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    At the beginning of the twenty-fi rst century, there are two important and 
interrelated  global   problems facing the humankind. They are the depletion of 
fossil fuels (coal, petroleum and  natural gas  ) and the environmental problems 
caused by their  utilisation  . According to the best estimates, most of the fossil 
fuels, which can be extracted at a reasonable cost, will be depleted by the end 
of this century. The utilisation of fossil fuels is resulting into huge environ-
mental problems, such as climate change, global warming, ozone layer deple-
tion, acid rains, pollution, oxygen depletion and others. Carcinogens produced 
by the  combustion   of fossil fuels are many times more than those produced 
by cigarettes. Radioactivity produced by coal burning is many times greater 
than those produced by nuclear power plants. We are observing more fre-
quent and stronger hurricanes, typhoons and tornadoes. We are also observ-
ing more and more droughts and fl oods. As global warming grows, they will 
also grow in size and frequency. Oceans are rising due to melting glaciers and 
ice caps. It is estimated that the cost of worldwide environmental and health 
damages caused by fossil fuels is presently 8 trillion US dollars per year and 
is growing. 

 There is an elegant solution to the above-described  global   problems. It is 
replacing the fossil fuels by hydrogen produced from clean and renewable 
energies. Hydrogen is the most effi cient, the cleanest and the lightest fuel. It 
is also renewable. Once we convert to the hydrogen energy system, we shall 
never have to convert to another energy system, as we shall never run out of 
hydrogen. So long as we have the sun and  renewable energy   sources, we shall 
be able to produce clean and abundant hydrogen. 

   Foreword   
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 Of course, hydrogen is a synthetic fuel and it must be manufactured. There 
are various hydrogen manufacturing methods such as direct thermal, thermo-
chemical, electrochemical, biological, etc. Among the hydrogen production 
methods, the biological method has the potential of producing the most cost- 
effective hydrogen. Because of this, many research groups around the world 
are working on biological hydrogen production. In several cases, bench-scale 
production systems have come up with encouraging results. 

 Clearly, time has arrived for a book on  biohydrogen   production. I con-
gratulate the editors, Dr. Anoop Singh and Dr. Dheeraj Rathore, for seeing 
the need for such a book and producing it. This book entitled “Biohydrogen 
Production: Sustainability of Current Technology and Future Perspective” 
covers the biological hydrogen production authoritatively from A to Z, 
including raw material sources, various production technologies,  sustainabil-
ity   problems, regional variations,  economics  ,  global   trends and future 
 perspectives  . 

 I strongly recommend this excellent book to energy scientists, engineers 
and students, who are interested in hydrogen production in general and bio-
logical hydrogen production in particular, as well as to those with industrial 
concerns, who are looking for inexpensive hydrogen production 
technologies.

     

       International Association for Hydrogen Energy     T.     Nejat     Veziroğlu   , 
  Miamim ,  FL ,  USA      

Foreword
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 Presently most of the  energy demand   is fulfi lled by the  fossil fuel  .  Global   
petroleum demand has increased steadily from 57 million barrels day −1  in 
1973 to 90 million barrels day −1  in 2013 and will continue to increase in line 
with the  world’s economy  . The increasing energy demands will speed up the 
exhaustion of the fi nite fossil fuel. United Arab Emirates, one of the major oil 
export countries, would fail to meet the share in the oil and  natural gas   
demands by 2015 and 2042, respectively. The fossil fuel resources in Egypt 
would be exhausted within two decades. 

 Using petroleum-based fuels creates atmospheric pollution during  com-
bustion  . Apart from  emission   of the  greenhouse gas   (GHG) CO 2 , air contami-
nants like NO X , SO X , CO, particulate matter and volatile organic compounds 
are also emitted which leads not only to climate change but also to deteriora-
tion of environmental and human health. Continued use of  fossil fuel   is now 
widely recognised as unsustainable. A renewable, carbon-neutral energy 
resource is necessary for environmental and  economic    sustainability  . Concern 
for exhausting the availability of fossil fuel for fulfi lling future  energy demand   
and considering changes in  global   climate by conventional energy resource 
has diverted researchers towards exploring a way to environmentally safe and 
sustainable energy resources. Finding suffi cient supplies of  clean energy   for 
the future is one of the most daunting challenges for humanity and is inti-
mately linked to global stability,  economic   prosperity and quality of life. A 
rapid surge in research activities with intensive focus on  alternative fuels   has 
been seen in the past decades in order to reduce the dependency on fossil 
fuels, mainly by providing local energetic resources. 

 Biofuels are considered as the most  environment friendly   alternative 
energy source because they are renewable and also sequester carbon. 
Currently, biofuels are commercially produced from the food  crops  , develop-
ing serious ecological and  socio-economical   anxiety such as land use changes 
and food-fuel competition issue. About 1 % (14 million hectares) of the 
world’s arable land is able to produce current biofuels, to supply 1 % of  global   
transport fuel demand. Between 1980 and 2005, worldwide production of 
biofuels increased by an order of magnitude from 4.4 billion litres to 50.1 
billion litres. Clearly, increasing the share, it will be impractical due to the 
severe impact on the world’s food supply and the large areas of production 
land required. This is manifested by the recent increase in grain prices due to 
 utilisation   of maize at large scale as a  feedstock   for production of fuel ethanol 
in the  USA  . This caused riots in Mexico due to the increase in the price of 

  Pref ace   
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tortillas, a staple food. Further, GHG saving is another constraint for develop-
ing a sustainable biofuel. The Intergovernmental Panel on Climate Change 
has calculated that reductions of 25–40 % of CO 2  emissions by 2020 and up 
to 80 % by 2050 are required to stay within temperature range, i.e. less than 
2 °C, to avoid dangerous climate changes worldwide. The production of sus-
tainable  bioenergy   is a challenging task in the promotion of biofuels for 
replacing the fossil-based fuels to get a cleaner environment and also to 
reduce the dependency on other countries and uncertainty of fuel price. 

 Among the various  renewable energy   sources,  biohydrogen   is a strong 
candidate for future energy source by virtue of the fact that it is renewable, 
does not evolve GHG and ozone layer-depleting chemicals in  combustion  , 
liberates large amount of energy per unit weight in combution and is easily 
converted into  electricity   by fuel cell. Hydrogen is also harmless to mammals 
and the environment. Hydrogen can be produced safely and considered as the 
ultimate cleanest energy carrier to be generated from renewable sources. 
Progress in the late 1990s contributed to a breakthrough in terms of sustain-
able hydrogen production. There are various technologies (direct  biophotoly-
sis  , indirect biophotolysis,  photo-fermentations   and dark fermentation) 
available for the production of biohydrogen from biomass/ organic wastes  , 
and many of these technologies have some drawbacks (e.g. low yield, low 
production rate, etc.), which limit the practical application. Studies on the 
biohydrogen production have been focused on photo-decomposition of 
organic compounds by photosynthetic bacteria, dark fermentation from 
organic compounds with anaerobes and biophotolysis of water using algae 
and cyanobacteria. Among these technologies,  metabolic engineering   is pres-
ently the most promising for the production of biohydrogen as it overcomes 
most of the limitations in other technologies. The  biohydrogen   production 
from biomass is particularly suitable for a relatively small and decentralised 
system, and it can be considered as an important key for a sustainable renew-
able energy source. 

 The present book is an effort to provide an up-to-date information and 
knowledge on the state of the art of  biohydrogen   production technology by 
the internationally recognised experts and subject peers in different areas of 
biohydrogen. It is a comprehensive collection of chapters related to choices 
of  feedstock  , microbiology, biochemistry, molecular biology, enzymes and 
metabolic pathways involved,  bioprocess   engineering, waste  utilisation  ,  eco-
nomics  ,  life cycle    assessment   and  perspectives   of the  biohydrogen   production 
in different countries and regions of the world and also include scale-up and 
 commercialisation   issues. The introductory chapter (Chap.   1    ) gives a general 
background for  global   energy statistics, available sources for  energy supply  , 
options of  renewable energy   sources, benefi ts of adoption of  biohydrogen   and 
its  sustainability   and  future perspectives  . The following chapter (Chap.   2    ) 
reviews the potentiality of different biomass that can be utilised for biohydro-
gen production and also discusses various technologies for production of bio-
hydrogen and sums up with the required further research. Chapters (  3     and   4    ) 
focused on biohydrogen production from  agricultural biomass   and wastes to 
analyse their suitability for biohydrogen production and also point out the 
challenges for biohydrogen production from agricultural biomass and wastes. 
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A series of chapters (Chaps.   5    ,   6    ,   7     and   8    ) are concentrated on the potential 
of microbial biohydrogen production especially from cyanobacteria and 
 green algae  . These chapters discussed on the  physiology   of biohydrogen pro-
duction from  microbial biomass  ,  industrial approaches   for biohydrogen pro-
duction by photoautotrophic microbes, characterisation and identifi cation of 
algal strains, mechanism of hydrogen photoproduction by algae, design and 
modelling of photobioreactor for algae  cultivation   and biohydrogen produc-
tion, algal engineering for improving photosynthetic  effi ciency   and hydrog-
enase and constraints and challenges for biohydrogen production. The 
following chapter (Chap.   9    ) is an attempt to review the latest fi ndings on 
hydrogenase enzyme, responsible for hydrogen production, and also enlighten 
the  metabolic engineering   to increase the enzyme production and activity. 
Two chapters (Chaps.   10     and   11    ) reviewed the present status and future per-
spectives of biohydrogen production in  Asia   and Saudi Arabia. The  econom-
ics  , a major limitation of biohydrogen popularity for industrial production, is 
also covered (Chap.   12    ).  Life cycle assessment (LCA)    techniques   allow 
detailed analysis of material and energy fl uxes on regional and global scales. 
LCA studies of  renewable energy   sources calculate the environmental impact 
and can relate the results against sustainability criteria. The comprehensive 
LCA of biohydrogen production and its comparison with other biofuels is 
covered in the Chap.   13     and can be a tool for sustainability assessment and 
policy decisions. Chapter   14     presented a global  trend   of biohydrogen research 
and its  future perspectives  . 

 This book is aimed at a wide audience, mainly researchers, energy special-
ists, academicians, entrepreneurs, industrialists, policymakers and others 
who wish to know the latest development and future  perspectives   of  biohy-
drogen   production, and also discusses the bottlenecks of the various pro-
cesses that currently limit the scale-up and  commercialisation  . Each chapter 
begins with a fundamental explanation for general readers and ends with in- 
depth scientifi c details suitable for expert readers. The text in all the chapters 
is supported by numerous clear, illustrative and informative diagrams, fl ow 
charts and comprehensive tables detailing the scientifi c advancements, pro-
viding an opportunity to understand the process thoroughly and meticulously. 
Written in a lucid style, the book comprehensively covers each point to give 
the reader a holistic picture about  biohydrogen   production technology and its 
 sustainability  . The book may even be adopted as a textbook for university 
courses that deal with biohydrogen and  renewable energy   sources. 

 Despite the great efforts of authors and editors along with extensive checks 
conducted by many experts in the fi eld of  biohydrogen   production, mistakes 
may have been made. We would appreciate if the readers could highlight 
mistakes and make comments or suggestions to improve and update the book 
contents for future editions.  

    New Delhi ,  India      Anoop     Singh    
   Gujarat ,  India      Dheeraj     Rathore       

Preface

http://dx.doi.org/10.1007/978-81-322-3577-4_5
http://dx.doi.org/10.1007/978-81-322-3577-4_6
http://dx.doi.org/10.1007/978-81-322-3577-4_7
http://dx.doi.org/10.1007/978-81-322-3577-4_8
http://dx.doi.org/10.1007/978-81-322-3577-4_9
http://dx.doi.org/10.1007/978-81-322-3577-4_10
http://dx.doi.org/10.1007/978-81-322-3577-4_11
http://dx.doi.org/10.1007/978-81-322-3577-4_12
http://dx.doi.org/10.1007/978-81-322-3577-4_13
http://dx.doi.org/10.1007/978-81-322-3577-4_14


           



xi

 There are several people behind the successful completion of this book. We, 
the editors of this book, jointly express our gratitude towards our teacher 
Professor S.B. Agrawal (Department of Botany, Banaras Hindu University, 
Varanasi, India) for his inspiration and continuous support. We are thankful 
to Surabhi Shukla from Springer who fi rst approached us with the proposal 
for the book and helped us crystallise our ideas on the topic. Afterwards 
Raman Shukla, Dr. Mamata Kapila and Hemalatha Gunasekaran took over 
and provided excellent support with all the administrative work. We also 
thank all the authors who kindly agreed to contribute the chapters and worked 
with us throughout the process. We are also grateful to the reviewers who 
took time out of their busy schedule and critically reviewed the chapters of 
this book and provided very valuable suggestions for their improvements. 
This book is a labour of love for us since we spent a lot of our weekends and 
free time on working on it. For this reason alone, our families deserved to be 
thanked for bearing with us all this while. Anoop Singh likes to thank the 
administration of the Department of Scientifi c and Industrial Research 
(DSIR), Ministry of Science and Technology, government of India, for their 
support. Dheeraj Rathore would like to thank the vice-chancellor of the 
Central University of Gujarat, India, and dean of the School of Environment 
and Sustainable Development, Central University of Gujarat, India, for their 
unfl inching support and encouragement towards this endeavour.  

  Acknowledgements  



                  



xiii

    1      Biohydrogen: Next Generation Fuel ...........................................  1   
    Anoop   Singh     and     Dheeraj   Rathore    

     2      Biohydrogen Production Potential of Different 
Biomass Sources ............................................................................  11   
    Hidayet   Argun    ,     Pelin   Gokfi liz    , and     Ilgi   Karapinar    

     3      Biohydrogen Production from Agricultural 
Biomass and Organic Wastes .......................................................  49   
    Nicholas   E.   Korres     and     Jason   K.   Norsworthy    

     4      Trends and Challenges in Biohydrogen Production 
from Agricultural Waste ...............................................................  69   
    Lucile   Chatellard    ,     Antonella   Marone    ,     Hélène   Carrère    , 
and     Eric   Trably    

     5      Exploiting Biohydrogen Pathways of Cyanobacteria 
and Green Algae: An Industrial Production Approach .............  97   
    Anubha   Kaushik     and     Mona   Sharma    

     6      Characterization and Screening of Algal Strains 
for Sustainable Biohydrogen Production: 
Primary Constraints .....................................................................  115   
    Ramkrishna   Ghosh    ,     Punyasloke   Bhadury    , 
and     Manojit   Debnath    

     7      Challenges in the Design and Operation 
of an Efficient Photobioreactor for Microalgae 
Cultivation and Hydrogen Production ........................................  147   
    Surajbhan   Sevda    ,     Sourish   Bhattacharya    ,
    Ibrahim   M.   Abu   Reesh    ,     S.   Bhuvanesh    , and     T.  R.   Sreekrishnan    

     8      Sustainability of Biohydrogen Production 
Using Engineered Algae as a Source ...........................................  163   
    Khorcheska   Batyrova     and     Patrick   C.   Hallenbeck    

     9      Biohydrogen Production from Microalgae: 
An Enzyme Perspective ................................................................  181   
    Ayse   Kose     and     Suphi   S.   Oncel    

  Contents 



xiv

     10      Biohydrogen Production Scenario for Asian Countries ............  207   
    Rupam   Kataki    ,     Rahul   S.   Chutia    ,     Neon   J.   Bordoloi    ,
    Ruprekha   Saikia    ,     Debashis   Sut    ,     Rumi   Narzari    ,     Lina   Gogoi    ,
    G.  N.   Nikhil    ,     Omprakash   Sarkar    , and     S.   Venkata Mohan    

     11      Waste-to-Hydrogen Energy in Saudi Arabia: 
Challenges and Perspectives ........................................................  237   
    R.   Miandad    ,     M.   Rehan    ,      O.  K.  M.   Ouda    ,     M.  Z.   Khan    , 
    K.   Shahzad    ,     I.  M.  I.   Ismail    , and     A.  S.   Nizami    

     12      Biohydrogen Economy: Challenges and Prospects 
for Commercialization ..................................................................  253   
    Mona   Sharma     and     Anubha   Kaushik    

     13      Comparative Environmental Life Cycle Assessment 
of Biohydrogen Production from Biomass Resources ...............  269   
    Christina   Wulf    ,     Lisa   Thormann    , and     Martin   Kaltschmitt    

     14      Biohydrogen: Global Trend and Future Perspective .................  291   
    Ratan   Singh    ,     Anoop   Singh    , and     Dheeraj   Rathore    

  Index .......................................................................................................  317    

Contents


