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Introduction and Overview
Task Description
 Goals and objectives —The Task will carry out collaborative
research activities on the production of H2 using:

• in vitro, biomimetic, and artificial photosynthetic systems;
• dark, bacterial fermentation microbes;
• photosynthetic microbes;
• biological electrochemical systems ;
• integrated combinations of these technologies; and
• finally, evaluations of these technologies from the
perspective of economics and societal
acceptance.
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Introduction and Overview
Task Description
 Task structure and timing—R&D activities on 5 subtasks will be
pursued by Canada, Finland, France, Germany, Italy, Japan,
Korea, The Netherlands, Norway, Sweden, Turkey, UK, and
USA over a 3- to 5-year period (May 2010 to April 2015).

Introduction and Overview
Key Elements of the Task Work Plan
 Subtask A (Bio-inspired Systems) — Identify and develop promising

applications of in vitro, biomimetic, and artificial photosynthetic H2production processes. Peter Lindblad (Sweden)

 Subtask B (Dark Biohydrogen Fermentation Systems) — Increase H2
production from substrates to above currently achievable yields .
Patrick Hallenbeck (Canada)

 Subtask C (Basic Studies of Light-driven Biohydrogen Production)—
Demonstrate potential practical processes for conversion of water
or organic substrates to H2 with solar energy input. Marc Rousset
(France)



Subtask D (Biological Electrochemical Systems) —Identify and
develop promising applications of microbial/enzymatic
electrochemical cells for H2-production processes. Alan Guwy (UK)

 Subtask E (Overall Analysis) —Determine how to introduce Bioinspired Hydrogen and BioHydrogen processes as new
technologies in support of the coming H2 society. Jun Miyake
(Japan)

Activities during the Last Six Months
Task Activities
 Subtask A (Bio-inspired Systems) —USA reported on the
development of new bio-inspired catalysts.

 Subtask B (Dark Biohydrogen Fermentation Systems) —

Canada, Finland, Korea, The Netherlands, Norway, and the
USA reported on new advances in dark BioH2 production.

 Subtask C (Basic Studies of Biohydrogen Photoproduction —
Canada, Finland, Italy, Sweden, Turkey, and the USA
reported new research developments.



Subtask D (Biological Electrochemical Systems) — The
Netherlands and the USA reported on pilot-scale microbial
electrolysis H2 production systems.

 Subtask E (Overall Analysis) —Japan and Sweden reported
new techno-economic and technical analyses of Task 21
technologies.

Activities during the Last Six Months
Task Meetings (minutes are available on request)
 The Winter Task 21 Meeting was held in Singapore on
February 28-March 1, 2011 in conjunction with the
Keystone Symposium on Biofuels (March 1-6, 2011).

Accomplishments
Subtask A (Bio-inspired Systems)

USA

 Groups from Emory University (Hill), MIT (Nocera), and U. North

Carolina (Meyer) reported significant advances on the synthesis
of water-oxidation catalysts for use in artificial photosynthetic
systems to produce reductant for the generation of H2 from water.
The catalysts synthesized emphasized the use of earth abundant
metals (Co, W, and P), the principle of self assembly, and the
mechanism of water oxidation. At the same time, UC Berkeley
(Long) identified a molybdenum-oxo complex that can
catalytically generate gaseous H2 either from water at neutral pH
or from sea water. Other groups from Yale University, PNNL, and
Texas A&M University have also made progress on the synthesis

of similar type catalysts (USA).

Accomplishments
Subtask B (Dark Biohydrogen Fermentation Systems)
Canada
 An exciting new development is the observation that the

application of sonic energy directly inside a fermentation
bioreactor (SBHR) almost doubles H2-production rates and yields,
and improves the efficiency of substrate utilization (Nakhla).
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Accomplishments
Subtask B (Dark Biohydrogen Fermentation Systems)
Finland
 The research on H2 production from cellulose and sugars by dark

fermentation has focused on the effects of process parameters,
metabolic pathways, and microbial communities. Microbial
cultures producing H2 from these substrates and operating at
elevated temperatures (59-78oC) were successfully enriched and
characterized from different origins, such as hot springs, an
underground mine, compost, and cow rumen. High H2 production
rates were obtained with optimized microbial consortia in
completely stirred tank reactors.
H2 and ethanol production in
open anaerobic systems can
be controlled and optimized by
process parameters, including
pH and temperature (Puhakka).

Accomplishments
Subtask B (Dark Biohydrogen Fermentation Systems)
Korea and Norway
 Researchers have tested various marine algae as substrates for

fermentative H2 production. Laminaria japonica exhibited the best
performance with the highest H2 yield (69.1 mL H2/g CODadded). This
was attributed to its high carbohydrate content (polysaccharides,
laminarin, and alginate rather than agar and carrageenan). To
enhance H2 production, thermal pretreatment was applied at
various conditions. At 170oC and 20 min, H2 yield was maximum
(109.6 mL H2/g CODadded).
This was the first report of
using marine algae as a
feedstock for dark
fermentative H2 production
(Kim, Kim, and Sim).

Accomplishments
Subtask C (Basic Studies of Light-driven Biohydrogen
Production)
Finland


Research has focused on photoproduction of H2 by filamentous, N2fixing cyanobacteria with emphasis on the study of auxiliary
electron transfer pathways associated with flavodiiron proteins in
the model cyanobacterium, Synechocystis 6803, in order to
improve the electron transport from water to
the hydrogenase enzyme. The other area
was the screening of the UHCC (Univ. of
Helsinki Cyanobacterial Culture collection)
for strains that exhibited enhanced H2
production. The 10 best strain were further
examined for optimal culture conditions to
enhance their capacity for H2 production.
Immobilization of filamentous cyanobacteria
within a thin alginate film was applied to
‘superior’ strains in order to achieve long-term
H2 production. This was particularly successful
with Chalothrix species (Aro).

Accomplishments
Subtask C (Basic Studies of Light-driven Biohydrogen
Production)
Italy


Besides screening the University of Florence culture collection for
high H2-producing purple sulfur bacteria, the most important result
was the demonstration of sustained H2 photoproduction from
Rhodopseudomonas palustris GCA009 NifA1976 (obtained from
Harwood, USA), which is impaired in ammonia-regulation of its
nitrogenase. The mutant showed undiminished H2 production even
in the presence of a 10 mM ammonia. Good good H2 production
rates were also found from products derived from the spontaneous
fermentation of vegetable
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Accomplishments
Subtask C (Basic Studies of Light-driven Biohydrogen
Production)
Turkey


Photofermentative H2 production by agar-immobilized PNS
bacteria has been achieved using 1L panel photobioreactor in
sequential batch operations. Compared to suspension cultures,
immobilizations resulted in higher yields and productivities over 60
days under indoor conditions with continuous illumination, using R.
capsulatus DSM1710 and R. capsulatus YO3 (hup-). Other outdoor
experiments with liquid cultures of these strains were carried out
during winter months to test low
temperature and light, and summer
months to test high temperature and
light. Biomass yield, H2 productivity,
and H2 yields were tested. A linear
relationship was observed between
the daily yield factor (mol H2/gdcw)
and the daily total global solar
radiation (Wh/m2) (Eroglu).

Accomplishments
Subtask C (Basic Studies of Light-driven Biohydrogen
Production) USA
 A new H2-producing marine cyanobacterium was discovered that

can produce large amounts of H2 (up to 900 ml/l in 2.5 days)
photomixotrophically under aerobic conditions in the presence of 50
mM glycerol (Pakrasi, Washington University).

 The transformation of a clostridial [FeFe]-hydrogenase in a

cyanobacterium, and the resultant observation of H2-production
activity was reported (Silver, Harvard).

 It was postulated (2000) that algae with
a truncated antenna complex should
produce more H2 on a culture surface
area basis than the WT; definitive proof
for this hypothesis was published
(Seibert).

Accomplishments
Subtask D (Biological Electrochemical Systems)
The Netherlands


In a microbial electrolysis cell (MEC), electricity is used for the reduction of
protons to H2 gas at the cathode using electrons derived from degradation of
organic compounds at the anode. The functionality of G. sulfurreducens as
biocatalyst for H2 formation at the cathode was studied. G. sulfurreducens was
grown in the bioelectrode compartment of a MFC with acetate as the substrate
and reduction of complexed Fe(III) at the counter electrode. After depletion of
the acetate, the electrode potential of the bioelectrode was decreased stepwise
to -1.0 V vs a Ag/AgCl reference. Production of negative current was observed,
which increased in time, indicating that the bioelectrode was now acting as
biocathode. Headspace analyses carried out at electrode potentials ranging
from -0.8 to -1.0 V showed that H2 was produced,
with higher rates at more negative cathode
potentials. Subsequently, the metabolic
properties of G. sulfurreducens for acetate
oxidation at the anode and H2 production at the
cathode
cathode were combined in one-compartment
membrane
membraneless MECs operated at applied
anode
voltages of 0.8 and 0.65 V. H2 was also
produced in this setup (Kegen).

Accomplishments
Subtask D (Biological Electrochemical Systems)
USA


Scientific research has advanced rapidly over the past several
years on different electrochemical cell technologies (including
microbial electrolysis cells for the microbial production of H2) in the
laboratory. The main challenge has been to bring these
technologies out of the laboratory and engineer practical systems
for bioenergy production at larger scales. Recent advances in new
types of electrodes, a better understanding of the impact of
membranes and separators on performance of these systems, and
results from several new pilot-scale tests are all good indicators
that commercialization of the
technology could be possible
within a few years. (Logan).
A pilot-scale microbial electrolysis
cell (MEC) being tested for
hydrogen production using winery
wastewater at the Napa Wine
Company in Oakville, CA, USA.

Accomplishments
Subtask E (Overall Analysis)


Japan

The New Energy and Industrial Technology Development
Organization’s (NEDO) position on Biohydrogen is summarized in a
NEDO Technological white paper on renewable energy, which is a
Roadmap on the technological status of various bioenergy
technologies. Fermentative (a technique to obtain H2 as
fermentation products of anaerobic microorganisms), which use
biomass materials and other organic wastewaters as the input, and
bacterial photosynthetic H2 production as a second stage are
examined. Current technology is represented by the development
of a two-stage fermentation process combining sequential dark,
bacterial H2 fermentation followed by anaerobic digestion of
resultant sludge to generate methane. Final technology
development and commercialization is expected to occur by in
2015. The Sapporo Brewery is developing this technology at a pilot
plant in Sao Paulo, Brazil (Wakayama, Japan)

Accomplishments
Subtask E (Overall Analysis)


Sweden

A major analysis on the tools of cyanobacterial Systems Biology was
published. Cyanobacteria are the only prokaryotes capable of using
sunlight as their energy, water as an electron donor, and air as a source
of carbon and, for some nitrogen-fixing strains, nitrogen. Compared to
algae and plants, cyanobacteria are much easier to genetically
engineer, and many of the standard biological parts available for
Systems Biology applications in Escherichia coli can also be used in
cyanobacteria. However, characterization of such parts in cyanobacteria
reveal differences in performance when compared to E. coli,
emphasizing the importance of detailed characterization in the cellular
context of a biological chassis. Furthermore, cyanobacteria possess
special characteristics (e.g., multiple chromosome copy numbers, high
content of photosynthetically active proteins in the thylakoids, the
presence of exopolysaccharides and extracellular glycolipids, and the
existence of a circadian rhythm) that have to be taken into account
when genetically engineering them. In this analysis, the synthetic biologist
is given an overview of existing biological parts, tools and protocols for
the genetic engineering, and molecular analysis of cyanobacteria for
Systems Biology applications (Lindblad).

Status of Milestones
Subtask A (Bio-inspired Systems)

USA

 Milestone: Demonstrate the synthesis of functioning wateroxidation and H2-production catalysts that do not contain
noble metals.

 Status: Four US groups have successfully synthesized

functional water-oxidizing (oxygen-producing) catalysts
and three other groups have synthesized water-reducing
(H2-production) catalysts. These advances in fundamental
science will lead to the development of the first generation
of artificial photosynthetic systems for the direct photoproduction of H2 from water.

Status of Milestones
Subtask B (Dark Biohydrogen Fermentation Systems)
EU/Task 21 Hyvolution Program
 Milestone: Develop an integrated dark/photo-fermentative
H2-production system and transfer the technology to
industry.

 Status: The EU HYVOLUTION Program was completed with

development of an integrated system incorporating a
sequential dark anaerobic fermentation and photofermentation process to enhance H2-production efficiency
from biomass waste. A cost analysis was completed for
industrial scale-up (EU/Task 21—France, Germany, Italy,
Netherlands [lead], Sweden, Turkey, and UK plus six
others).

Status of Milestones
Subtask B (Dark Biohydrogen Fermentation Systems)
Japan
 Milestone: Scale up a H2-producing fermentation
technology with industrial support.

 Status: The Sapporo Brewery in Japan has constructed a

pilot plant to produce Biohydrogen from beer waste water
in a planted located in Sao Paulo, Brazil. Japanese
Biohydrogen researchers have also participated in a
technology transfer effort to help groups in Indonesia and
Malaysia set up Biohydrogen systems
where the economics may make sense.

Status of Milestones
Subtask C (Basic Studies of Light-driven Biohydrogen
Production) USA
 Milestone: Discover new halotolerant, photosynthetic

organisms with enhanced H2-producing capacity and
useful industrial properties.

 Status: A new marine phototrophic microbe (a

cyanobacterium found in the ATCC collection) that can
produce large amounts of H2 under aerobic conditions has
been discovered and characterized.

Status of Milestones
Subtask D (Biological Electrochemical Systems)
USA
 Milestone: Demonstrate a pilot-scale MEC device.
 Status: The first industrial-scale demonstration of an MEC for
BioH2 production is being conducted at the Napa Wine
Company, in Oakville, CA, by Penn State researchers with
engineering services supplied by Brown and Caldwell
(Walnut Creek, CA).

•

The reactor design is based on an approach of immersing brush
anodes and flat cathodes made of stainless steel into a tank. The
reactor contains 24 modules, each with six pairs of electrodes,
and is approximately 1 m3 in total volume. The performance of this
system will be reported when the system becomes fully
acclimated and its performance stabilized.

Status of Milestones
Subtask E (Overall Analysis)

Japan

 Milestone: Develop cost information for the industrial scaleup of a 2-stage Biohydrogen/ Biomethane plant.

 Status: The Sapporo Brewing Company has carried out a

feasibility study estimating the projected capital cost of a
small scale ($36 million) and large-scale ($1.2 billion;
〜40JPY/Nm3-H2). A small facility is under
construction at the Sapporo Brewery in Sao
Paulo, Brazil.

Information Dissemination and Outreach
Information Dissemination
 Task 21 Experts reported 96 peer-reviewed publications.
 Task 21 Experts reported seven publications in high impact
journals (Nature, Science, and PNAS).

 Task 21 Experts reported that four Ph.D. dissertations were
completed (Norway and Sweden).

 Task 21 Experts reported that five patents were filed or issued
(Canada, Italy and USA).

Information Dissemination and Outreach
Outreach
 Italy—14th International Biotechnology Symposium.
 Norway and Sweden—Norwegian Minister of Trade and
Industry (Trond Giske).

Future Hydrogen Production Costs
Cost breakdown into process steps.
Base case

Long term case

Cost (€/kg)

Cost(€/kg)

Raw material (PSP)

1.19

0.70

Pretreatment

1.74

1.23

Thermophilic fermentation

6.07

1.47

Photofermentation

8.78

1.37

Gas up-grading

2.15

1.37

Total production cost

19.93

6.14

Critical parameters from cost-point of view:
-raw material and pretreatment
lignocellulosics
-thermophilic fermentation
substrate concentration and yield
-photofermentation
productivity
-gas upgrading
energy demand

Feasibility study of Sapporo Beer
Small scale
source

products

Large scale
CO2 red.

900 t/y

source

products

CO2 red.

43,200
kL/y

64,800 t/y

540,000t/
y

Et-OH
H2

1.5 Mil.
Mol/y

18 t/y

945 Mil.
Mol/y

10,800 t/y

CH4

2.1 Mil.
Mol/y

95 t/y

1,260 Mil.
Mol/y

57,600 t/y

Cost

〜3 Bilion JPY

〜100 Bilion JPY
40 JPY/Nm3-H2
30

Thank you!
Thanks to the US DOE
Fuel Cell Technologies Program
for financial support

