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The goal of the Workshop was to develop insight and direction in innovative areas of hydrogen production utilizing either natural photosynthetic organisms or biomimetic/artificial photosynthetic systems.  The results will provide guidance for the Air Force Office of Scientific Research and other federal agencies. 

The rationale for supporting innovative research in the area of H2 production from the Nation’s perspective is that our current fossil fuel reserves are limited and thus our energy supply is unsustainable, we are increasingly dependent on foreign suppliers, our current energy production and utilization system is a source of environmental pollution and global change, and the cost of traditional energy supplies will continue to increase unpredictably.  Hydrogen is a clean, environmentally neutral fuel/energy carrier and is easily used in fuel cells to generate electricity. Hydrogen produced by photobiological or biomimetic means is important in the longer term since water can be used as the source of electrons and sunlight as the driving force.  The most obvious benefit to the Air Force and DoD would be in providing power for forward bases, spacecraft, and other vehicles. Finally, an overarching benefit would be the potential for energy independence, which could dramatically reduce the need for military actions.
The specific objectives of the Workshop were to:

· Define the role of biotechnology, biomimetic chemistry, and artificial photosynthesis in the development of new hydrogen-production technologies

· Decide on a small number of short- and long-term goals 

· Describe bottlenecks where additional research is needed or enabling technologies must be developed

· Outline a strategy for the development of an infrastructure and identify the funding necessary for successful implementation

· Outline areas where strategic partnerships would facilitate advances

The approach used to meet the Workshop goal and objectives was to invite a group of technical experts to present state-of-the-art knowledge in their respective areas of expertise to the participants as a whole on the first day, and then to discuss responses to each of the objectives described above during breakout sessions on the second day.  Two groups were selected to address each of these issues during the breakout sessions.  One group examined natural microbial systems that produce H2, and the other explored biomimetic systems that might be developed to produce H2.  Each group was assigned a chair and a recorder to guide and capture the morning discussions, and as a part of these sessions, each group was asked to rank its results according to the following criteria:

· The needs of national and international programs

· Potential impacts on future development efforts

· Areas where small investments in research could yield large returns

· Questions that can be answered with existing or emerging technologies

After lunch the two chairs summarized the results of the morning discussions in a plenary session, and then the participants discussed the summaries in order to identify missing elements.  Finally, the two groups wrote draft documents addressing each of the specific objectives.  The Biomimetic group worked as a single large team, whereas the Biology group split in subgroups to address each of the individual issues.  The rest of this report represents the written reports of the two groups. The participants decided to emphasize light-driven, water-splitting systems, rather than systems that require organic substrates, biomass (or components thereof), or other artificial donors.  The rationale for the decision was that in the long-term, systems for hydrogen production will have to be renewable and self-sustaining, and water is the only donor that fits these criteria.
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Four Critical Areas were Identified:

I.  Bio-Prospecting for Improved Hydrogen-Producing Organisms.

Scope of problem:  Nature has selected for an oxygenic, photosynthetic water-splitting process to provide the necessary reductant for CO2 fixation and has coupled carbohydrate synthesis with the concomitant production of cell mass.  Consequently, this fundamental bioprocess has not evolved for optimum H2 productivity. H2 photoproduction in fact has been maintained over evolutionary periods as a stress release mechanism (algae), as a component of nitrogen-fixation (photosynthetic bacteria and cyanobacteria), or as the reverse reaction for H2 uptake, used in heterotrophic growth (many classes of microbes). Furthermore, photosynthetic water-splitting processes generate O2 as a by-product, and the H2-releasing enzymes (hydrogenases and nitrogenases) are highly O2 sensitive.  Finally, many of the H2-producing organisms currently being studied were originally selected based on their robust growth qualities, ease of culture under laboratory conditions, and availability of a genetic transformation system.  Therefore, selection for or isolation of new biocatalyst systems possessing more efficient H2-producing and O2-tolerant properties is critical for future applications.

Current understanding of the science:

Currently, “bio-prospecting" involves searches of existing culture collections, and limited searches of a wide range of environments based on brute force screening.  Nitrogenase and hydrogenase kinetic properties have been characterized for a limited number of organisms.  Some hydrogenase enzymes are more active H2-producers than others and some enzymes are more O2 tolerant.  Algal Fe-hydrogenases are very active enzymes with the highest turnover number compared to the current pool of known H2-forming enzymes; however, these enzymes are also the most sensitive to O2.  Modern genomic tools are being examined as a means to explore whole ecosystems for valuable biological properties that might be useful if fully developed.

Challenges:  

There is an apparent lack of strong, selective enrichment procedures for isolating high H2-producing photosynthetic cultures.  There is, in addition, a lack of molecular tools and high throughput screening processes for probing the diversity of H2-producing enzymes in natural microbial communities.  Furthermore, there are a very limited number of specific, hydrogenase “activity” screens that have been used to select for new or novel H2-producing organisms.     

Areas where additional understanding will advance the potential for application: 

· novel and robust organisms with the capacity for continuous, highly efficient H2 production must be discovered by exploring whole ecosystems
· novel strategies for the selective enrichment of organisms from diverse ecosystems  (e.g., marine, high salt, or other extreme environments) that might possess O2-tolerant, H2-producing enzyme(s) must be identified and developed
· molecular tools, including H2-detection assays that can be used in high through-put screening for novel H2-producing organisms, must be developed

II.  Photosynthetic Efficiency.

Scope of the problem:  Photosynthesis involves sequential reactions that include light absorption, generation of an electrochemical potential, splitting of water, electron transport, and creation of low potential reductants and a proton gradient. Under aerobic conditions, the proton gradient drives ATPase activity that converts ADP and Pi to ATP.  Both products of the light reaction, ATP and low potential reductants are then used in the synthesis of sugars from CO2 (the Benson-Calvin cycle). Photosynthetic efficiency is a measure of the conversion of light energy into stored chemical energy, but in all known native photosynthetic microbes, there is a mismatch between the optimal intensity for light utilization (5-10% of maximum solar intensity) and solar irradiance levels. The consequence is that photosynthetic organisms can waste up to 90-95% of the light that they absorb before they even start to store or convert energy in a usable form. Under anaerobic conditions, photosynthetic reducing power can partition between at least two pathways: CO2 reduction and H2 production.  Carbon dioxide reduction is the physiological, ATP-requiring pathway for using reductant from water, whereas H2 production, which does not use ATP, is the desired pathway for renewable energy production. The competition for photosynthetic reductant favors the CO2-fixation pathway.  However, in the absence of CO2, the steady-state rate of H2 production is down-regulated, due to non-dissipation of the proton gradient caused by the lack of ATP utilization. Thus, there are at least two research challenges related to the conversion of light energy into H2.  These involve (a) extending the range of solar energy intensities that can be efficiently utilized to drive photosynthesis and (b) in the case of hydrogenases, relieving the kinetic limitations on electron transport flow to the hydrogenase pathway under H2-producing conditions.  Nitrogenase systems use ATP in the production of H2 and thus do not have the above problem per se; however, the requirement for ATP reduces the theoretical efficiency of nitrogenase systems by approximately a factor of three compared to hydrogenase systems.

Current understanding of the science:

It is well known that the simultaneous photoproduction of H2 and O2 can be demonstrated in the laboratory.  However, translating the laboratory result into a practical process poses several research challenges.  Using Chlamydomonas reinhardtii as a model system in the US (and photosynthetic bacteria in Japan), scientists are just starting to address the light-limitation problem.  They have demonstrated that organisms with decreased light-harvesting antenna size have increased efficiency of light conversion under mass culture conditions due to a significant decrease in self-shading.  Organisms with truncated antenna pigment allow light to penetrate much further into the culture (without being absorbed by highly pigmented cells at the surface, as is the case with wild-type microbes), which allows a much higher fraction of the individual cells in the culture to absorb light. The change significantly improved the photosynthetic efficiency of the culture as a whole. The concept has been validated with C. reinhardtii random insertional mutants, which express truncated, chlorophyll light-harvesting antenna complex.  Genes that were interrupted in the positive transformants are currently being identified.  One of the mutants, defective in the previously-unidentified Tla1 gene, exhibits decreases in both Photosystem II and Photosystem I light-harvesting chlorophyll antennae, and its photosynthetic reactions saturate at higher light intensities than those in the wild-type control [1].
Scientists are also addressing the electron transport, rate-limitation problem by inserting an artificial proton channel, which can be expected to dissipate the proton gradient, limit the rate of the Calvin cycle (when CO2 is present), and increase the rate of H2 production. The engineering of such an artificial proton channel will provide the additional pathway for proton extrusion from the chloroplast lumen [2].

Challenges:  

While the above will ensure that the Benson-Calvin cycle is limited, an additional research goal would be to control the availability of photosynthetic reductant to maximize H2 production while at the same time ensure the viability of the organism.  To do this, detailed understanding of the interactions between ferredoxin and hydrogenase and between ferredoxin and ferredoxin-NADP-oxidoreductase will have to be developed at the molecular level.  Finally other as yet unidentified factors may also limit electron transport to hydrogenase under H2-producing conditions.

Areas where additional understanding will advance the potential for application:
· physiological, metabolic, and genetic factors that limit H2 production in key organisms must be identified and understood

· optimal light utilization limits maximal H2 production; strategies that further truncate the chlorophyll antenna size and actually demonstrate improved photosynthetic H2 production in the absence of photoinhibition must be examined

· steady-state electron transport to the [Fe]-hydrogenase in algae limits H2 photoproduction because of rate limitations associated with the build-up of a proton gradient across the thylakoid membrane in the chloroplast; ways to dissipate the proton gradient must be found to resolve this challenge 

· to increase productivity, algal cells must be maintained in a healthy, active state during H2 production for a longer period of time; partitioning of photosynthetic reductant between CO2 fixation and H2 production must be understood (cellular functions must be maintained in the absence of growth to enable stable H2 production)

· inexpensive, efficient new ways to separate H2 and O2 must be found to support the development of future applied systems

III.  Hydrogenases—diversity, structure-function, and oxygen sensitivity.

Scope of the problem:  The ultimate goal is a biohydrogen-producing system that functions at the maximum rate of photosynthesis in the presence of atmospheric levels of O2.  We know of relatively few organisms that produce H2, and most of them have been in culture collections for long periods of time.  Thus we run the risk of overemphasizing systems that we already know.  By discovering and characterizing many additional natural organisms and hydrogenases, especially from new and extreme environments or from genetically distant organisms (see Section I.), we can conceivably find organisms and/or hydrogenases that are better suited for maximum H2 production. With knowledge about structure-function relationships in these new systems, either (a) existing enzymes can be engineered to be more productive, more robust, and less sensitive to O2 at the transcriptional, assembly, and enzyme levels or (b) newly identified organisms and/or enzymes can be adapted for use in H2-producing systems.

Once a hydrogenase from a new organism is discovered, there will be a need for basic characterization of the enzyme (e.g., activity-stability) and an understanding of how (or if) it is inactivated by O2 (e.g., by oxygenation or just by redox changes). The development of accurate structures for these proteins at the molecular level, ideally using X-ray crystallography, NMR, or X-ray spectroscopy, will be most important for gaining insights into structure-function relationships.

Current understanding of the science:

Structure-function issues are currently being addressed to improve our understanding of the biochemistry and biophysics of hydrogenases.  Some initial progress has been made in understanding the structural basis for the extreme O2-sensitivity of the enzyme and what parts of the enzyme are essential for activity [3]. However, issues including the essential properties of metal centers, the structural properties of the enzyme that are associated with high turnover rates, and the delivery of electrons from natural donor(s) to hydrogenase(s) (i.e., protein docking and influencing the rate of electron transfer by optimizing interactions with donor species) are just beginning to be examined.

Site-directed mutagenesis of the cloned hydrogenase genes, followed by screening for O2-tolerant mutants is just starting to produce successful results.  This approach is being complemented by protein modeling studies of the algal hydrogenases based on the known X-ray structure of the similar Clostridium pasteurianum Fe-hydrogenase [4].  Initial results support the hypothesis that the O2 tolerance of the enzyme can be improved by preventing the access of O2 gas to the catalytic site of the enzyme.  Other techniques such as error-prone PCR, random mutagenesis and-or gene shuffling of hydrogenase genes from a variety of sources also need to be examined.

The CO-linked hydrogenase, found in several photosynthetic bacteria, exhibits a unique tolerance to O2 and also highly favors electron transport towards H2 production [5].  More detailed biochemical information and an X-ray crystal structure of the enzyme would help to reveal structure-function relationships that might serve as a template for modifying other hydrogenases or designing biomimetic systems.  The CO-linked hydrogenase might also be inserted into an oxygenic photosynthetic organism.  In summary, with the exception of the CO-linked and H2-sensing (NiFe and not Fe) hydrogenases, most known hydrogenases are very sensitive to O2. A variety of techniques in molecular biology and biochemistry should be exploited to find unique solutions to the problem.

Challenges:
Currently, hydrogen production by algal systems is not practical because the efficiency of light utilization is very low, rates of H2 production are not optimal, production systems do not operate for long periods of time, and the costs of the H2 are not competitive with H2 produced with fossil fuels.  In order to address the current problems, improved understanding of the molecular biology, biochemistry, structure, and function of hydrogenases will be needed.  

Areas where additional understanding will advance the potential for application:
· X-ray crystal structures of additional hydrogenases (e.g., algal hydrogenases and the bacterial CO-linked hydrogenase) must be solved; this information is needed to validate knowledge-based mutagenesis approaches to generate new O2-tolerant mutants and to serve as the basis for additional mutagenesis approaches

· multiple hydrogenases are being discovered in individual organisms; there is a need to obtain more detailed biochemical and genetic information about the physiological roles of these hydrogenases and to determine the specific involvements of each hydrogenase in photosynthetic H2 photoproduction

· it is likely that many genes are turned on and off when H2-prodution conditions are imposed on organism; a better understanding of the regulatory processes that control gene expression prior to and during H2 production will support significant improvements in the H2 production process development

· as new H2-producing enzymes are discovered in Nature, it will be essential to characterize them physiologically, biochemically, and genetically to identify better enzymes, pathways and processes

IV.  Photobioreactors.
Scope of the problem:  Once an organism that incorporates advances in photosynthetic efficiency (optimal light delivery and electron transport efficiency) and H2-evolving enzyme properties (O2 tolerance) is generated, the challenge will become how to package the organism(s) into a system that will produce H2 on a cost-effective basis.  A number of research photobioreactors have been developed to address this issue, but none are suitable as yet for wide-scale application.  Things that will have to be examined will include the specific organism that will be used and its particular culture requirements, since the process will be based on the biology of the organism.

Current understanding of the science:

Most of the studies thus far have been done using suspension cultures of photosynthetic organisms and a number of different types of photobioreactors are available at the laboratory scale [6].  These are as simple as Roux-type bottles and as complex as helical photobioreactors.  Outdoor systems for the growth of phototrophic microbes have included ponds, raceways, rigid and flexible plastic tubes, glass tubes, flat plate reactors, and hanging plastic bags. There are also a few reports of immobilized cultures that produce H2.

Challenges:
Depending on the exact H2-production process, part or all of the culture suspension will have to be enclosed. Thus, photobioreactors will require containment to collect the H2 and to protect the organisms from contamination and competition.  Novel materials that are transparent, H2- and O2-impermeable, durable, light, sealable, and low cost ($10/m2 or less) will have to be identified.  In applications where H2 and O2 are produced simultaneously, safety issues (the flammability range of H2 is 4-75% in air and the explosive limits are 18.3-59% in air) and gas separation will have to be examined.  Another issue will be scale-up.  For example, will mutant organisms perform as well at larger-scale outdoors as at small-scale in the laboratory? Also, if contaminated, will the mutants be able to compete with wild-type organisms?

 Areas where additional understanding will advance the potential for application:

· photobioreactors can be configured to use suspension cultures or immobilized cells; a greater understanding of advantages of each will benefit the development of future H2 production systems

· low-cost systems that maintain optimal culture conditions will have to be conceived and engineered; this will include an understanding of the required culture conditions (e.g., water quality, mixing, temperature, pH, salt content, recycling of nutrients, by-product production), which may depend of the photobioreactor configuration

· containment issues, including H2 collection and minimization of contaminating organisms will have to be examined; approaches to address these challenges may include the need to employ unique organisms and/or provide unique cultural conditions (e.g., high temperature or high salt) that minimize disease problems and competition from “weed” organisms

· new types of photobioreactors that use inexpensive optical systems to deliver light at the optimal low intensity throughout the bioreactor to maximize H2 output should be examined

· toxic and/or waste products that may build up in the bioreactor during extended use must be identified, approaches to deal with these potential problems must be found and uses for excess cell mass produced during the H2-production process must be identified

· proof-of-concept, outdoor systems that are exposed to full sunlight will have to be examined to identify any problems that may not appear in a laboratory environment
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Three Critical Areas were Identified:

I.  Biomimetic Catalysts for Photochemical Water Oxidation and Hydrogen Production.
Scope of the problem:  The future of practical systems for solar energy conversion and storage depends critically on understanding the fundamental principles that determine how molecular systems carry out photochemical charge separation, transport, and storage. Although natural photosynthesis serves as a useful model for designing these systems, we need to go beyond that model to synthesize photoconversion molecules and assemblies that take advantage of the properties of new, robust chromophores, donors, and acceptors.  It should also be possible to use self-assembly strategies to prepare mesoscale photo-functional molecular architectures.

Artificial photosynthesis for hydrogen production from sunlight and water by direct photochemistry in synthetic complexes is one way to produce hydrogen (or other fuels) from solar energy and water. This is a recently emerging field and the use of artificial photosynthesis for fuel production has never been demonstrated in man-made molecular systems. The goal is consequently longer-term, but there exist no scientific reasons that would prevent it from being accomplished in the foreseeable future. The idea is to design and synthesize entirely man-made compounds able to harvest solar energy and to use it to produce hydrogen from water.  The approach is to adopt a so-called biomimetic strategy based on principles learned from the study of natural photosynthesis and hydrogenase enzymes.
The production of hydrogen or other fuels using artificial photosynthesis requires a source of reducing equivalents.  In oxygenic photosynthetic organisms, water is the source of the reducing equivalents needed for carbon fixation.  Because water is readily available, oxygenic photosynthetic organisms predominate in the biosphere.  While it is highly attractive to use water as the source of reducing equivalents for artificial photosynthesis, there are currently no efficient artificial water-oxidation catalysts.  A catalyst must be developed that can operate at the very high redox potential needed for the water-oxidation reaction, perform a four-electron reaction so as to maximize the energetic efficiency, avoid production of reactive intermediates such as hydroxyl radicals, and mediate proton-coupled redox reactions.

Current understanding of the science:  

Splitting water into protons​ and oxygen is energetically demanding and chemically difficult.  The manganese-containing, water-splitting catalytic site in photosystem II (PSII) performs this reaction at close to the thermodynamically limiting efficiency (<0.2 V over-voltage), at a high turnover rate (~103 s-1), under mild external, yet low effective internal pH conditions.  At this writing there are only two known homogeneous water-oxidation catalysts, the first is a binuclear Ru-bipyridine complex [7], while the second is a binuclear Mn-terpyridine complex [8].  

The biomimetic chemistry involved in the reduction of protons to hydrogen is an undeveloped field.  Molecules capable of forming hydrogen under strongly reducing conditions have been made.  However, efficient hydrogenase enzymes also catalyze reactions where protons are reduced to molecular hydrogen using electrons from various substrates.  For example, there are three known types of hydrogenases:  Fe-centered, Fe-Ni-centered, and metal-free.  To date, however, there are no catalytic models for any of these enzymes.

Challenges:  

· research in biomimetic chemistry has progressed to the point that emphasis must now be placed on catalytic rather than light-capture or charge-separation processes 

· structures of the natural water-splitting catalytic site in photosynthesis and the active sites of natural hydrogenases (in particular, those that are oxygen-insensitive) as well as the mechanisms involved in function must be understood in sufficient detail so that this knowledge can be translated into the design and development of efficient, robust biomimetic catalysts

· light-driven machinery must be integrated into systems that can carry out catalytic H2 and O2 production

· a modular approach, based on biomimetic photovoltaics, may have to be developed for the direct anodic catalytic oxidation of water and reduction of protons to hydrogen
II.  Functional Interfaces Between Electrode Materials and Light-driven Catalytic Water Oxidation and Hydrogen-Production Components.
Scope of the problem:  Investigations into natural light-activated electron transfer proteins reveal empirical engineering guidelines based on fundamental principles of energy and electron transfer theory that can be applied to the reproduction of natural activity and function using synthesis and self-assembly.  A wide range of donor-acceptor molecules have been produced over the past 20 years that mimic the multi-step charge separation scheme of natural photosynthesis reasonably well.  In some cases these artificial reaction centers have been coupled to artificial antenna arrays to increase the cross section for absorption of solar energy.  Far less work has been done on how the charge separation created by these systems can be coupled to electrodes or to practical chemical systems for energy storage.  Very little work has focused on the interfacial chemistry necessary to produce workable solid-state devices analogous to common silicon-based solar cells.
Current understanding of the science:  
Attachment chemistries for producing electrode-protein-lipid constructs are a well-developed art.  But their application to redox proteins has been successful with only the simplest proteins, and with only modest success with larger protein complexes.  On the other hand, there are many chemical methods to attach small molecules to diverse surfaces such as metal oxides and gold using a variety of molecular spacer structures.  The availability of these methods makes it possible to chemically attach more complex biomimetic assemblies to surfaces; however, the understanding of the electronic nature of these spacers and how they promote charge transfer between the surface and molecular assembly is in its infancy.  There are also many molecular recognition strategies that are used to self-assemble complex molecules on surfaces.  However, biomimetic systems with sufficient complexity to carry out photocatalytic production of hydrogen and water splitting have not been explored.

Challenges:  

· strategies for the assembly of synthetic photochemical and catalytic units that have rapid electronic communication with the “outside world” must be developed and optimized

· linkage and self-assembly strategies will have to be configured to impart the degree of order needed for efficient function of appropriate catalytic systems 

· methods for direct characterization of catalyst structures and the mechanisms of their function on surfaces must be developed

· self-repair mechanisms must be explored in order to stabilize functionalized surfaces

III.  Biomimetic Nanostructures to Separate the Catalytic Functions of Water Oxidation and Hydrogen Production.
Scope of the problem:  The presence of oxygen at the catalytic site for hydrogen production inactivates the currently known catalysts.  Moreover, it is likely that hydrogen will also react with the catalytic site for water oxidation.  Biomimetic nanostructures are required to spatially separate the catalytic centers for production of hydrogen and oxygen.  Ways to achieve this goal include building nanostructured surfaces that isolate key catalytic components, preparing biomimetic protein analogues that serve to encapsulate the individual photochemical and catalytic systems, and developing multi-layered functional structures that achieve three-dimensional spatial separation.  

Current understanding of the science:  
Natural structures have evolved to spatially separate and compartmentalize reducing and oxidizing species on a 4-10 nanometer length scale.  In photosynthetic systems, this includes the use of a membrane to separate charge and molecular products.  Enzyme active sites are designed for high specificity and are often protected by the surrounding protein to prevent side reactions.  The nature of the electronic coupling of the sites linked by chains of redox cofactors is reasonably well understood.  There is a good working knowledge of the construction of chemically integrated redox cofactor chains as well as self-assembled model proteins.  However, further integration of photochemical systems, electron transfer chains, and compartmentalized catalytic systems has yet to be accomplished.  

Challenges:  

· integrated nanoscale constructs, which may include biomimetic protein analogues, must be designed, prepared, and characterized to isolate and compartmentalize photochemical water oxidation and H2 production functions

· electron and proton flow between catalytic compartments will be required in working biomimetic systems, and multilayer systems to connect these compartments in 3 dimensions must be developed 

· nanoscale functional catalytic units must be extended into the 100 nm – 1 m mesoscale

· strategies to efficiently harvest H2 and exclude oxidative by-products must be examined and practical technologies developed.

Other Issues Addressed by Both Sub-Groups

Facilities/Infrastructure/Partnerships

The success of a project designed to produce a functional photo-driven source of hydrogen requires many different types of expertise.  It is essential that such a project be organized in a fashion that promotes strong communication among the investigators who are synthesizing and characterizing the many required components.  This is not a task that can be accomplished by a disconnected group of individual projects funded at a low level.  A team approach is critical to success.  The team needs to have a broad spectrum of individuals who can integrate their efforts toward the common goal of a practical H2- production system.  This team must establish frequent formalized methods of communicating important results that bear on the collective success of the team.  The level of funding for the team must on an individual project basis, go beyond typical single-investigator grant funding.  For instance, approximately $200-250K per investigator per year over a five-year period is essential.  The team should consist optimally of somewhere between 10-20 individual research groups in each area (biological and biomimetic).  Also, consideration must be given to the acquisition of shared equipment and facilities.  Integration of the scientific team members with analysis and engineering support will also be needed to address the feasibility or practicality of the processes that are identified scientifically.  Furthermore, at some point outdoor test facilities that can be used to quantitatively measure amounts of process energy required to recover the photosynthetically or biomimetically produced H2 will be required.  Such a test facility can be used to measure the energy recovered as H2 and track the energy that is used during each step of the production process.  Finally, we believe that the estimated number of participating groups is consistent with the core expertise currently available within the United States.  However, contact with other groups internationally and collaboration with foreign groups (such as those identified in Australia, France, Germany, Japan, Russia, and Sweden) should be encouraged and supported where there is benefit to accomplishing the goals identified in this document.
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