small*
	Low*

	Glycerol
	0.194
	Medium
	Medium

	Methanol
	0.150
	Small
	Medium

	Ethanol
	0.208
	Large
	Medium

	Butanol
	0.265
	Small
	High

	Glucose
	0.207
	Large
	Low

	Sorbitol
	0.212
	Medium
	Medium

	*Waste Antifreeze – Non Renewable


3.  Technology Overview
Virent’s BioForming process uses a proprietary heterogeneous catalyst system that efficiently reforms biomass-derived carbohydrates, such as sugars, sugar alcohols and polyols, in the aqueous phase.  The operating conditions of the BioForming process results in a hydrogen production method that is particularly appealing.  In particular, hydrogen production: (1)  occurs at temperatures and pressures where the water-gas shift reaction is favorable, making it possible to generate hydrogen with low amounts of CO in a single chemical reactor; (2) occurs at pressures (typically 15 to 50 bar) where the hydrogen-rich effluent can be effectively purified using commercially available pressure swing adsorption or membrane systems; (3) takes place at low temperatures that minimize undesirable decomposition reactions typically encountered when carbohydrates are heated to elevated temperatures; and (4) uses carbohydrates that are non-flammable and non-toxic, allowing them to be stored and handled safely.
Figure 1 below shows a generalized process flow diagram for the generation of hydrogen from carbohydrates via the BioForming process.  First the carbohydrate is mixed with water to a concentration in the range of 30 – 50% by mass (or other ranges depending on the feedstock).  This concentration by mass is equivalent to a steam to carbon molar ratio of approximately 4:1 to 1.6:1, respectively.  The aqueous stream is then pumped to a pressure range of 250 to 800 psig and then is preheated in a feed-effluent heat exchanger prior to introduction into the BioForming reactor system.    
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Figure 1:  Glucose to Hydrogen Process Flow Diagram

The feedstock then enters the catalytic reactor system where the aqueous carbohydrate mixture contacts the proprietary BioForming catalyst, which actively and selectively produces hydrogen at a temperature range of 200 – 275oC.  The overall BioForming reaction is endothermic, thus requiring heat which is provided through the combustion of the Pressure Swing Adsorption (PSA) tail gas.  A typical gas composition, prior to PSA cleanup, from the BioForming of various biomass derived feedstocks can be seen below in Table 2.
Table 2:  Representative Dry Gas Composition for the BioForming of Glycerol and Sorbitol
	Gas Component
	Glycerol Reformation
~Volume %, Dry
	Sorbitol

Reformation

~Volume %,

Dry

	Hydrogen
	60%
	61%

	Methane
	 7.5%
	5.5%

	Ethane
	 1.5%
	1%

	Propane
	 0.5%
	0.5%

	Carbon Dioxide
	30.5%
	32.5%

	Carbon Monoxide
	< 1%
	<1%


As shown above in Table 2, the carbon monoxide is quite low therefore removing the need for an additional water gas shift reaction step.  

The reformate from the reactor is then cooled in the feedstock pre-heater.  The reformate is further cooled through the utilization of cooling water or an air cooler prior to entering a liquid-gas phase separator.  The liquid is removed from the system via a control valve and enters a low pressure separator where it is allowed to degasify prior to water recycling.  
The reformate stream, after the two phase separator, is then reduced to the proper pressure for entry into a standard PSA system. The PSA system separates and purifies the hydrogen from the other gas components.  Unrecovered H2 along with alkanes, CO2 and CO leave the PSA in the low pressure tail gas and are combusted to provide the necessary process heat in the BioForming reactor.  The simplicity of the gas purification integration results in lower capital costs, reduced operating costs and increased energy efficiency.  

In certain applications, the CO2 could be removed from reformate stream using a conventional solvent or adsorbent technology.  The CO2 could then be sold as a product or sequestered, thus making the generation of hydrogen using the BioForming process a CO2 negative process.   

The BioForming process does not require certain unit operations often required in conventional Steam Methane Reforming (SMR) systems.  First, gas compression is not required as the system pressure is provided by the pumping of the liquid feedstock, which is inherently more efficient than gas compression and avoids the mechanical issues associated with gas compressors.  Second, there is not a requirement for a separate steam system as the water and carbohydrate are fed to the reactor as a miscible liquid, eliminating all of the process and mechanical issues related to steam systems that plague distributed SMR plants.  Third, there is no need for a separate water gas shift reactor that adds process complexity to a conventional SMR process.  Finally, the reaction conditions of low temperatures and moderate pressures enable the use of standard materials of construction, again resulting in a lower capital cost system.   

4.  Process Economics

Detailed techno-economic studies have been completed using pilot plant data for several feedstocks including glycerol, ethylene glycol, glucose and sorbitol.  Process flow diagrams and the associated heat & material balances were completed in Aspen Plus as part of these studies.  The process data used in the simulations were derived from pilot plant operation.  The Aspen simulation data was utilized to provide initial sizing estimates for process equipment and related utilities.  The data was then utilized to perform base costing estimates of the equipment through standard process engineering techniques and through vendor provided cost estimates.  The purchased equipment costs were factored to include the skid fabrication with associated piping, instruments and controls.  
The detailed studies have shown that the BioForming process can produce hydrogen at a cost of $2 to $6 per kg of hydrogen at a scale of 1500 kg/day.  The main cost driver for the process is the cost of the raw feedstock.  The ability to process a range of biomass derived feedstocks will enable a more economically versatile process.
5.  Technology / Commercial Update
Virent has made substantial progress in the commercialization of the BioForming process for hydrogen production over the past year, and has demonstrated, at pilot scale, the technical and economic viability of using ethylene glycol and glycerol in the BioForming process for the production of hydrogen.  Virent is continuing to develop and advance the core catalyst designs for sorbitol and sugar reformation, and plans to build larger scale pilot plant systems using these feedstocks in the near future.  Several of the important technical and commercial milestones achieved over the past year are detailed below:
· In April 2007, Virent and Shell Hydrogen signed a five year collaboration agreement with the goal to implement the Virent BioForming process at a Shell Hydrogen refueling station.  The collaboration is focused on scale-up, process development, and design of forecourt hydrogen plants that will convert biomass derived carbohydrates into hydrogen.  The first deliverable will be a field deployed prototype that will be tested at Shell’s Westhollow facility prior to final deployment to a hydrogen refueling station.
· Virent started a 10 kg/day hydrogen pilot plant at its facility in Madison, WI, in the summer of 2007.  The pilot plant, also referred to as a Process Development Unit (PDU), utilizes a glycerol feedstock to produce a high purity hydrogen product.  The PDU represents a 700 times scale up from the catalyst development reactors that are used by Virent to develop, screen, and optimize the core hydrogen catalyst.  The reactor is a multi-tube fixed bed reactor.  All the necessary unit operations, including an off-the-shelf PSA system have been incorporated into the PDU.  Over the past nine months the PDU has been used to test, validate, and demonstrate the performance of the BioForming reactor and catalyst system.  Operation of the PDU continues for the collection of process data that supports the scale-up and design effort for the Shell Hydrogen prototype.  Process studies that have been completed thus far include:
· Start-up / Shut-down
· Operability
· System Turndown
· Feedstock Concentration
· PSA Integration and Operation
· Feedstock Quality
· Under an Office of Naval Research contract a second hydrogen pilot plant was constructed that uses ethylene glycol as a feedstock.  The system employs new reactor technology along with the ability to operate in additional process regimes.  
In the upcoming year Virent and Shell Hydrogen will collect the necessary data to support the scale-up, design, and fabrication of the first field deployed hydrogen system using the BioForming process.  In addition, catalyst and process development research will continue with a focus on the conversion of sugars to hydrogen.  Finally, a lifecycle analysis of the process will be initiated.
6.  Conclusion
It is critical for the long term success of the hydrogen economy that sources of renewable hydrogen are developed and commercialized that can compete with fossil fuel derived hydrogen.  Virent’s BioForming process is a particularly promising technology for the economic production of renewable hydrogen.  The BioForming process efficiently produces hydrogen from a range of biomass-derived feedstocks.  As a result the BioForming process enables sugars, sugar alcohols, and polyols to be effective hydrogen carriers for refueling station applications.  

The technical progress to date along with recently completed technoeconomic analysis support the viability of the BioForming process for production of renewable hydrogen.  Virent has made substantial technical progress in the development of selective catalysts for hydrogen production and in the design of a fixed bed reactor system that operates in the aqueous phase.  Over the last year, Virent has piloted two systems that produce hydrogen at low temperature from biomass derived liquids.  In addition, Virent and Shell Hydrogen completed the first year of a five year collaboration focused on the continued advancement of the BioForming process for hydrogen production.  The goal of this collaboration will be the demonstration and commercialization of the BioForming process for hydrogen refueling applications.  Successful commercialization of the BioForming process is an important step in the realization of a cost effective option for renewable hydrogen production at the forecourt of a refueling station.
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