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Task 15

PHOTOBIOLOGICAL HYDROGEN PRODUCTION

Continuation/Extension, Years 4 and 5

1. Introduction

Biological hydrogen production, the production of H2 by microorganisms, has been an active field of basic and applied research for many years. Realization of practical processes for photobiological hydrogen production from water using solar energy would result in a major, novel source of sustainable and renewable energy, without greenhouse gas emissions or environmental pollution. The same is true for the fermentative production of hydrogen from organic matter which then acts as a reservoir of solar energy. However, development of such processes requires significant scientific and technological advances, and long-term (>10 yr) basic and applied R&D. Photobiological hydrogen production was a component of the prior Task 10 of the IEA Hydrogen Agreement, and has now evolved into the independent Task 15 with an extension of the research to include fermentative hydrogen production. This effort covers research areas and needs at the interface of basic and applied R&D which are of mutual interest to the countries and researchers participating in the IEA Hydrogen Agreement. Task 15 provides for the establishment of collaborative research projects among participating countries in a coordinated program. The overall objective is to sufficiently advance the basic and early-stage applied science in this area of research over the next five years to allow an evaluation of the potential of such a technology to be developed as a practical renewable energy source for the 21st Century.

Annex 15 was approved in May, 1999 with initially four committed, participating countries: Japan, Norway, Sweden & USA. Since then both Canada and the Netherlands have joined, and UK is in the final stage of joining Annex 15.

Annex 15 was originally planned as a five (three + two) years international collaboration ”The overall objective is to sufficiently advance the basic and early-stage applied science in this area of research over the next five years to allow an evaluation of the potential of such a technology to be developed as a practical renewable energy source for the 21st Century.”

The continuation/extension of Annex 15 after the first three years has been discussed. Both the initial countries (Japan, Norway, Sweden, and USA), countries which joined during the three years (Canada and the Netherlands) as well as those in a process (UK), or discussing (Hungary, Mexico and Portugal), of joining Annex 15 would like to both continue and to expand this most fruitful international collaboration. The Swedish Energy Agency is willing to sponsor an Operating Agent.

2. Objective

Annex 15 deals in the first place with "biophotolysis", i.e. the biological production of hydrogen from water or organic acids and sunlight using microalgal or bacterial photosynthesis. An earlier IEA Task 10 Report [1] concluded that, in theory, photobiological reactions could achieve close to a 10% solar energy conversion efficiency. The overall objective of Task 15 over the next five years is to advance the basic and early-stage applied science in this area. This will allow an evaluation of the potential of such a technology to become a renewable energy source for the 21st Century. Presently conceptual, the biophotolysis process to be developed under Task 15 has been subjected to a preliminary economic assessment, published by the IEA Hydrogen Agreement in 1998 [1]. This proposed process uses microalgae, either green algae or cyanobacteria, to fix CO2 into carbohydrates, which are used by the algae to generate H2 gas, first in the dark by fermentations and then in the light through photosynthesis-coupled reactions. The analysis published by the IEA [1] suggests that the goal of a 10% conversion efficiency, although ambitious, is potentially approachable in the long-term. The tentative Task 15 goal is to achieve a light conversion of 3% into hydrogen gas.

The fermentative production of hydrogen from organic matter using (hyper)thermophilic bacteria [2] is a new element in this Task. The objective here is to design a bioprocess for the conversion of organic matter in waste or side streams from communities or industries, or crops specifically grown for the production of energy, to hydrogen. A tentative estimate of the efficiency of conversion of biomass to hydrogen shows a number of 25% in terms of energy, which could be increased to 40% in the near future. This bioprocess consists of two fermentations: first a fermentation of mainly sugars to hydrogen and acetate with (hyper)thermophiles followed by a photoheterotrophic fermentation of acetate to hydrogen. In has been observed that near theoretical amounts of hydrogen from glucose or sucrose can be produced using (hyper)thermophilic bacteria. However, in some cases, under suboptimal growth conditions, lactate is the product instead of hydrogen and acetate.

3. Task Approach

The main objective is to develop hydrogen production by microalgae (both green algae and cyanobacteria) emphasizing on early-stage applied research on biophotolysis processes with intermediate CO2 fixation. This research will help to provide the advances required to achieve the practical efficiencies and cost goals of biological hydrogen production. The Task investigates, among others, microalgal hydrogen metabolism, both in the dark and in the light, as well as the mechanisms that would allow the photosynthetic processes and hydrogen evolution reactions to achieve their maximum possible efficiencies. In addition, subsidiary metabolic processes require investigation, such as the efficient accumulation of large amounts of carbohydrates, the regulation of the photosynthetic processes and the recycling of the algal cells after hydrogen evolution is completed. Complex underlying genetic mechanisms and biochemical pathways are involved in these physiological processes and require significant research efforts. Subtasks include:

Subtask A. Light-driven Hydrogen Production by Microalgae and Photosynthetic Bacteria.

Light-driven hydrogen evolution mediated by hydrogenase(s) and nitrogenases was discovered in green algae and photosynthetic bacteria over fifty years ago, and subjected to extensive investigations over the ensuing decades. However, there are still many fundamental and applied issues that must be addressed before these type of reactions can be considered for practical applications:

o The electron transport pathways coupling stored products with hydrogenase or nitrogenase activity and involvement of the photosynthetic system(s), directly (through light-driven electron transport) or/and indirectly (through metabolic energy generation).

o The activation of pre-existing and biosynthesis of new hydrogenase enzymes, their regulation and genetics, in selected microalgae.

o The down-regulation of the oxygen-evolving component of the photosynthetic process, to avoid oxygen production and concomitant inhibition of hydrogenase function during the light-driven hydrogen production phase.

These objectives requires a fundamental understanding of the genetics, biochemistry and physiology of hydrogenase and nitrogenase functions, including the metabolism and factors affecting growth of microalgae and photosynthetic bacteria. This research will require the application of modern and advanced tools of molecular biotechnology and microbial physiology, techniques already available at leading laboratories in the participating countries.

Subtask B. Maximizing Photosynthetic Efficiencies.

Photosynthesis can achieve relatively high solar conversion efficiencies, but only at low light intensity. At full sunlight, efficiencies drastically decline. The reason is the large amounts of so-called light-harvesting pigments, which capture more photons at full sunlight than the photosynthetic apparatus can actually handle. These excess photons are thus wasted, with their energy released as heat or fluorescence, even causing damage to the photosynthetic apparatus. Reducing antenna sizes is a method for increasing photosynthetic efficiencies, and this is a central R&D need in photobiological hydrogen production. Specific activities within this subtask are to:

o Develop green algae and photosynthetic bacteria strains with considerable reduced light-gathering pigment contents in both photosystems using molecular genetic techniques.

o Demonstrate that such organisms can be used in CO2 fixation, carbohydrate storage and H2 production with greatly enhanced overall conversion efficiencies at high light intensities.

o Use photosynthetic bacteria as laboratory model systems to demonstrate increased photosynthetic efficiencies in pigment-reduced mutants of single photosystem microbes.

Subtask C. Hydrogen Fermentations.

After accumulation of carbohydrates, and activation of their inducible hydrogenase, a fermentation process is initiated in which storage carbohydrates are converted to hydrogen and a number of fermentation products, including acetate, glycerol, and other excreted substrates. Such fermentations have been reported in both green algae and cyanobacteria, but require further study. At present, typical hydrogen yields from storage carbohydrates in the algae are less than 10%, based on a stoichiometry of 12 H2/mole glucose. A goal of a 30% yield or higher is required and could be achieved through application of the modern methods of metabolic engineering to redirect metabolic reactions. Specific activities include:

o Investigate yields of anaerobic fermentations as a function of both genetic and environmental factors when using different green algae, cyanobacteria and photosynthetic bacteria.

o Carry out fundamental research using model systems such as Escherichia coli, and apply the tools of metabolic engineering to demonstrate improved H2 production from glucose and waste waters in relevant systems.

o Apply the techniques developed in the fermentative studies to photosynthetic bacteria, cyanobacteria and green algae and study the utilization of excreted metabolites (e.g. acetic acid) in hydrogen production (both in the dark and in the light-driven hydrogen production stage).

A new element within this Subtask is hydrogen fermentation of sugars by (hyper)thermophiles. Little knowledge has been obtained yet concerning this subject. At present, hydrogen yields from sugars are about 70-80%, based on a stoichiometry of 4 H2/mole glucose [2]. This yield is substantially higher than observed with hydrogen producing mesophiles (hydrogen yields: 25-50%). Still a lot of research has to be carried out:

o Determine the best performing (hyper)thermophiles for producing hydrogen; important properties are: high tolerance for hydrogen and acetate; high production rates; ability to degrade many (polymeric) sugars, especially (hemi)celluloses.

o Finding optimal conditions for the fermentation process, such as required compounds, temperature: pH-tolerance, salt concentration..

o Investigate both physiologically and genetically how hydrogen production is regulated.

o A comparative study on the best performance: monoculture versus consortia, suspended versus immobilized cultures.

Subtask D. Improve Photobioreactor Systems for Hydrogen Production.

A major objective of applied R&D in photobiological hydrogen production has been the development of suitable photobioreactor systems. Development of such systems will serve as an intermediate step in the scale-up of hydrogen production from the laboratory scale to the commercial sector. A large number of different concepts and designs have been proposed and tested. However, there is a lack of engineering research for practical devices. As part of this international collaboration, R&D in photobioreactor engineering and operations is included under Subtask D:

o Development of mathematical models for photobioreactors adapted to hydrogen production, including biomass growth, hydrogen production, light supply, mass transfer, hydrodynamics, and heat balance calculations.

o Comparative evaluations of alternative photobioreactor designs, including side-by-side comparisons and testing/optimizing for biological hydrogen production.

o Experiments in pilot plants for determination of the H2 production capacity.
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* * * * * * * *

Comments to the above Outlined Work Programme:

a) It is based on the original Work Programme, with an extension of the research to include fermentative hydrogen production, updated and expanded through discussions at the ExpertMeetings and by the countries joining Annex 15.

b) Progress during the first three years will be reported and discussed at Biohydrogen 2002 (April 21-24, 2002), subsequently published in a special issue of International Journal of Hydrogen Energy (Elsevier) and in the form of a hardbound copy distributed to all participants of Biohydrogen 2002.

c) Subtask Leaders will be decided at the next ExpertsMeeting (April 22, 2002).
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