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ARTICLE INFO ABSTRACT
Articl_e history: Photobiological production of hydrogen is considered to be one of the most promising technologies
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photobiological hydrogen production by various phototrophs, namely purple non-sulfur bacteria, green
sulfur bacteria, cyanobacteria, and green algae. We discuss the improvements in hydrogen production
efficiency and the advances in related technologies that are needed before phototrophs can be used for
economically-viable hydrogen production. We also discuss some technological aspects such as the cost

Iéli}llx;gf)%onas of nutrients and bioreactors, which should be taken into consideration in designing future plans for the
Cyanobacteria application of photobiological hydrogen production.
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Photosynthesis

Purple bacteria

Contents

B oL 0T LE U U ) o
2. Energy conversion in photochemical reactions and enzymes of Hy ProduCtion............viiiuittiiiet ettt iiie e iee e iaeeeeannes
2.1. Photochemical reaction centers and linked €~ tranSPOIt SYSTEIMIS . ... tttttttntniie ettt ettt ettt ettt e et tteaaiaaaeeeeeeeeeees
2.2, Ferredoxin and flaVOdOXIN .. ...ttt ettt et
D2 TR 01153 Vo ) s U5 Yo ) -3
D S &) (=T (o) o I =1 0 1) 5T ) o 1 1 5 L
2.5.  Proton-motive force and AT SYIMtIeSiS. ... .ueut ettt ittt ettt ettt et e ettt aaaan
2.5.1.  Membrane-bound ATP SYNENASE .. ... ...ttt ettt et ittt e ettt e et et e et e e et e e e e e e e et
2.5.2.  H[ATP 1atio i ATP SYIERESIS ..ttt ettt ettt ettt et ettt e ettt e e ettt e et e e e e et e e e e ae e et e e e iae e e e e anaas
2.5.3. Transhydrogenase and NADPH/NADP*, NADH/NAD" redOX COUPIES ... . uttuuuuieeeeeteeetetttttiiaaaeeeeeeeeeeenannnnnnnnns
2.54. Hydrogen and NAD(P)H
2.6. The enzymes of H, production......................
2.6.1. Hydrogenases...........ccooveeiiineennnnn.
2.6.2. Nitrogenase...........cooeveeruineeennnnns
3. Hy production by living organisms .................
2% DR 5 11 y ] (<IN o Ul <) T
3.1.1.  Photobiological H, production by purple non-sulfur bacteria.......................
3.1.2. Njase-based H, production with various organic substances serving as e~ sources..
3.1.3. Comparison with dark fermentative Hy ProduUCtion . ..........oiiiuiiiiii ittt i et i e et e ie e iia e e eaas
3.1.4. Ferredoxin/flavodoxin reduction in PNS Dacteria. ... .....uuiiiiniii ittt ittt e e e e i iee e iee e eaaaaas
3.1.5. Optimizing photobiological H, production by purple non-sulfur bacteria.............oouiiiiiiiiiiiiiii i

—_
QO WVWWWWoNOTUUuUu . NDNMBMDNWWN

—_

Abbreviations: BChl, bacteriochlorophyll; Chl, chlorophyll; Fd, ferredoxin; Fld, flavodoxin; FNR, ferredoxin-NADP* reductase; H,ase, hydrogenase; N, ase, nitrogenase; Ndh,
NADH dehydrogenase; MQ, menaquinone; MQH,, menaquinol; pmf, proton-motive force; PNS, purple non-sulfur; PQ, plastoquinone; PQH;, plastoquinol; PS I, photosystem
I; PS 11, photosystem II; PTOX, plastoquinol terminal oxidase; RC, reaction center; UQ, ubiquinone; UQH,, ubiquinol.

* Corresponding author. Tel.: +81 463 59 4111; fax: +81 463 58 9684.

E-mail address: sakurai@waseda.jp (H. Sakurai).

1389-5567/$20.00 © 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.jphotochemrev.2013.05.001


dx.doi.org/10.1016/j.jphotochemrev.2013.05.001
http://www.sciencedirect.com/science/journal/13895567
http://www.elsevier.com/locate/jphotochemrev
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jphotochemrev.2013.05.001&domain=pdf
mailto:sakurai@waseda.jp
dx.doi.org/10.1016/j.jphotochemrev.2013.05.001

2 H. Sakurai et al. / Journal of Photochemistry and Photobiology C: Photochemistry Reviews 17 (2013) 1-25

I I € (1<) 1 I U0 gl 0T Ual ()5 I I N 12

3.3, CyanobaCteria .....uuieiiie ettt e, 13
3.3.1. Heterocyst-forming cyanobacteria 13

3.3.2.  Filamentous non-heterocystoUS CYaNODACTEIIA . . ... u ...ttt ettt ettt et e et et ee e et e e et e e e ae e e ae e e eiaeeennnens 13

S0 2 T )oY (ol | L1 ey 7 Y o] o Ut ) - 14

3.3.4. Hjase-based H; production by CYanODaCeITA . . ... ...ttt ettt ettt ettt e et ee e et e e e ee et eia e e e e e e eaneeeens 16

I €3 <1< o I 1 = 16
I DR @ 11111 (o 1 o £ T 3 16

I N (T B o) ol A o T 00 0] 0773 10T 01 17
o B &3 1 1<) ey oo 1Y) S ) s T 3 (el U)o oy 17

4.2. Aselection of proposed strategies for improving photobiological Hy production ..............oouiiiiiiiiiiiin i iiiie e iiieeeanns 18
5% O 10 1 0} V7] 1 1<) 1 L) T 18

5. Need for cost reductions..........ceeuuieieiiineeiiineeennnnnns 19
5.1. Bioreactors and Storage ..............eevieeerinnnnnns 19

52. Costofnutrients...........coovvvvivieniinnnnnnnn. 20
5.2.1. Filling gas for N,-based H; production... 20

6. FULUI® PrOSPECES ..t ttie ettt et et et ie e e e ieeaans 20
6.1. Achieving the target of solar energy CONVEISiON 10 Hy . ....uuiiiitii ittt et ettt et ettt e e e ee e iae e e eaaans 20
6.1.1.  Using the price of corn to gauge the performance of modern agriCulture. ..............oveiiuiieiiiiieetiiiieeiiieeeeiaeeennnns 20

6.1.2. Targeting improved photobiological H, production efficiency by optimizing solar energy conversion.......................... 20

[ TR = 3 43 1 0L ) [ 21

R o el LT 1 o =) 1 = 21
el 14 100007 1T o o a3 3 21

] (2] W) Lol 21

Hidehiro Sakurai is an Emeritus Professor, Waseda Uni-
versity, Tokyo, and a Guest Research Fellow, Research
Institute for Photobiological Hydrogen Production, Kana-
gawa University, Hiratsuka, Japan. He was graduated from
the Department of Botany, and the Graduate Course of
Biochemistry and Biophysics, University of Tokyo (PhD.
1966). He was a Professor, Department of Biology, School
of Education, Waseda University (1976-2006). He stayed
in Dr. A. San Pietro’s laboratory for one year in the late
1970s. In Waseda University, he was the Director of the

Environmental Safety Center (1995-1999) and the Direc-
Q tor of the Research Institute for a Sustainable Future.

He was a Guest Professor, Kanagawa University (2006-
2012). Hisresearch areas include: photophosphorylation, photosystem I (iron-sulfur
clusters), green sulfur bacteria (reaction center, electron transport components,
and inorganic sulfur metabolism), and photobiological hydrogen production by
cyanobacteria.

Hajime Masukawa is a researcher atJST, PRESTO and a vis-
iting researcher at Kanagawa University. He received his
Dr. Sci. degree in Waseda University in 2003. He graduated
from Waseda University, Department of Physics, Science
and Engineering in 1998. His research interests include
photobiological hydrogen production by nitrogenase of
cyanobacteria and regulation of heterocyst differentia-
tion.

Masaharu Kitashima is a researcher at Research Institute
for Integrated Science, Kanagawa University. He gradu-
ated from Department of Biological Sciences, Faculty of
Science, Kanagawa University (BSc, MSc) and obtained
Ph.D. degree in Biological Sciences from Kanagawa Uni-
versity (2012). His main research area is photobiological
hydrogen production by cyanobacteria.

Kazuhito Inoue is a professor of Department of Biological
Sciences and a director of Research Institute of Photo-
. biological Hydrogen Production at Kanagawa University,
Hiratsuka, Japan. He received his B. Sc. in 1984 and Ph. D
degree in 1989 from Waseda University. He was appointed
research associate of Department of Biological Sciences
at Kanagawa University in 1989, and promoted associate
professor in 1999. Since 2005, he has been a professor at
Kanagawa University. He also worked as a visiting sci-
entist at Indiana University at Bloomington (1993-1994,
and 1996), and a visiting associate professor (2002-2006)
and visiting professor (2006-2008) at The University of
Tokyo. His research interest concerns with photosynthetic
electron transport system as well as biosynthesis of photosynthetic pigments.

1. Introduction

The global human population has an acute need for renew-
able energy sources in order to mitigate the global climate change
caused by increasing green-house gases in the atmosphere and to
keep up with the dwindling fossil fuel supplies. According to one of
the scenarios presented in the Intergovernmental Panel on Climate
Change’s (IPCC) 4th Assessment Report “Climate Change” [327], in
order to mitigate the dangerous effects of anthropogenic warm-
ing, we must reduce global CO, emission from fossil fuels by about
50% of present levels by 2050. The more economically-advanced
countries will be required to achieve more severe reductions. An
upcoming 5th Assessment Report by the IPCC is scheduled to be
published in 2014 and will provide more in-depth analyses. In order
to achieve the significant reductions of CO, emissions called for
in the IPCC report, the adoption of large-scale solar energy-based
technologies seems to be among the most promising strategies
(Table 1) in terms of meeting energy demands.

Considering that our current consumption of fossil fuels is about
20 times greater than our energy derived from foods, we can-
not expect much additional energy production from agricultural
land-based energy crops. Even if we had additional arable land
available to produce energy crops alongside food crops, and energy
crops were as productive as food crops in terms of the quantity
of available energy, this theoretical energy crop production would
meet only 5% of our current fossil fuel energy demand. Therefore,
even with new crops grown exclusively for energy production, the
amount of energy feasibly produced from our agricultural lands
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