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Photobiological Production of Hydrogen “Annex 15” of the IEA 

Hydrogen Program 

 
1. Summary 
 
Annex 15 (Task 15), Photobiological Production of Hydrogen, has been an internationally 
collaborative research effort conducted over 5 years under the guidance and coordination of the 
International Energy Agency (IEA) Hydrogen Implementing Agreement (HIA).   
 
Biological hydrogen production, the production of H2 by microorganisms, has been an active 
field of basic and applied research for over two decades. Realization of practical processes for 
photobiological hydrogen production from water using solar energy would result in a major, 
novel biological source of sustainable and renewable energy, without greenhouse gas emissions 
or environmental pollution. However, development of such practical processes requires 
significant scientific and technological advances, and relatively long-term (>10 yr) basic and 
applied R&D.  
 
Task 15 of the IEA Agreement on the Production and Utilisation of Hydrogen dealt specifically 
with "biophotolysis", i.e. the biological production of hydrogen from water and sunlight using 
microalgal photosynthesis. The overall objective of Task 15 over five years was to advance the 
basic and early-stage applied science in this area with the main objective to develop hydrogen 
production by microalgae (both green algae and cyanobacteria) emphasizing on early-stage 
applied research on biophotolysis processes with intermediate CO2 fixation. 
 
Task 15 was approved at the ExCom meeting in May 1999, started officially July 1, 1999, and 
was originally scheduled for five years (3 + 2 years; years four and five confirmed at the ExCom 
meeting in March 2002). Task 15 ended with the last ExpertsMeeting held in June-July 2004 in 
Japan. 
 
The participants in Task 15 were Canada (years 3-5), Japan, Norway, Sweden, The Netherlands 
(years 3-5), UK (years 4-5), and The United States. In addition, specific observers from Hungary 
and Portugal frequently particiated in the meetings and many other scientists were directly 
involved in the more open scientific activities (e.g. BioHydrogen 2002 and BioHydrogen 2004). 
During the period, 1999-2004, Annex 15 arranged 10 highly successful, specific ExpertsMeetings. 
 
The work in Task 15 was divided into four Subtasks; (A) Light-driven Hydrogen Production by 
Microalgae; (B) Maximizing Photosynthetic Efficiencies; (C) Hydrogen Fermentations; and (D); 
Improve Photobioreactor Systems for Hydrogen Production. 
 
Major acheivements are: (1)  A novel sustainable photobiological production of molecular 
hydrogen upon a reversible inactivation of the oxygen evolution in the green alga 
Chlamydomonas reinhardtii (Subtask A), (2) Identification of accessory genes and gene products 
necessary for the photoproduction of H2 in Chlamydomonas reinhardtii (Subtask A), (3) 
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Identification and characterization of tla1, a novel gene involved in the regulation of the Chl 
antenna size in photosynthesis in C. reinhardtii (Subtask B), (4) The generation of 11.6 mol of H2 
per mol of glucose-6-phosphate using enzymes of the oxidative pentose phosphate cycle coupled 
to a hydrogenase purified from Pyrococcus furiosus (Subtask C), and (5) The establishment of 
both smaller and larger Photobioreactors (Subtask D). 
 
In addition, several specific scientific exchanges occurred within Annex 15 and numerous 
scientific publications were published within the framework of Photobiological hydrogen 
production. 
 
 
2. Introduction  
 
Since its inception in 1974 following the first oil crisis, the International Energy Agency 
(IEA) has operated as an autonomous body within the framework of the Organisation for 
Economic Cooperation and Development (OECD). The purpose of the IEA is to bring 
together a broad range of experts in specific technology areas to address energy-related 
challenges in a collaborative manner with a longer-term global view, and to share the 
resulting benefits. 
 
The hydrogen program, known as the Hydrogen Implementing Agreement (HIA), of the IEA 
was established in 1977. This was one of many international IEA energy cooperation 
programs, which were grouped into fossil fuels, renewable energies (including hydrogen), 
efficient energy end-use and fusion power. The HIA itself specifically set out to advance 
hydrogen production, storage and end-use technologies, and to accelerate hydrogen’s 
acceptance and widespread utilisation. 
 
The HIA can look back to an impressive portfolio of fundamental work conducted since 
1977. As illustrated in Table 1, the HIA has been undertaking collaborative, precommercial 
Research, Development and Demonstration (RD&D) programs through twenty two 
specific Annexes (or Tasks). 
 
 
 
Table 1: List of current and completed Annexes (or Tasks) by the IEA-HIA. 
 
Past and Present IEA-HIA Annexes  
 
Annex-1 Thermochemical Production, 1977 – 1988 
Annex-2 High-Temperature Reactors, 1977 – 1979 
Annex-3 Assessment of Potential Future Markets, 1977 – 1980 
Annex-4 Electrolytic Production, 1979 – 1988 
Annex-5 Solid-Oxide Water Electrolysis, 1979 – 1983 
Annex-6 Photocatalytic Water Electrolysis, 1979 – 1988 
Annex-7 Storage, Conversion and Safety, 1983 – 1992 
Annex-8 Technical and Economic Assessment of Hydrogen, 1986 – 1990 
Annex-9 Hydrogen Production, 1988 – 1993 
Annex-10 Photoproduction of Hydrogen, 1995 – 1998 
Annex-11 Integrated Systems, 1995 – 1998 
Annex-12 Metal Hydrides for Hydrogen Storage, 1995 – 2000 
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Annex-13 Design and Optimisation of Integrated Systems, 1999 – 2001 
Annex 15 Photoelectrolytic Production of Hydrogen, 1999 – 2004 
Annex 15 Photobiological Production of Hydrogen, 1999 – 2004 
Annex-16 Hydrogen from Carbon-Containing Materials, 2002 – 2004 
Annex-17 Solid and Liquid State Hydrogen Storage Materials, 2001 – 2005 
Annex-18 Integrated Systems Evaluations, 2004 – 2006 
Annex-19 Hydrogen Safety, 2004-2009 
Annex-20 Hydrogen from Waterphotolysis, 2004-2009 
Annex-21 Biohydrogen, 2005-2008 
Annex-22 Fundamental and Applied Hydrogen Storage Materials Development, 2006-2009 
Annex-23 Small-Scale Reformers for On-site Hydrogen Supply, 2006-2009 
Annex-24 Wind Energy and Hydrogen Integration, 2006-2009 
Annex-25 High Temperature Production of Hydrogen, 2006-2009 

 
 
Since 1995, the IEA-HIA pioneered the joint scientific investigation of direct, biological solar-to-
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iological hydrogen production, the production of H2 by microorganisms, has been an active 
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hotobiological hydrogen production was a component of the prior Task 10 of the IEA Hydrogen 
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ask 15 dealt specifically with "biophotolysis", i.e. the biological production of hydrogen from 
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10% conversion efficiency, although ambitious, is potentially approachable in the long-term. 

hydrogen production routes based on fundamental research efforts in biophotolysis of water in 
Annex-10 followed by Annex 15. Collaborative, pre-commercial RD&D in biological based sol
hydrogen continues to be of core interest tothe IEA-HIA program (see e.g. Annex-21). 
 
 
3
 
3
 
B
field of basic and applied research for over two decades, with significant applied R&D program
supported in Europe, Japan and the USA. Realization of practical processes for photobiological 
hydrogen production from water using solar energy would result in a major, novel biological 
source of sustainable and renewable energy, without greenhouse gas emissions or environmen
pollution. However, development of such practical processes requires significant scientific and 
technological advances, and relatively long-term (>10 yr) basic and applied R&D. 
 
P
Agreement, and evolved into the independent Task 15. This effort covered research areas and 
needs at the interface of basic and applied R&D which were of mutual interest to the countries
and researchers participating in the IEA Hydrogen Agreement. Task 15 provided for the 
establishment of collaborative research projects among participating countries in a coordi
program. 
 
T
water and sunlight using microalgal photosynthesis. An earlier IEA-HIA Task 10 Report 
[Benemann 1998] concluded that, in theory, photobiological reactions could achieve close
10% solar energy conversion efficiency. The overall objective of Task 15 over five years was to
advance the basic and early-stage applied science in this area. This process uses microalgae, 
either green algae or cyanobacteria, to fix CO2 into carbohydrates, which are used by the alga
generate H2 gas, first in the dark by fermentations and then in the light through photosynthesis-
coupled reactions. The analysis earlier published by the IEA-HIA suggested that the goal of a 
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Task 15 was approved at the ExCom meeting in May 1999, started officially July 1, 1999, and 

as originally scheduled for five years (3 + 2 years; years four and five were confirmed at the 
 

jective of Task 15 was to develop hydrogen production by microalgae (both green 
lgae and cyanobacteria) emphasizing on early-stage applied research on biophotolysis processes 
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Participation 

 Task 15 were Canada (years 3-5), Japan, Norway, Sweden, The Netherlands 
ears 3-5), UK (years 4-5), and The United States. In addition, specific observers from Hungary 

apan: National Institute of Advanced Industrial Science and Technology (AIST) 
Research (NIVA) 

ds (ECN) 
 Heriot-Watt University (W-WU) 

EL) 

ombined level of efforts invested by the seven participating research groups over 
e 5-year duration of Annex 15 amounted to an equivalent of approximetaly 25 “man-years”. 

. Program of Work 

sary flexibility in the conduct of fundamental R&D work, Annex 15 has 

w
ExCom meeting in March 2002). Task 15 ended with the last ExpertsMeeting held in June-July
2004 in Japan. 
 
3.2. Goals  
 
The main ob
a
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 
investigated microalgal hydrogen metabolism, both in the dark and in the light, as well as th
mechanisms that would allow the photosynthetic processes and hydrogen evolution reactions t
achieve their maximum possible efficiencies. In addition, subsidiary metabolic processes requ
investigations, 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 pathw
involved in these physiological processes and were important parts of the research efforts of T
15. 
 
3.3. 
 
The participants in
(y
and Portugal frequently particiated in the meetings and many other scientists were direcly 
involved in the more open scientific activities (e.g. BioHydrogen 2002 and BioHydrogen 2004). 
 
The following research groups were officialy active in Annex 15: 
 
Canada: Université de Montréal (UM) 
J
Norway: Norwegian Institute for Water 
Sweden: Uppsala University (UpU) 
The Netherlands: Energy Research Centre of the Netherlan
UK: University of Glamorgan (UG) &
The United States: The National Renewable Energy Laboratories (NR
 
3.4. Efforts  
 
Overall, the c
th
 
 
4
 
Allowing for the neces
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set out in July 1999 with the following objectives, task approach and subtask work program. 

ive of Task 15 was to develop hydrogen production by microalgae (both green 
lgae and cyanobacteria) emphasizing on early-stage applied research on biophotolysis processes 

e 
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ired 

ays are 
ask 

Approach  

k 15 was divided into four Subtasks; (A) Light-driven Hydrogen Production by 
icroalgae; (B) Maximizing Photosynthetic Efficiencies; (C) Hydrogen Fermentations; and (D); 

 
4.1. Objectives 
 
The main object
a
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 
investigated microalgal hydrogen metabolism, both in the dark and in the light, as well as th
mechanisms that would allow the photosynthetic processes and hydrogen evolution reactions t
achieve their maximum possible efficiencies. In addition, subsidiary metabolic processes requ
investigations, 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 pathw
involved in these physiological processes and were important parts of the research efforts of T
15. 
 
4.2. 
 
The work in Tas
M
Improve Photobioreactor Systems for Hydrogen Production. 
 
4.3. Subtasks  
 
Subtask A: Light-driven Hydrogen Production by Microalgae 

as discovered in green algae over 
fty years ago, and subjected to extensive investigations over the following decades. However, 

ucts with hydrogenase activity and 
volvement of the photosynthetic system(s), directly (through light-driven electron transport) 

ydrogenase enzymes, their regulation 
nd genetics, in selected microalgae. 

evolving component of the photosynthetic process, to avoid 
xygen production and concomitant inhibition of hydrogenase function during the light-driven 

ndamental understanding of the genetics, biochemistry and 
hysiology of hydrogenase functions, including the metabolism and factors affecting growth of 

cular 

 
Light-driven hydrogen evolution mediated by hydrogenase(s) w
fi
there are still many fundamental and applied issues that must be addressed before this type of 
reaction can be considered for practical applications: 
 
- The electron transport pathways coupling stored prod
in
or/and indirectly (through metabolic energy generation). 
 
- The activation of pre-existing and biosynthesis of new h
a
 
- The down-regulation of the oxygen-
o
hydrogen production phase. 
 
These objectives require a fu
p
microalgae. This research requires the application of modern and advanced tools of mole
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biotechnology and microbial physiology, techniques already available at leading laboratories in
the participating countries. 
 

 

ubtask BS : Maximizing Photosynthetic Efficiencies 

hotosynthesis can achieve relatively high solar conversion efficiencies, but only at low light 
-

ith their 

btask 

Develop green algae and cyanobacteria with considerable reduced light-gathering pigment 

Demonstrate that such organisms can be used in CO2 fixation, carbohydrate storage and H2 

Use photosynthetic bacteria as laboratory model systems to demonstrate increased 
es. 

ubtask C

 
P
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, w
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 su
were to: 
 
- 
contents in both photosystems using molecular genetic techniques. 
 
- 
production with greatly enhanced overall conversion efficiencies at high light intensities. 
 
- 
photosynthetic efficiencies in pigment-reduced mutants of single photosystem microb
 
S : Hydrogen Fermentations 

fter accumulation of carbohydrates, and activation of their inducible hydrogenase, a 
gen and a 

an 

Investigate yields of anaerobic fermentations as a function of both genetic and environmental 

Carry out fundamental research using model systems such as Escherichia coli, and apply the 
 

Apply the techniques developed in the fermentative studies to photosynthetic bacteria, 
c acid) 

ubtask D

 
A
fermentation process is initiated in which storage carbohydrates are converted to hydro
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 th
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 included: 
 
- 
factors when using different green algae, cyanobacteria and photosynthetic bacteria. 
 
- 
tools of metabolic engineering to demonstrate improved H2 production from glucose and waste
waters in relevant systems. 
 
- 
cyanobacteria and green algae and study the utilization of excreted metabolites (e.g. aceti
in hydrogen production (both in the dark and in the light-driven hydrogen production stage). 
 
S : Improve Photobioreactor Systems for Hydrogen Production 
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A major objective of applied R&D in photobiological hydrogen production has been the 
e as an 

 and 

 

Development of mathematical models for photobioreactors adapted to hydrogen production, 

Development of methods for measurement of the major photobioreactor performance 
ght 

Comparative evaluations of alternative photobioreactor designs, including side-by-side 

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

. Achievements  

he following provides a brief overview of the main research that have been covered in a 
ne 

eneral progress within Annex 15 

he most important general of Annex 15 activity was held 2002

development of suitable photobioreactor systems. Development of such systems will serv
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
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 was included
under Subtask D: 
 
- 
including mass transfer, hydrodynamic, and heat balance calculations. 
 
- 
parameters, including hydraulic (dispersion coefficients), gas transfer coefficients, sunli
interception and H2 losses. 
 
- 
comparisons and testing for biological hydrogen production. 
 
- 
 
 
5
 
T
collaboratively manner by the seven research groups of Annex 15 over the past 5 years (Ju
1999 – July 2004). These efforts have not only been building on but did progress beyond the 
achievements of the previous Annex 10 (1995 – 1998) in a most significant manner. 
 
G
 
T  as the International conference 

s 

iohydrogen 2002 coincided with the end of the first 3 years of Annex 15 of the IEA Hydrogen 

ers) 

ller 
group but also spread to a much larger audiance. 

BioHydrogen 2002. The aims of Biohydrogen 2002 were to summarise the state-of-the-art of 
biological hydrogen production, evaluate current progress on early-stage applied science in thi
area of research and development, and to identify promising research directions for the future. 
 
B
Agreement. This most successful international conference, held under auspices of IEA Hydrogen 
Implementing Agreement Annex 15 Photobiological Hydrogen Production, and EU COST 8.41 
Biological and Biochemical Diversity of Hydrogen Metabolism in Ede, the Netherlands, April 21-
24, 2002, attracted about 150 scientists. In addition to a final announcement leaflet and a book of 
abstracts/program the financial contribution from the Hydrogen agreement and the countries 
participating in Annex 15 made it possible to publish the Proceedings (45 double refereed pap
as a Hardbound book of a Special Issue (2002, volume 27, # 11/12, November/December) of the 
International Journal of Hydrogen Energy (IJHE), see Figure 1. All participants of BioHydrogen 
2002 received a complementary hardbound copy of these proceedings. As a consequence, the 
scientific advancements within Annex 15 was not only presented and discussed within the sma
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Figure 1. Editorial, Biohydrogen 2002 International Journal of Hydrogen Energy (2002) 27: 
1123-1124 
 
During 2000 the scientific content of Annex 15 was presented and discussed at international 
conferences. The purpose of these presentations was to announce Annex 15, and its scientific 
content, to a larger audiance. 
 
- 10th Canadian Hydrogen Conference (Quebec; May 2000). 
 
Lindblad, P., Asada, Y., Benemann, J., Hallenbeck, P., Melis, A., Miyake, J., Seibert, M. and Skulberg, O. 2000.
Hydrogen Agreement, Task 15: Photobiological Hydrogen Production - An International Collaboration. Proceedi
10th Canadian Hydrogen Conference. Pages: 731-733. Editors: Bose, T.K and Benard, P. ISBN 0-9696869-5-1. 
 
- 13th World Hydrogen Energy Conference (Beijing; June 2000).  
 
Lindblad, P., Asada, Y., Benemann, J., Hallenbeck, P., Melis, A., Miyake, J., Seibert, M. and Skulberg, O. 2000.
Hydrogen Agreement, Task 15: Photobiological Hydrogen Production - An International Collaboration. Hydrogen
Energy Progress XIII. Volume 1: 56-59. Editors: Mao, Z.Q. and Veziroglu, T.N. 
 
- 4th Asia-Pacific Conference on Algal Biotechnology (HongKong; July 2000). 
 
During 2001

 IEA 
ngs 

 IEA 
 

 Annex 15 was presented and discussed at the 12th International Congress on 
Photosynthesis, Brisbane (Australia) August 18-23 (2001). 
 
In addition, a most wanted book, Biohydrogen II (PERGAMON Press, ISBN: 0-08-043947-0, 
284 pages), was published 2001 with contributions from leading international experts cover the 
breadth of Biohydrogen R&D, production to genetic engineering and molecular biology. This 
volume was designed to be an invaluable resource for researchers and other professionals who 
wish to obtain an overview of the present status of Biohydrogen R&D. 
 
Subtask specific progresses within Annex 15 
 
Subtask A: Light-driven Hydrogen Production by Microalgae 
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A most novel sustainable photobiological production of molecular hydrogen upon a reversible 
inactivation of the oxygen evolution in the green alga Chlamydomonas reinhardtii has been 
demonstrated (Melis et al 2000). In this organism, a two-stage H2 production method circum
the severe O2 sensitivity of the reversible hydrogenase by temporally separating photosynthetic O
evolution and carbon accumulation (stage 1) from the consumption of cellular metabolites and 
concomitant H2 production (stage 2). A transition from stage 1 to stage 2 is effected upon S 
deprivation of the culture, which reversibly inactivates photosystem II (PSII) and O2 evolution. 
Under these conditions, oxidative respiration by the cells in the light depleted O2 and causes 
anaerobiosis in the culture, which is necessary and sufficient for the induction of a reversible 
hydrogenase. Subsequently, sustained cellular H2 gas production is observed in the light but not in 
the dark, see also Figure 2. 

vents 
2 

 

 
 

igure 2F .  Outline of two-stage system for green algal based H -production. In the open stage 1, 2
 2, the 

 

g 
. 
 

ents and activity 
aturing polyacrylamide gels revealed functional 

the green algae carry out complete photosynthesis and fix CO2 whereas in the closed stage
cells, under anaerobic conditions, produce H2. 
 
A heterologous expression of a clostridial hydrogenase has been achieved in the cyanobacterium
Synechococcus PCC7942 (Asada et al 2000). The Clostridium pasteurianum hydrogenase I was 
expressed in Synechococcus PCC7942. The hydrogenase gene was cloned downstream of a stron
promoter, previously isolated from Synechococcus PCC7942, with a cat gene as a reporter gene
Expression of clostridial hydrogenase was confirmed by Western and Northern blot analyses in
oth Synechococcus and Escherichia coli, whereas in vivo/in vitro measuremb

staining of soluble proteins separated on non-den
xpression of the clostridial hydrogenase in the cyanobacterial cells only. e
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The present knowledge about cyanobacterial hydrogenases, and their potential as photobiological 
e 

ini 

t in 

tions 
a 

ified strains have been presented. E.g. a mutant with the gene 
ilar rates 

etition 

producers of molecular hydrogen, has been reviewed (Lindblad and Tamagnini 2000, 2001). Th
diversity of cyanobacterial hydrogenases was examined using a molecular approach (Tamagn
et al 2000). Filamentous strains from a broad range of sources were screened for the presence of 
hup (uptake hydrogenase), xisC (recombinase responsible for the rearrangement within hupL), and 
hox (bidirectional hydrogenase) genes. As expected, an uptake hydrogenase seems to be presen
all N2-fixing cyanobacteria. On the other hand, no evidence was found for the presence of a 
conventional bidirectional enzyme in several strains. The natural molecular variation of 
hydrogenases in cyanobacteria is a field to explore, both to understand the physiological func
of the respective enzymes, and to identify a genetic background to be used when constructing 
strain for photobiological H2 production in a bioreactor. Initial bioreactor experiments, using 
wildtyp and genetically mod
encoding the uptake hydrogenase inactivated evolves molecular hydrogen at at least sim
as sulfur deprived green algae, see Figure 3. Moreover, a method for examinig "real comp
experiments" between different strains, e.g. wildtype and a genetically modified mutant has been 
developed. 
 
 

 
 
Figure 3. Wild-type (B) and a genetically modified mutant lacking a functional uptake hydrogense 
(A) of the filamentous cyanobacterium Nostoc punctiforme. At the zero the cells were added to 
the H2-electrode and after 5 minutes the ligt (solar energy, arrow) was applied to the cells. Note 
the absence of H2 leaving in the culture (eventhogh it is producd, but immediately consumed) in 
the wildtype, and the instant production by the genetially modified cells. 
 
Maturation of [NiFe]-hydrogenases requires the action of several groups of accessory genes. 
Homologues of one group of these genes, the so called hyp genes, putatively encoding proteins 
participating in the formation of an active uptake hydrogenase in the filamentous, heterocyst-
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forming cyanobacterium Nostoc PCC 73102, have been identified and characterised (Hansel et al 
2001). 
 
In Norway, an operating test system to study the hydrogen production and screening of strains of 
green algae for suitable candidates for H2 production has been established. Experimental work 
with various strains has been performed to gain experience on the adaptation process necessary 
for trigging H2 evolution. For this purpose both sulphur deprivation and addition of reducing
agents have been applied to achieve sustained anaerobic conditions in illuminated culture
other experiments, evolution of H2 in the dark after degassing the cultures with nitrogen has been 
studied. The initial results indicate large variation in the response on sulphur deprivation, and 
hydrogen production has so far only been observed in strains that have previously been report
to produce hydrogen by photolysis, e.g. Chlamydomonas reinhardtii. Lower yields of H2 w
obtained from cultures of C. reinhardtii and Chlorella fusca, incubated in the dark. 
 
During 2002, a new algal H2 project concept was developed at Oak Ridge National Laboratory, 
USA (Lee/G

 
s. In 

ed 
ere 

reenbaum Lab (ORNL), Designer Alga for Efficient and Robust Production of 
ydrogen). This new project concept is based on a novel approach that we have recently invented 
r photobiological production of H  by water splitting (2001 ORNL Invention Disclosure ID 

 an 

ent. 
he genes encoding cyanobacterial hydrogenases, hupSL and hox genes, have been examined in 

us CBS induces a 
ater-gas shift or CO shift pathway according to the equation: CO + H2O ↔ CO2 + H2. This CO 

ore, 

examined (NREL). After screening a transposon-insertional mutant library, the molecular biology 

H
fo 2
0981).  In this approach, a “designer alga” for efficient and robust H2 production is created by 
genetic insertion of hydrogenase promoter–programmed polypeptide proton channels in 
photosynthetic thylakoid membranes. This designer alga can also be integrated with the benefits 
of an O2-tolerant hydrogenase that will be created by NREL (USA) and a smaller chlorophyll 
antenna size that will be created by UC Berkeley (see Subtask B).  
 
An algal system for the continuous photoproduction of bulk H2 gas from water was demonstrated 
at a laboratory scale, and projections of the cost of the H2 that is produced by this system was 
lowered significantly (NREL). In addition, a spectroscopic remote-sensing system has been 
developed to monitor the H2-production viability of an algal culture in the above system. Finally, 
the first ’engineered’ algal hydrogenase with enhanced tolerance to O2 inhibition was generated. 
With additional improvements, use of modified organisms might lead to the development of
aerobic hydrogen-producing system. 
 
In UK, work continued on a range of cyanobacteria for potential H2 production. The non-
heterocystous marine cyanobacterium Lyngbya majuscula was examined in 5 different 
geometries of 2-5 litre bioreactors to obtain additional biomass, with a near 20 fold improvem
T
12 environmental examples of filamentous non-heterocystous cyanobacteria. Work has been 
focused on Anabaena sphaerica and in addition to genetic/molecular information it has been 
grown successfully at scales of up to 25 litres.  
 
Upon exposure to CO, the photosynthetic bacterium Rubrivivax gelatinos
w
shift reaction occurs in darkness with an equilibrium constant greater than 105 at 30 °C, theref
is ideal for scale-up H2 production. In order to commercialize this process for prolonged H2 
production, two approaches to gain fundamental understanding of this reaction has been 
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approach resulted in the identification of two mutants unable to shift CO. Sequencing DNA 
flanking the transposon revealed three putative genes involved in the CO shift reaction; cooS 

ncoding CO dehydrogenase), cooF (encoding an iron-sulfur protein), and cooH (encoding an 

r 

e. 

 

dded along 
ith CCCP, it was concluded that CO shift reaction is coupled to a proton-translocating, 

-
CO, 

ell 
 

d 

 the aim to develop a 
iomolecular device to produce hydrogen gas from water by light energy.  The 

d 
 

sing molecular engineering of green algal hydrogenases and a goal to improve the O2 tolerance 
hardtii 

directed 

onoxide into additional hydrogen, the 
echanism of the biological water-gas shift pathway to optimize the CO shift process, and 

 

 

(e
evolving hydrogenase), all showing high level of homology (approximately 65% identical) with 
their respective counterparts in Rhodospirillum rubrum. Sequencing of a genomic library furthe
revealed neighboring genes with putative function in nickel insertion for CO dehydrogenase 
(cooC), and a hypB-like gene with a putative function in nickel processing for the hydrogenas
Work is underway to obtain more complete sequence of the genes encoding the CO shift 
pathway. Using a physiological approach, three lines of evidence supporting that CO shift 
reaction yields energy were obtained. Significant cell growth was observed when CO served as
the only carbon substrate in darkness, indirectly implying energy conservation during CO shift.  
Based on stimulatory effect of a proton ionophore CCCP on CO shift rate, its inhibition by an 
ATP synthase inhibitor DCCD, and the reversal of the inhibition when DCCD was a
w
chemiosmotic mechanism yielding energy. Direct ATP measurement using a luciferase/luciferin
based bioluminescence assay detected ATP formation when cell suspension was exposed to 
but not its argon gas control. This finding has significant implication in the economics of 
biological H2 production.  ATP generated during CO shift in darkness can be used to support c
division, which will produce new enzymes/proteins when existing ones are turned over thereby
prolonging H2 production from CO. Since light input is not required, bioreactor design an
operation is simplified resulted in an improved H2 economy. 
 
Seven research groups headed from Japan are working together with
b
complexes/proteins of photosystem I and II from the thermophilic cyanobacterium 
Synechococcus elongatus and purified hydrogenase from Thiocapsa roseopersicina are handle
to form the device by molecular engineering techniques such as Langmuir-Blodgett film. An
efficient electron transfer within the components and stable immobilization were also examined. 
During 2002 an international workshop was held (Kyoto; October 11 to 12, 2002) and initial 
reports were presented at BioHydrogen 2002. 
 
U
of native algal hydrogenases in order to photoproduce H2 under aerobic conditions C. rein
was transcribed with a DNA construct containing a hydrogenase gene, modified by site-
mutagenesis. The first successful transformant was recovered, and they exhibited an order of 
magnitude improvement in O2 tolerance as the result of a single amino acid change. 
 
In order to utilize unique photosynthetic bacteria to quantitatively shift, in darkness, a crude 
synthesis gas from biomass containing carbon m
m
thereby maximize H2 production, was examined. As a result, partial sequences of nine genes
responsible for CO oxidation, electron transport and H2 production in the CO shift process have 
been obtained. The CO shift reaction yields energy in darkness in the form of ATP, which can be 
used to support the dark CO shift bioreactor during long-term operation without solar input. 
 
Two major break-thoughs occurred during 2004 within this subtask; 
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(a) Accessory genes necessary for the photoproduction of H2 in Chlamydomonas reinhardtii have 
been identified by screening randomly insertted mutants unable to produce H2. One of the 
identified mutants, denoted hydEF-1, was incapable of assembling an active [Fe] hydrogenase. 
Although the hydEF-1 mutant transcribes both hydrogenase genes and accumulates full-length 
hydrogenase protein, H2 production activity is not observed. The HydEF protein contains two 
unique domains that are homologous to two distinct prokaryotic proteins, HydE and HydF, w
are found exclusively in organisms containing [Fe] hydrogenase. In the C. reinhardtii genome, 
the HydEF gene is adjacent to another hydrogenase-related gene, HydG. All organisms wi
hydrogenase and sequenced genomes contain homologues of HydE, HydF, and HydG, whi
prior to the published study (Posewitz et al 2004a), were of unknown function. Within several 
prokaryotic genomes HydE, HydF, and HydG are found in putative operons with [Fe] 
hydrogenase structural genes. Both HydE and HydG belong to the emerging radical S-
adenosylmethionine (commonly designated "Radical SAM") superfamily of proteins. They 
demonstrated that HydEF and HydG function in the assembly of [Fe] hydrogenase. North
analysis indicated that mRNA transcripts for both the HydEF gene and the HydG gene are 
anaerobically induced concomitantly with the two C. reinhardtii [Fe] hydrogenase genes, HydA1
and HydA2. Complementation of the bx;1C. reinhardtii hydEF-1 mutant with genomic DN
corresponding to a functional copy of the HydEF gene restored the hydrogenase activity. 
Moreover, co-expression of the C. reinhardtii HydEF, HydG, and HydA1 genes in Escherichia 
coli resulted in the formation of an active HydA1 enzyme. This major finding represented th
first report on the nature of the accessory genes required for th

hich 

th [Fe] 
ch, 

ern blot 

 
A 

e 
e maturation of an active [Fe] 

ydrogenase. 

formants of 
duction. One 

re 
oamylase gene is important for the accumulation 

f crystalline starch, and the sta7-10 mutant reported here contains <3% of the glucose found in 

fter 
2 begun to 

ecline rapidly and reach nearly undetectable levels after 7 h. In wildtype cells, the hydrogenase 

entation 
 

ubtask B

h
  
(2) In a second report, based on work performed in the US, NA insertional trans
Chlamydomonas reinhardtii were screened chemochromically for attenuated H2 pro
mutant, displaying low H2gas photoproduction, has a nonfunctional copy of a gene that shows 
high homology to the family of isoamylase genes found in several photosynthetic organisms 
(Posewitz et al 2004b). DNA gel blotting and gene complementation were used to link this 
isoamylase gene to previously characterized non-tagged sta7 mutants. This mutant was therefo
denoted sta7-10. In C. reinhardtii, the STA7 is
o
insoluble starch when compared with wild-type control cells. Hydrogen photoproduction rates, 
induced after several hours of dark, anaerobic treatment, were attenuated in sta7 mutants. RNA 
gel blot analysis indicated that the mRNA transcripts for both the HydA1 and HydA2 [Fe]-
hydrogenase genes are expressed in the sta7-10 mutant at greater than wild-type levels 0.5 h a
anaerobic induction. However, after 1.5 h, transcript levels of both HydA1 and HydA
d
transcripts accumulated more slowly, reach a plateau after 4 h of anaerobic treatment, and 
maintained the same level of expression for >7 h under anaerobic incubation. Complem
of mutant cells with genomic DNA corresponding to the STA7 gene restored both the starch
accumulation and H2 production phenotypes. The results indicate that STA7 and starch 
metabolism play an important role in C. reinhardtii H2 photoproduction. Moreover, the results 
indicate that mere anaerobiosis is not sufficient to maintain hydrogenase gene expression without 
the underlying physiology, an important aspect of which is starch metabolism. 
 
 
S : Maximizing Photosynthetic Efficiencies 
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Photosynthesis can achieve relatively high solar conversion efficiencies, but only at low lig
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 centr
R&D need in photobiological hydrogen production. 
 
The goal of the research, mainly carried out in the USA, was to maximize the solar conversion 
efficiency and H2 production of photosynthetic organisms by minimizing, or “truncatin
chlorophyll antenna size of photosynthesis, see Figure 4. 
 

ht 

 

al 

g” the 

(Limiting light)

Truncated Chl
Antenna Size

(60 Chl a and b)

Molecular
mechanism

(Saturating light)

Large Chl
Antenna Size

(300 Chl a and b)

Regulation of the Chl antenna size

 
 
Figure 4. Schematic overview of Large versus Truncated Chl Antenna size in relation to Ligh
condition. 
 
The approach and objectives can be summarized as: 
 

t 

 A molecular genetic approach with the green alga Chlamydomonas reinhardtii.  
) Identify and characterize genes that confer a “truncated Chl antenna size” in green algae. 

i)
ii
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Work focused on the identification of: (i) Genes for pigment biosynthesis (Chl b, Lutein), and  (ii) 

lation of 
h 

er 

Genes for the regulation of the Chl antenna size. 
 
tla1 has been identified and characterized, the first-time isolation of a gene for the regu
the Chl antenna size in photosynthesis. Figure 5 shows a greenhouse experiment in which growt
and productivity (O2 bubbling) in WT and tla1 are compared.  Note the higher cell density, low
amount of Chl and greater bubbling of the tla1 relative to the WT.  
 

Cultures in the Greenhouse

WT

tla1
Parameter     WT     tla1

Cell/mL         6.36     10.0
6)

 [Chl]             25.6     15.4
M)

 

igure 5

 (x10

 (u

 
 
F . A greenhouse experiment in which growth and productivity (O2 bubbling) in WT and 

e 

ersion efficiencies, but only at low light 
e. The reason is the large amounts of so-

he 
ir 

tla1 are compared.  Note the higher cell density, lower amount of Chl and greater bubbling of th
tl1-mutant relative to the WT. 
 
Photosynthesis can achieve relatively high solar conv

tensity. At full sunlight, efficiencies drastically declinin
called light-harvesting pigments, which capture more photons at full sunlight than t
photosynthetic apparatus can actually handle. These excess photons are thus wasted, with the
nergy released as heat or fluorescence, even causing damage to the photosynthetic apparatus. e
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Reducing antenna sizes is a method for increasing photosynthetic efficiencies, and this is a central 
R&D need in photobiological hydrogen production. The goal of the present research, mainly 
arried out in the USA, is to maximize the solar conversion efficiency and H2 production of 

lecular mechanism for the 
gulation of the chlorophyll antenna size of photosynthesis was investigated and a detailed model 

c
photosynthetic organisms by minimizing, or “truncating” the chlorophyll antenna size of 
photosynthesis. 
 
In research with the green alga Chlamydomonas reinhardtii, the mo
re
for the signal transduction pathway was presented (Melis Lab (UC Berkeley, USA), Chlorophyll 
Antenna Size Adjustments). A novel gene that confers a "truncated Chl antenna size" in green 
algae (Tla1) has been identified and characterized. Tla1 (GenBank Accession numbers 
AF534570, AF534571) is the first known gene that is involved in the signal transduction pathway 
leading to regulation of the Chl antenna size of photosynthesis. This advance represents the first-
time cloning and functional characterization of a Chl antenna size regulatory gene in 
photosynthesis.  
 
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. The goal of the present research, mainly 
carried out in the USA, is to maximize the solar conversion efficiency and H2 production of 
photosynthetic organisms by minimizing, or “truncating” the chlorophyll antenna size of 
photosynthesis. 
 
The overall goals are to decrease PSII from 230 to 37  Chl mol (100 ⇒ 16%) and PSI from 240 
to 95 Chl molecules (100 ⇒ 40%). Current results are a PSII Chl Antenna Size at 50% (40% in 
the Chl b-less) and a PSI Chl Antenna Size at 67% . 
 
The dependence and importance on carbon source on the photosynthetic apparatus organization 
and function in wild type and a Chl b-less mutant of the green algea Chlamydomonas reinhardtii 
has been examined (Polle et al 2000). 
 
Subtask C: Hydrogen Fermentations 
 
Although in theory the amount of hydrogen that could be generated from renewable sources of 
energy such as cellulose (a polymer of glucose) is vast, only 16-24% of the maximum 
stoichiometric yield of hydrogen from glucose is typically achieved by biological methods. 
However, an amazing 11.6 mol of H2 generated per mol of glucose-6-phosphate has been been 

e demonstrated using enzymes of the oxidative pentose phosphate cycle coupled to a hydrogenas
purified from Pyrococcus furiosus (Woodward et al 2000), a real breakthrough! 
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In Canada, a team was organized to develop, using manipulation of microbial physiology, genetic 
engineering and advanced bioprocess engineering, an optimal system for the biological 
production of hydrogen through fermentation. 
 
 
 
Fermentative processes, using either biomass obtained in a first stage light conversion process o
perhaps more attractively, various waste streams, present an interesting yet largely unexplored 
avenue for the biological production of hydrogen, see Figure 6. Much is presently known about 
the molecular biology and biochemistry of the hydrogen producing enzymes, reductant generati
systems, and physiology of many hydrogen producing organisms.  The enormous potent
metabolic engineering for redirecting electron flux to hydrogen production in various 
microorganisms remains to be exploited. Very little is presently known about the currently 
attainable yields or the possibilities for improving these yields in the future. These que
addressed in the r

r 

ng 
ial of 

stions were 
esearch activities. 

 

 
 
 
Figure 6. Overview of the fermentation process producing H2 from biomass and/or organic 
wastes. 
 
The program was multi-disciplinary involving researchers with expertise in recombinant DNA 
technology, biochemistry and microbiology, and chemical and bioprocess engineering. The 
research program, in which various avenues was used to generate strains capable of high levels of 
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hydrogen production, will involve several distinct phases over five years. Finally, a conceptual 
system in which biohydrogen production is integrated with energy production (Fuel Cell
was subjected to an energy balance analysis. 

) systems 

 the Netherlands there were two projects on Biological hydrogen production. Both projects 
imed at the fermentative conversion of biomass (energy crops and organic waste streams) to 

 
l 

btained. 

rocess technologically feasible. For the process design it also 
as to be considered that the microorganisms may have a relatively low tolerance for the by-

etic acid. In 

ate; 
nts were 

ass-N. 

mpletely. 

ents, 

he influence of the light intensity was very small in the range of 270 to 620 μmol PAR m-2 s-1. It 
eems that a light intensity of 270 μmol PAR m-2 s-1 (= 163 W m-2, 400 – 950 nm) is sufficient to 

 

0 

 
In
a
hydrogen, employing extreme thermophilic and photoheterotrophic microorganisms. The research
focussed on the optimisation of hydrogen fermentation processes and concomitant technologica
production methodologies. 
 
Extreme thermophilic microorganisms ferment sugars to hydrogen and acetate (stage 1). With 
suspended cultures 83% of the maximal theoretical conversion (3.3 H2/glucose) were o
The hydrogen production rates are similar to the fastest producers reported in the literature. 
Several extreme thermophiles are relatively tolerant to partial hydrogen pressures up to 1-2 · 104 
Pa, making the thermofermentation p
h
product of fermentation, sodium acetate. 
 
In the photoheterotrophic fermentation (stage 2) hydrogen must be produced from ac
this second year of the project we focused solely on optimizing and modeling of 
photoheterotrophic growth and hydrogen production. The influence of three operational 
parameters on biomass growth and hydrogen production was investigated. The following 
parameters were taken into account: acetic acid concentration; molar ratio of acetate to glutam
light intensity (photon flux density). In addition, results from additional batch experime
used to make carbon and nitrogen balances. 
 
The yield of hydrogen on acetate (YH2,Ac) was highest at a low ratio of acetate to glutamate 
(CAc/CGlu). At a ratio of 5, YH2,Ac is between 37 and 43 %. At a CAc/CGlu of 10 or higher, 
glutamate appeared to be limiting biomass growth and hydrogen production. In additional 
experiments it was found that all nitrogen (N), consumed as glutamate, is retrieved as biom
These results support the hypothesis that hydrogen production from acetic acid is coupled to 
biomass growth. 
 
The amount of carbon (C) consumed, on the other hand, could not be accounted for co
Estimated balances of hydrogen (H) and oxygen (O) showed these elements also disappeared. The 
only explanation was the excretion of a dissolved product. And indeed, in additional experim
a considerable increase in the chemical oxygen demand of the culture supernatant was observed. 
 
T
s
support maximal growth and hydrogen production. 
 
n short,I

 
1. For 2002 a production of Sweet Sorghum has been determined at 125 tons wet weight/ha (≡ 3
tons dry matter/ha. The yield of sucrose (dominant sugar in the juice) was about 13.6 tons/ha. 
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2. The enzymatic hydrolysis of potato steam peels was successful with respect to yield of 
hydrolysis, and readiness of thermophiles to ferment the hydrolysate. The use of the by-product, 

hich has been increased in protein content, as a fodder is promising, only neutralisation for 

xygen is different for each organism and decreases according to  C. 
accharolyticus>T. elfii>T. neapolitana. C. saccharolyticus is completely inhibited by 5% O2, 

 

lucose was observed. 

g in a metabolic 
via the 
olic 

and hydrogen production by C. saccharolyticus wass 
eveloped, including substrate and product inhibition kinetics, cell lysis kinetics, and the effect of 

e 

e it strengthens the osmotic potential of the culture. In a successful 
emonstration with a duration of about 6 h, H2 was continuously stripped with CO2 from an 

ear successfully producing H2 from sucrose using C. saccharolyticus. The fermentation takes 

st nature since it easily recommenced H2 
roduction after a regular reactor shutdown caused by failing periferal equipment. 

. Due to consultancy with a Dutch fuel cell company it appears that the gas produced in the 

allow for a higher flexibility in BHP configurations. 

w
acidity should be carried out with KOH instead of NaOH. 
 
3. The overall effect of oxygen on hydrogen production by the extreme thermophiles, 
Thermotoga elfii, T. lettingae, T. neapolitana, and Caldicellulosiruptor saccharolyticus, is 
negative. The sensitivity to o
s
while T. neapolitana can take O2 concentrations up to 10%. In short, addition of oxygen has no
positive effect on hydrogen production by these thermophiles.  
 
4. T. elfii ferments glucose simultaneously with other sugars such as xylose, arabinose, and 
cellobiose. In contrast, C. saccharolyticus growing on sugar mixtures prefers other sugars (such 
as cellobiose, sucrose, xylose, arabinose, ribose) over glucose. Only at low concentrations of 
pentose (5 mM) catabolic repression by g
 
5. The inhibition of  hydrogen production and growth of C. saccharolyticus by sugars and acetate 
is caused by the osmotic potential. Hydrogen inhibits its own production, resultin
shift towards lactate formation and reductive acetate pathway. This is possibly regulated 
internal redox potential. The external redox potential probably does not affect these metab
shifts to a great extent. 
 
6. A mathematical model describing growth 
d
temperature. 
 
7. In principle it is possible to use CO2 instead of N2 as stripping gas to drive out H2 from th
liquid phase. It is thereby important to keep the pH between 6.7 and 7.0. At higher pH the amount 
of bicarbonate will increase dramatically and hence will negatively influence the hydrogen 
production becaus
d
active continuous culture, the gas was subsequently washed with NaOH to fixate CO2, and the 
remaining H2 was used in a PEM fuel cell to produce electricity to drive a small ventilator. 
 
8. A 380 L stainless steel trickling filter reactor has been built and is already more than a half 
y
place at 70°C and 0.5 bar in a working volume of 80 L. Improvements in the configuration of the 
reactor and of the process conditions increased the production of H2 from 100 to 320 L/day. The 
C. saccharolyticus culture has shown to be of a robu
p
 
9
fermentations does not need an efficient purification procedure for the application of hydrogen in 
fuel cells. This will not only simplify the BHP plant and reduce production costs, but will also 
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10. Several options for gas purification have been studied. It is possible to separate CO2 in
quantities and of high quality. This makes it economically attractive to sequester this gas.  
 
A scenario was made with 8-10 small farms generating raw

 high 

 H2 gas from fermentation of Sweet 
orghum juice. The by-product stream (bagasse) has not been included. There are 3 transport 

 should 
A 

 photoheterotrophic fermentation 
here hydrogen is produced from organic acids, predominantly acetate. The acetate is produced 

ubtask D

S
possibilities to consider, i.e. that of the solids, the juice or the H2 gas. Production costs
include everything and remain below 1000 Euro/ha. Presently the price of H2 is 1 Euro/kg. 
rough estimate is that it may go to 2 Euro/kg. An important factor is that about 30% of the 
bagasse already covers the energy required to drive the biohydrogen process. 
 
In addition, work has been perfomed at Wageningen univ using
w
in a thermophilic dark fermentation. The objective was the development of the 
photoheterotrophic process and further optimization of its performance. 
 
 
S : Improve Photobioreactor Systems for Hydrogen Production 

 
erception, solar conversion effeciencies and H2 losses. A small-scale 

hotobioreactor was established to monitor the competetion between wildtype and genetically 

reactors made from liposomes that contain enzymes encapsulated in a lipid bilayer 
an potentially be used for the enzymatic production of hydrogen from glucose. This process was 

f 

based on 

se 
arrier. 

 
In the beginning of Annex 15 only limited progress was been made within this subtask. After 
some years photobioreactors with both green algea and cyanobacteria were up and running and 
initial experiments were performed examining hydrogen production and evolution, gas transfer
coefficients, sunlight int
p
modified cyanobacteria, see Figure 7. 
 
Nanoscale bio
c
being studied in detail within the US Biohydrogen program (Evans Lab (ORNL), Production o
Hydrogen from Glucose). The enzymes and the cofactor NADP+ were retained at high local 
concentration inside the liposomes, while hydrogen gas readily diffuses through the lipid 
membrane. The transport of glucose into liposomes is facilitated by synthetic carriers 
boronic acids. Hydrogen production by a liposome-based bioreactor constructed by the 
encapsulation of glucose dehydrogenase from Thermoplasma acidophilum and P. furiosus 
hydrogenase with NADP+ was demonstrated using tertbutylphenyl boronic acid as the gluco
c
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Figure 7. Small scale photobioreactor developed with in the frame-work of Annex 15 and used to 
both determine the specific H2-evolution rates by gentically modified cyanobacteria under 
different environmental conditions and to perform direct competition expriments between 
wildtype and genetically modfied cyanobacteria ”on-line”. 
 
Within the use of green algal based hydrogen production, a specific Continuous Algal Hydr
Photoproduction System was design and evaluated by DOE/NREL. The goal was to lower the 
cost of the sulfur-deprived algal H2 photoproduction system by eliminating centrifugation and 

roducin

ogen 

g H2 continuously. A two-reactor, continuous production system was established and 
proved, the H2 photoproduction was demonstrated for 480 hours and the costs calculated. The 

urrent cost is etimated to be below $200/kg of H2 (down from $670 in 2001), see Figure 8. This 
hould be compared with the long-term target (2010) to produce H2 continuously for at least 1500 

hours at a cost of $30/kg of H2. 
 

p
im
c
s
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Figure 8. A cost analysis of photobiological hydrogen production from

ed within the frame-work of Annex 15. 

anges within the partners of Annex 15 

 the green algae 
Chlamydomonas perform
 
 
Specific Scientific exch
 
Year 2000; Marc Fore

 the lab of the OA for a week proceeding the Hydrogenases 2000 and the Experts-meetings in 
stier (postdoc in the lab of Mike Seibert; NREL, USA) visited and worked 

in
Potsdam, Germany (2000). The subject was green alga hydrogenases and specifically the 
identification and characterization of the molecular information needed to synthezise a functional 
hydrogenase. 
 

uring July 2001D : Röbbe Wünschiers (PostDoc in Uppsala, Sweden) visited and worked in the 
laboratory of Michael Seibert at NREL (Golden, CO, USA) for one week as well as visited and 
discussed with Anastasios Melis at UC-Berkeley (CA, USA). 
 
During 2002 two specific exchanges occurred; 
 
(i) PhDstudents Skjånes and Gjelland from NIVA (Norway) visited and worked in the lab of 
Professor Lindblad in Uppsala (Sweden), May 23 to 26, 2002. The exchange was financially 
supported by the respective IEA/Annex 15 budgets and the scientific purpose was to set and to 

ork with a H -electrode. w
 

2

(ii) Professor Schultz (Christian-Albrechts-Universitaet, Kiel, Germany) visited the Algal 
Hydrogen Laboratory at NREL from August 29 to Septemer 11, 2002, under auspices of 
IEA/COST (through funding support and facilities provided by the U.S. and airfare covered, 
personally, by Prof Schultz) in order to use the automated photobioreactor systems at NREL to 
test the hydrogen-production efficiency of a number of algal strains that has been collected and 
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are putative high producers of ent for simultaneously 
comparing a number of new strain  a controlled and statistically 
valid manner. 
 
 
6. Conclusions  
 
Some of the major highlights 5 years of collaborative R&D in Annex 15 
can be summarised as follows (provided in portant 
contributions by some of the above 
 
6.1. Subtask specific progresses w
 
Subtask A

 hydrogen. NREL has unique equipm
s with the NREL control strain in

achieved throughout the 
no order of priority and including im

mentioned Annex 15 observer groups): 

ithin Annex 15 

: Light-driven Hydrogen Pr
 
1. A novel sustainable photobiological produc lecular hydrogen upon a reversible 
inactivation of the oxygen evol  has been 
demonstrated. In this organism thod circumvents the severe O2 
ensitivity of the reversible hydrogenase by temporally separating photosynthetic O2 evolution 

comitant 

. A heterologous expression of a clostridial hydrogenase has been achieved in the 
rianum hydrogenase I was 

xpressed in the cyanobacterium Synechococcus PCC7942. Expression of clostridial hydrogenase 

 
genase 

. The knowledge about cyanobacterial hydrogenases, and their potential as photobiological 

roduction of H2 in 
hlamydomonas reinhardtii have been identified. The so called HydEF protein contains two 

inct prokaryotic proteins, HydE and HydF, which 
re found exclusively in organisms containing [Fe] hydrogenase. In the C. reinhardtii genome, 

Fe] 
 

e found in putative operons with [Fe] hydrogenase structural genes.  

 found 
tes. The 

oduction by Microalgae 

tion of mo
ution in the green alga Chlamydomonas reinhardtii
, a two-stage H2 production me

s
and carbon accumulation (stage 1) from the consumption of cellular metabolites and con
H2 production (stage 2).  
 
2
cyanobacterium Synechococcus PCC7942. The Clostridium pasteu
e
was confirmed by Western and Northern blot analyses in both Synechococcus and Escherichia 
coli, whereas in vivo/in vitro measurements and activity staining of soluble proteins separated on
non-denaturing polyacrylamide gels revealed functional expression of the clostridial hydro
in the cyanobacterial cells only. 
 
3
producers of molecular hydrogen, has been reviewed extensively. 
 
4. Accessory genes and gene products necessary for the photop
C
unique domains that are homologous to two dist
a
the HydEF gene is adjacent to another hydrogenase-related gene, HydG. All organisms with [
hydrogenase and sequenced genomes contain homologues of HydE, HydF, and HydG, which,
prior to the published study all were of unknown function. Within several prokaryotic genomes 
HydE, HydF, and HydG ar
 
5. A mutation in a novel gene that shows high homology to the family of isoamylase genes
in several photosynthetic organisms, sta7, resulted in higher hydrogen photoproduction ra
results demonstrated that STA7 and starch metabolism play a most important role in C. 
reinhardtii H2 photoproduction. Moreover, the results indicate that mere anaerobiosis is not 

 26



sufficient to maintain hydrogenase gene expression without the underlying physiology, an 
important aspect of which is starch metabolism. 
 
Subtask B: Maximizing Photosynthetic Efficiencies 

ne involved in the regulation of the Chl antenna size in photosynthesis has been 
entfied and characterized in C. reinhardtii. The is the first genetic explanation of the regulation 

 
6. tla1, a novel ge
id
of the size of a Chl antenna. 
 
Subtask C: Hydrogen Fermentations 
 
7. Although in theory the amount of hydrogen that could be generated from renewable sources of 
nergy such as cellulose (a polymer of glucose) is vast, only 16-24% of the maximum 

eved using biological methods. 
owever, an amazing 11.6 mol of H2 generated per mol of glucose-6-phosphate has been been 

ase 

e
stoichiometric yield of hydrogen from glucose is typically achi
H
demonstrated using enzymes of the oxidative pentose phosphate cycle coupled to a hydrogen
purified from Pyrococcus furiosus, a real breakthrough! 
 
Subtask D: Improve Photobioreactor Systems for Hydrogen Production 
 
9. A small-scale photobioreactor has been established to monitor the competetion between 

ildtype and genetically modified cyanobacteria.  

 

were published within the frame of Photobiological hydrogen 
roduction. 

2

 

w
 
10. A two-reactor, continuous green algal based H2 production system, for 480 hours, has been
established lowering the cost from $670/kg of H2 in 2001 to below $200 with a long term target 
(year 2010) of a continues production of H2 for at least 1500 hours a $30 per kg H2. 
 
11. Several specific scientific exchanges occurred between the partners of Annex 15 and 
numerous scientific publications 
p
 
 
. Outlook  7

 
The fundamental aspects of Photobiological Production of Hydrogen, and the more applied 
potential use as future producers of renewable H2 from sun and water, are receiving increased 
international attention. At the same time significant progress is made in e.g. the understanding of 
the molecular regulation of the genes encoding both the enzymes as well as the accessory 
proteins needed for the correct assembly of an active hydrogenase. In the last few years some 
transcription factors directly involved in the regulation of specific hydrogenases have been 
identified. Moreover, the first steps to use isolated components from cyanobacteria, green algae 
nd other microorganisms in order to create a functional H  producing unit are being taken. With a

the increasing scientific community and public interest in clean and renewable energy sources, 
and consequent funding opportunities, rapid progress will be made in the fundamental 
understanding of the regulation and maturation of hydrogenases at both genetic and protein 
levels. Unique and unexpected results in the transcriptional regulation will emerge during the
coming years. Moreover, the more applied aspects will be high-lighted with progress in 
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generating genetically modified strains with an increased capacity for renewable H2 from su
water. The possibilities and challenges within synthetic biology, includi

n and 
ng the use of isolated 

roteins and parts, will be explored aiming at creating both cyanobacteria and green algae with a 
 in vitro systems. 

.1. ExpertsMeetings (1999-2004) 

999

p
high potential for H2 production as well as functional
 
 
8. Appendix  
 
8
 
1  

R) of 

er, the Operating Agent presented IEA, 
e Hydrogen Agreement, and specifically Annex 15 during the workshop. About 20 

n Task 15) was edited 
ditor: Miyake, Jun; national expert of Japan) and published as "Biohydrogen 99" by Elsevier 

000

 
June 22-23 (1999) the National Institute for Advanced Interdisciplnary Research (NIAI
Japan arranged BioHydrogen´99 An approach to Environmentally Acceptable Technology in 
Tsukuba (Japan) with about 40 participants. During this workshop a Task 15 ExpertsMeeting 
with national experts from Japan, USA, and Sweden was held and the new Annex 
Photobiological hydrogen production discussed. Moreov
th
contributions/chapters (several written by national experts participating i
(E
during 2000. 
 
2  

including observers from UK, Hungary, The Netherlands, Portugal and Italy).  

 
a) March 20-21, at NREL, Colorado (US) with 15 participants (including observers from 
Hungary, Italy and The Netherlands). 
 
b) August 11, at Potsdam, Germany, following the "6th International Conference on the 
Molecular Biology of Hydrogenases" (Hydrogenases 2000; August 5-10, 2000) with 10 
participants (
 
2001 
 
a) March 26-27, in Porto (Portugal) with 8 active participants. 
 
b) September 7-12, in Szeged, Hungary. This meeting was organized as a joint workshop, with th
title BioHydrogen, between the IEA Hydrogen Agreement Annex 15 and the European COST 
Action 8.41 (Biological and Biochemical Diversity of Hydrogen Metabolism) with, in total, 31
participants. 
 
2002

e 

 

 
 
a) April 22 in Ede, The Netherlands. An ExpertsMeeting was held during BioHydrogen 2002. T
OA used the opportunity and invited all scientists from ”Annex 15 countries” to participate.
About 40 came and discussed the present Annex and a continuation/extension of Annex 15, th
slight change/addition in the work program, subtask leaders and future common activities. As 
result many more scientists in the respective countries were aware of Annex 15, what is b

he 
 

e 
a 

eing 
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done, possibilities etc and hopefully much more national discussions occurred in the following 
years. 
 
(b) October 3-4 in Montreal, Canada. In this more ”traditional ExpertsMeeting”, with 7 

articipant, the progess etc in the respective participating countries and laboratories were 
viewed, a general plan for years four and five agreed on, and possible interactions with other 

ctivities discussed.  

p
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2003 
 
a) April 10-11 in Uppsala, Sweden, with 6 participants. In addition to a more ”traditional 

xpertsMeeting” a discussion about a putative new Annex after the completion of Annex 15 
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grated part of 

pants. The 

 
tters (all Annex 15 countries, except UK, were represented in the meeting, in 

ddition several countries interested to join a tentative new annex were present). 

004

E
resulted in the following possible subtasks: (A) Light-dependent processes, (B) Light indepen
processes, and (C) Systems Integration. 
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15 specific ma
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 +5 oral presentations 
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