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Preface

This book is devoted to offering a one-stop source of information to engineers,
economists and other professionals, as well as graduate students in renewable
energy technologies and climate change activities. The book includes the main
current statistics and the state of the art in the different topics related to all
renewable energy technologies, carbon capture and storage, energy and electricity
storage and smart grids. The most important up-to-date numerical data related to
efficiencies, energy capacities and lifetimes of the systems, production costs,
energy payback ratios, carbon emissions, patents and literature statistics, are
exposed in 17 chapters, 247 figures and 49 tables, integrated in terms of units and
methodology. All these data are also analysed in the book as a means to project
future grid and fuel parity scenarios, and future technology tendencies in the
different areas exposed. The book contains 405 references to books, briefings,
reviews and research articles, mostly published in 2009-2012.

The book starts with an executive summary including a resume of the main data
related to renewable systems and energy production costs, state of the art and
environmental impact for each technology. The following chapter includes a brief
description of the current use and theoretical potential of renewable and conven-
tional energies, the evolution of the CO, emissions and atmospheric concentration
and their influence in the climate change, generation costs of renewable fuel and
electricity, the technological current status and the environmental impacts of the
renewable energy technologies. The scheme followed in each of the technology
chapters is identical: (1) overview of the technology and global updated energy
production and capacity; (2) current status and key technologies; (3) current and
future cost scenarios; (4) carbon emissions, energy payback and external costs; (5)
technological trends; (6) pre-production and innovation highlights in 2009-2011
and (7) analysis of patents and literature statistics.

All values of the energy costs exposed in the book have been referred to 2011,
mainly considering US and EU inflation indexes. To define the EUR/USD equiva-
lence, we have considered the 2011 average exchange rate between both currencies.
To evaluate the grid parities for the different renewable technologies, the following
data have been selected: (1) the annual average electricity price forecasts in the
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reference scenario at nominal USD per kWh (2011-2030) (EIA); (2) the electricity
prices in the Iberian trade market and (3) the retail electricity prices published in the
IEA Key World Energy Statistics. The electricity prices selected to graph grid
parities for decentralised renewable technologies have been the US industrial and
residential end-users EIA forecasts. The electricity prices selected to graph grid
parities for centralised renewable technologies have been the US prices for
generating services and the linear adjustment of the average electricity price in
the Iberian trade market between 2000 and 2011.

To discuss global energy figures (mainly supply, capacities and production), we
use the IEA Statistics Database. We consider this source very rigorous, but the
methodology employed produces 2-year delayed data with respect to present. To
compensate this drawback, in many chapters more updated estimations, provided
by global and prestigious associations related to the specific technology, are
referred.

For the analyses of the evolution of the number of patents for the different
technologies, we have considered the publication date instead of the application
date.

The data and the subsequent analysis provided in the text will be annually
updated, as new data from different recognised sources are continuously collected
and analysed by the authors. The sources considered are only international reputed
agencies, energy departments of G8 countries, recognised international energy
associations and top impact index journals. The description of pre-production and
innovation highlights presented in each technology chapter are always extracted
from past 3-year published top impact index journals, listed in the Journal of
Citations Reports and from qualified and specialised news media.

This book surges from the work produced by the authors within the programme
“Energy and Climate Change” (2008-2011) of the Foundation for Applied Eco-
nomic Research (FEDEA) and funded by the Focus-Abengoa Foundation. This
programme had the aim to analyse the economic, technological and environmental
impacts of the different renewable and associated technologies to define the role of
each in the configuration of global and regional future energy mixes. Once the
targets of the programme were met, the authors decided to update the information,
adding also new content and publish it in book form.

We want to acknowledge the support of the Focus-Abengoa Foundation as well
as the Foundation for Applied Economic Studies. We also want to acknowledge the
support of the University of La Laguna and Universidad Auténoma de Madrid. We
want to thank also the collaboration of the following persons: Inés Gutiérrez
Toledo, Luis A. Puch, Gustavo A. Marrero, Elena Santiago, Santiago Marin, Carlos
Bousono, José Dominguez-Abascal, Carlos Sebastian, Antonio Miguel Bernal,
Anabel Morillo, Ricardo Arjona, José Luis Arroyo, Javier Brey, José Caraballo,
Africa Castro, Maria de los Angeles Gutiérrez, Cristina Huertas, Manuel Losada,
José Maria Marimé6n, Eduard Soler, Enrique Moreno, Maria Victoria Sanchez,
Nieves Valenzuela, Alfonso Vega, Pablo Vazquez, Bruno Diaz-Herrera, Benjamin
Gonzalez-Diaz, and students of the Master in Renewable Energies and Electronic
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Engineering of the University of La Laguna. We also want to make special mention
to our image designer, Aneliya Stoyanova.

The authors are available for readers to discuss any data or analysis published in
this book and to propose any additional and recognised contents for next editions
(rglemus@ull.es). Any reader who collaborates in the enrichment of the topics in
future book editions will be recognised as collaborator of the edition where his/her
contribution is added.

La Laguna Spain Ricardo Guerrero-Lemus
Madrid Spain José Manuel Martinez-Duart






Contents

I Introduction

1 Executive Summary............ ... . ... . ... ..
References. . ... ... i
2 Renewable Energy and CO,: Current Status and Costs. . . . ... ..
2.1 The Current Use and Theoretical Potential of Conventional
and Renewable Energies. . .. ............. .. ... ... .....
2.2 Evolution of CO, Emission Rates and Influence on Climate
Change . ... ..o e
2.3 Fuel and Electricity Production Costs from Renewable Energy
SOUICES . & v v v et et e e e e e e e e
2.4 Status of the Renewable Energy and Associated
Technologies. .. ... i i
2.5 CO, Emissions, Energy Payback and Other Environmental
COStS .
References. . . ...

II Renewable Fuels and Carriers

3 Biomass. .. ... ...
3.1 OVEIVIEW . . v e e e e e e e e e
32 Stateofthe Art. .. ... ...

3201 Energy Crops. ... ovvviie it e eie i
3.2.2 Cultivation Techniques. . .......................
3.2.3 Harvesting, Storage and Transportation. . ............
324 Combustion. ................iiiiiiiiiiii..
325 CoAfiring. . .ov v
32.6 Gasification. . ......... ... .. i i
3.2.7 Anaerobic Digestion. . .........................
3.2.8 Stagesof Development. ........................

Xi



Xii

Contents
3.3 Current Costs and Future Scenarios. .. ................... 48
3.4 Energy Payback, CO, Emissions and External Costs. . . . ... .. 51
3.5 Future Technology Trends . . . ......................... 54
351 Energy Crops. .. ..o vi i 54
3.5.2 Cultivation Techniques. . ....................... 54
3.5.3 Harvesting, Storage and Transportation. . ............ 55
354 Combustion........... ... ... 56
355 CoAfiring. .. ..o 56
35.6 Gasification. . ........ ... i i i i 57
3.5.7 Anaerobic Digestion. .............. ... ... 57
3.6 Pre-production Highlights 2009-2011.................... 58
3.6.1 The World Largest Biomass Power Plant. . . ... ... ... 58

3.6.2 New Strategies to Increase Biogas Production from
Wastewater. . . . ... 58
3.7 TInnovation Highlights 2009-2011....................... 59
3.7.1 BIGCC to Produce Electricity and Heat in Ethanol Plants 59

3.7.2 Electricity Production from Anaerobic Digestion in
Microbial Fuel Cells. . . ........................ 59
3.7.3 Using Charcoal Production to Store CO, and Produce Heat 59
3.8 Statistics of Publications and Patents . . . .................. 60
References. .. ... . 62
Biofuels. ... ... ... . 63
41 OVeIVIEW . o oottt 63
42 Stateofthe Art. ... .. ... 65
4.2.1 First-Generation Bioethanol . . . .. ................. 65
4.2.2  First-Generation Biodiesel . . . . ................ ... 66
4.2.3 Lignocellulosic Bioethanol (Second Generation) . . . . . . . 67
4.2.4 Second-Generation Biodiesel . . . .................. 68
4.2.5 Hydrogen from Biomass (Third Generation). . . ....... 69
4.2.6 Biodiesel from Microalgae (Third Generation) . . . .. ... 69
4.277 Stagesof Development. ........................ 71
4.3 Current Costs and Future Scenarios. . .................... 72
4.4 Energy Payback, CO, Emissions and External Costs. . .. ... .. 74
4.5 Future Technology Trends. . .............. .. ... . ..... 77
4.5.1 First-Generation Bioethanol . . ... .............. ... 77
4.5.2 First-Generation Biodiesel . . . . ................... 78
4.5.3 Second-Generation Bioethanol . . . .............. ... 78
4.5.4 Second-Generation Biodiesel . . .. ................. 79
4.5.5 Hydrogen from Biomass (Third Generation). .. ....... 79

4.5.6 Biodiesel from Microalgae (Third Generation) . . . . . . .. 80



Contents

Xiii

4.6 Pre-Production Highlights 2009-2011.................... 80
4.6.1 Danish Companies Novozymes and Nanisco
Announce Breakthroughs in Enzymes to Produce
Ethanol from Cellulose . . .. .................. ... 80
4.6.2 ExxonMobil Enters the Race to Produce Biofuel from
Microalgae. . . ... 81
4.6.3 Genetically Modified Microbes Produce Biodiesel . . . . . . 81
4.6.4 Hybrid Cellulosic Ethanol Plant of Abengoa Bioenergy
in Kansas, USA (2010). . .. ... ... ... ... .. 81
4.6.5 Producing Biodiesel at Home .. ................... 82
4.7 Innovation Highlights 2009-2011.......... ... ... ...... 82
4.7.1 New Procedure to Produce Jet Fuel from Waste Biomass. 82
4.7.2 Direct Conversion of CO, Into Biofuels. . .. ......... 82
4.7.3 Design of an Improved Process for the Use of Pyrolysis Oils 83
4.7.4 Genetic Modification of E. coli Converts Seaweed into
Ethanol....... ... . . 84
4.7.5 Discoveries on Isobutanol and on Ethanol Production
in Microorganisms . . . . ........ ... 84
4.8 Statistics of Publications and Patents. . . .................. 85
References. . ... ... 87
5 Hydrogen Production. ... ............................... 89
5.1 OVEIVIEW . o v e e e e e e 89
52 Stateofthe Art. .. ... ... 91
5.2.1 Reforming........... ... 91
522 Gasification. . ... ... 92
523 Water Electrolysis. . ....... ... 92
524 ThermolySiS. . ...ttt 93
5.2.5 Thermochemical Cycles. ........................ 93
5.2.6 Biochemical Fermentation. . ..................... 94
5.2.7 Photocatalysis and Photoelectrolysis. . .............. 94
5.2.8 Hydrogen Storage. ............... ... 95
5.2.9 Market Penetration. . ............ . ... . . ... .. 95
5.3 Current Costs and Future Scenarios. . .................... 96
5.4 Energy Payback, Carbon Emissions and External Costs. . ... .. 100
5.5 Future Technology Trends. .. .......... ... ... ........ 101
5.5.1 Reforming............ ... 101
552 Gasification. . ... ... 101
5.53 ElectrolysiS. . ..ot 102
5.54 ThermolysiS. ... ... ... 102
5.5.5 Biochemical Fermentation. . ..................... 103
5.5.6 Photocatalysis and Photoelectrolysis. ............... 103
5.5.7 Thermochemical Cycles. ........................ 104
5.5.8 Hydrogen Storage................uiiiuiinn.... 104



Xiv

III

Contents
5.6 Pre-Production Highlights 2009-2011.................... 105
5.6.1 First World Fuel Cell and Hydrogen Energy Station
in Orange County (USA). . ..... .. ... .. ... 105
5.6.2 The Commercial Vehicle That Travels More Kilometres
Driven by Hydrogen. . . .......... ... ... ... .... 105
5.6.3 Waste Treatment Plant Capable of Producing Energy
withHydrogen. .. .......... ... ... ........... 105
5.7 TInnovation Highlights 2009-2011....................... 105
5.7.1 Thermochemical Cycles for Water Dissociation in Two
Stages Using Fe;O4 and NiFe,O, Particles on ZrO, Porous
Ceramic Devices. . ........... .. ... ... 105
5.7.2  Production of Hydrogen from Water by the Effect
of Light on Polymeric Carbon Nitride . . . ............ 106
5.7.3 Production of Hydrogen from Virus. ............... 106
5.7.4 Attificial Leaves That Produce Hydrogen. . .......... 106
5.7.5 Improvement of the Kinetics for the Water Electrolysis. . 107
5.8 Statistics of Publications and Patents. . . . ................. 107
References. . .. ... . . 109
Power from Renewable Sources
Photovoltaics (PV) . . ... .. ... . . .. . . . 115
6.1 OVEIVIEW . . . e e e e e e e 115
6.2 Stateofthe Art....... ... . 119
6.2.1 Crystalline Silicon Cells. . ....................... 119
622 ThinFilmCells.......... ... ... ... 119
6.2.3 Third-Generation Solar Cells. . . .................. 120
6.2.4 Organic SolarCells. .. ......... ... ... ... 120
6.2.5 Efficiencies and Required Areas. . ................. 121
6.2.6 Market Penetration. .. ............. ... .. ... 122
6.3 Current and Future Costs Scenarios. . .................... 123
6.4 Energy Payback, Carbon Emissions and External
COSES . o e 124
6.5 Future Technology Trends. . ....................... ... 127
6.5.1 Crystalline Silicon Solar Cells. . . ................. 127
6.5.2 ThinFilm SolarCells. .. .............. ... .. .... 127
6.5.3 Third-Generation Solar Cells. . ................... 128
6.54 OrganicSolarCells. .. .......... ... ........... 128
6.5.5 OtherFuture Trends. ........................... 128
6.6 Pre-Production Highlights (2009-2011)................... 129
6.6.1 Transport Driven by Photovoltaic Energy . . . . ... ... .. 129
6.6.2 PV Plants Without Feed-in Tariff Are Planning

inSpainin2012....... ... . ... . . . 129



Contents XV

6.7 Innovation Highlights (2009-2011)...................... 130
6.7.1 The New Efficiency Record for Solar Cells
Reached 435 % . ... ... i 130
6.7.2 Advances in High-Efficiency GaAs Thin Films
Manufacturing on Flexible Plastic Substrates. . . . ... .. 130
6.7.3 Dye-Sensitised Solar Cell Exceeds 12 %
Efficiency. ... ... ... 130
6.7.4 Peak External Photocurrent Quantum Efficiency
Exceeding 100 % . . ......c oo 130
6.8 Statistics of Publications and Patents . . . . ................. 131
References. . ... ... . 133
7 Concentrated Solar Power . . .. ........ ... ... ... ... . ... 135
Tl OVEIVIEW . . v e e e e e e e e e e e e e 135
72 Stateofthe Art....... ... 138
7.2.1 Parabolic Troughs............ ... . ... ........ 138
722 Tower SyStems. . . ..o v ittt e 139
7.2.3 Parabolic Dish Concentrators (“dishes”)............. 139
7.2.4 Linear Fresnel Systems. . . ....... ... ... ... ..... 140
7.2.5 Thermal Storage . .. ............. ... 140
7.2.6 Water Consumption. . . . ...ttt 141
7.2.7 Stagesof Development. ........................ 141
7.3 Current Costs and Future Scenarios. ... .................. 142
7.4 Energy Payback, CO, Emissions and External Costs. . ....... 143
7.5 Future Technology Trends . . . .......... ... .. ........ 144
7.5.1 Parabolic Trough.......... ... ... ... .. ... ... 144
7.52 Tower System. . ........ouiiniiiineenneenn. 145
7.5.3 ParabolicDish........... ... ... ... ....... 145
7.5.4 Linear Fresnel Systems. . ....................... 145
7.5.5 Thermal Storage. . ......... .. ... . ... 146
7.5.6 General Technology Trends . . .................... 147
7.6 Pre-Production Highlights 2009-2011.................... 148
7.6.1 DESERTEC Project to Feed Europe with Electricity
from Sahara Desert. ... ........ ... ... ... .... 148
7.7 Innovation Highlights 2009-2011.................... ... 148

7.7.1 A new Computationally Efficient Model and
Biomimetic Layout for Heliostat Field

Optimisation. . ... ... vttt 148

7.7.2 Thermochemical Dissociation of CO, and H,O
Using non-Stoichiometric Cerium. . ................ 148
7.8 Statistics of Publications and Patents. . .. ................. 149

References. . . ... i e 151



XVi Contents

8 Wind Power. .. ...... ... . . . . ... 153
8.l OVeIVIEW . . o et 153
82 Stateofthe Art. .. ... i 156

8.2.1 On-Shore Turbines. ........................... 156
8.2.2 Microturbines and Urban Turbines. ................ 157
8.2.3 Wind Energy Storage Using Compressed
Air (CAES) . . oo 158
8.2.4 Off-Shore Wind Turbines. ... .................... 158
8.2.5 Off-Shore Foundations. . ........................ 158
8.2.6 WindResources. ................ ... . .. ... 160
8.2.7 Off-Shore LogisticS . . . . ..., 161
8.2.8 Stages of Development. ........................ 161
8.3 Current Costs and Future Scenarios. .. ................... 162
8.3.1 Turbine Costs and Total Costs. . . ................. 162
8.3.2 Operation and Maintenance Costs (O&M)............ 164
8.3.3 Costof Electricity . . .. ... .. 164
8.4 Energy Payback, CO, Emissions and External Costs. . . . ... .. 166
8.5 Future Technology Trends . . .. ....... ... ... ... ... ... 167
8.5.1 On-Shore Turbines............................ 167
8.5.2 Microturbines and Urban Turbines. ... ............. 168
8.5.3 Wind Energy Storage Using Compressed
Air (CAES) . . oo 169
8.5.4 Off-Shore Turbines. ............. ... ... ...... 171
8.5.5 Off-Shore Foundations. . ........................ 171
85.6 WindResources. ........... ... ... ... 172
8.5.7 Off-Shore LogisticS . . .. ..., 173
8.6 Pre-Production Highlights 2009-2011.................... 174
8.6.1 Alpha Ventus Off-Shore Wind Farm Come
Into Operation in the North Sea. . . ............. ... 174
8.6.2 The world’s largest wind turbine . . . .. ............. 174
8.6.3 Sensors to Analyse the Wind Before Reaching
the Turbine. ... ... ... ... ... .. ... 175
8.6.4 Multi-Megawatts Direct-Drive Turbines. . ... ........ 175
8.7 Innovation Highlights 2009-2011. . ..................... 175
8.7.1 Nacelles Located at Ground Level . . ... ............ 175
8.7.2 Concrete-Steel Hybrid Towers
of 100-150m. ... ... .. 175
8.7.3 World Largest Floating Wind Turbine. . ............ 177
8.7.4 Global Off-Shore Wind Speed Increases. .. .......... 177
8.8 Statistics of Publications and Patents. . .. ................. 177
References. . . ... 180

9 Hydropower. . ... ...ttt e 181

0.1 OVeIVIBW . . o ottt et e e e e 181

92 Stateof the Art. ... ..o 184



Contents

10

9.3
9.4
9.5

9.6

9.7

9.8

921 Turbines......... ... ..
9.2.2 Large Hydropower Systems. . ....................
9.2.3 Small Hydropower Systems. ... ..................
9.2.4 Run-of-River Systems. .........................
9.2.5 Systems with Reduced Environmental Footprint. . . . . . .
9.2.6 Water Management Systems. . . .. ................
9.2.77 Stages of Development. ........................
Current Costs and Future Scenarios. .. ...................
Energy Payback, CO, Emissions and External Costs. .. ... ...
Future Technology Trends. . . .......... ... ... ... .....
9.5.1 Turbines......... ... . .
9.5.2 Large Hydropower Systems. . ....................
9.5.3 Small Hydropower Systems. . ....................
9.54 Run-of-River Systems. .. .......................
9.5.5 Systems with Reduced Environmental Footprint. . . . . ..
9.5.6 Water Management Systems. . . ..................
Pre-Production Highlights 2009-2011. ... ................
9.6.1 The Three Gorges Dam Starts Operating at Full

Capacity But Problems Arise. . ...................
9.6.2 Superconductors Applied to a Run-of-River

SYS M . o et e
9.6.3 New Tunnel to Increase Power Capacity in Niagara

Falls. ... ...
Innovation Highlights 2009-2011.......................
9.7.1 Superconducting Technology for Hydropower

Generators . . . . oottt e
9.7.2 Hydropower Sustainability Assessment Protocol

Presented . ... ... ... ... .. .. ... .
Statistics of Publications and Patents. . ...................

References. . . ... e

Geothermal Energy . ... ......... . ... ... .. ... ... ... ...

10.1
10.2

10.3
10.4
10.5

OVEIVIEW . . . oo
State of the Art. . ........ ... ... .
10.2.1 Flash Technology . ...........................
10.2.2 Enhanced Geothermal Systems. .. ...............
10.2.3 Low Temperature Resources Via Binary Plant
Technology . .. ..... ...,
10.2.4 Geothermal Heat Pumps.......................
10.2.5 Stages of Development. .......................
Current Costs and Future Scenarios. . ...................
Energy Payback, CO, Emissions and External Costs.........
Future Technology Trends. . . . ....... ... ... ... ... ...
10.5.1 Flash Technology................. ... ...
10.5.2 Enhanced Geothermal Systems. . ................



Xviii

11

Contents

10.5.3 Low Temperature Resources Via Binary Plant
Technology . .. ..... ... ...
10.5.4 Geothermal Heat Pumps.......................
10.6  Pre-Production Highlights 2009-2011...................
10.6.1 EGS Promoting Projects in Australia..............
10.6.2 Protocol for Addressing Induced Seismicity
Associated with EGS . ... ... ... ... . ... ...
10.7 Innovation Highlights 2009-2011......................
10.7.1 First Steps to Use CO, to Improve the Extraction
of Geothermal Heat. ... ......................
10.7.2 Use of Spallation Systems . . . . . ................
10.8 Statistics of Publications and Patents . . . .. ...............
References. . ... ... . .

Ocean Energy. . ..... .. ... . e
I1.1 OVerview. .. ..o e
112 Stateofthe Art. . ... ... ... ...
1121 Waves. ..o
1122 Currents. . .. ..ot
1123 TidalRange.......... .o,
11.2.4 Salinity Gradients. . . ...........c.v ...
11.2.5 Temperature Gradients. . .. ....................
11.2.6 Stages of Development. .......................
11.3  Current Costs and Future Scenarios. . .. .................
11.4 Energy Payback, CO, Emissions and External Costs. . .......
11.5 Future Technology Trends. . ... ......... ... ... ... ....
I1.5.1 Waves. ..o
1152 Currents. . ..o ittt
1153 TidalRange. ... ... ... ... . ... ... ... ...
11.54 Salinity Gradients. . . .............v ...
11.5.5 Temperature Gradients. . .. ....................
11.6  Pre-Production Highlights 2009-2011...................
11.6.1 Waves: Starting the Oyster Device for Harnessing
Wave Energy.......... ... i
11.6.2 Tidal Currents: The First Commercial Device
That Exploits Tidal Currents in Open Sea Comes
IntoOperation. . ......... ... ... ... ...
11.6.3 Tidal Range: Sihwa Tidal Range Plant Starts
IntoOperation. . .......... ...
11.7 Innovation Highlights 2009-2011......................
11.7.1 Tidal Range: Feasibility Studies to Exploit the
Range of Tides in the Severn Estuary . . . .. ........
11.7.2  Salinity Gradients: The First Power Plant Based
on Osmosis Begins to Operate in Norway . . ........
11.8 Publications and Patents Statistics. . .. ..................
References. ....... ... .. . .



Contents

12

v

13

Nuclear Fusion. . ........... ... ... ... ... ... ... ...
12.1  OVeIVIEW . o ottt e e e e et e e e e e
122 Stateof the Art. . ... i
12.2.1 Magnetic Confinement Fusion. .................
12.2.2 Inertial Confinement Fusion....................
12.2.3 Stages of Development. .......................
12.3  Current Costs and Future Scenarios. . ...................
12.4  Energy Payback, CO, Emissions and External Costs. ........
12.5 Future Technology Trends. . .........................
12.5.1 Magnetic Confinement Fusion. . ................
12.5.2 Inertial Confinement Fusion. . ..................
12.6  Pre-Production Highlights 2009-2011...................
12.6.1 FirstTestsatNIF...... ... ... ... ... ........
12.6.2 Uncertainty in the Financing of ITER. ... ... ... ...
12.6.3 Different Circumstances for ITER Facilities
mJapan. . ........ .
12.7 Innovation Highlights 2009-2011......................
12.7.1 Some Scientists Still Insist on Cold and Bubble

12.7.2 NIF Researchers and Ignition. ..................
12.7.3 A Team of Researchers Reignite the JET
Reactor. ... ... ... ...
12.7.4 The Last of the Five Field-Period Module of the
W7-X Stellarator Assembled . .. ................
12.8 Publications and Patents Analysis. . ....................
References. . . ...

Storage and Management

Solar Heating and Cooling . . . . ...........................
13,1 OVervVieW . . oottt
132 Stateofthe Art. . ...... .t i
13.2.1 Materials. .. ...t .
13.2.2 Cooling and Air Conditioning. ... ...............
13.2.3 Long-Term Storage. ... .........c..ouvvieenn...
13.2.4 Solar Thermal Collectors. . .. ..................
13.2.5 Control Systems . . .. ..o
13.2.6 Stages of Development. .......................
13.3  Current Costs and Future Scenarios. . ...................
13.4 Energy Payback, CO, Emissions and External Costs. . .......
13.5 Future Technology Trends. . .. .......................
1351 Materials. .. ... ..
13.5.2 Cooling and Air Conditioning . . . ................
13.5.3 Long-Term Storage. . ............coiuueno...

Xix



XX

14

13.6

13.7

13.8

Contents

13.5.4 Solar Thermal Collectors. . . ...................
13.5.5 Control Systems . . . . ... oottt
Pre-Production Highlights 2009-2011. . .................
13.6.1 Thermotropic Polyamide Protection Against

Overheating. . . ......ovu vttt
13.6.2 Gasification of Biomass Energy from

theSun......... ... ... .
13.6.3 The World’s Largest Solar District

Heating System. . . ....... ... ... . ...
13.6.4 Database of Architecturally Appealing Solar

Thermal Systems Integrated Into Buildings. . . ... ...
13.6.5 Solar Thermal Energy for Enhanced

Oil Recovery. .. ... ... ...
Innovation Highlights 2009-2011. ... ..................
13.7.1 Solar Thermal Heat Storage in NaOH.............
13.7.2 Non-Rectangular Collector Design. . .............
13.7.3 Thermionic-Based Solar Energy Converter. . . . ... ..
13.7.4 A New Binderless Sorption Material for

Thermochemical Storage . . .. ..................
Statistics of Publications and Patents. . . . ................

References. . . ... .. e

Fuel Cells. . . ... ... . . . e

14.1
14.2

14.3
14.4
14.5

14.6

OVEIVIEW . . o oo
State of the Art. . ... ...
14.2.1 Proton Exchange Membrane Fuel Cell . . . ... ... ...
14.2.2 Phosphoric Acid Fuel Cells. ... ................
14.2.3 Molten Carbonate Fuel Cells. . . ................
1424 Solid Oxide Fuel Cells. . ... ...................
14.2.5 Alkaline Electrolyte Fuel Cells. . ................
14.2.6 Stages of Development. .......................
Current and Future Costs Scenarios. . . ..................
Energy Payback, CO, Emissions and External Costs. ... ... ..
Future Technology Trends. . . ......... ... .. ... ... ...
14.5.1 Proton Exchange Membrane Fuel Cell. . . ... ......
14.5.2 Phosphoric Acid Fuel Cells. . .. ................
14.5.3 Molten Carbonate Fuel Cells. . .. ...............
1454 Solid Oxide Fuel Cells. . ......................
14.5.5 Alkaline Electrolyte Fuel Cells. . ................
14.5.6 Other Future Aspects. . .. ...t ..
Pre-Production Highlights 2009-2011...................
14.6.1 Fuel Cell Fed with Blood Sugar. . ...............
14.6.2 World’s First Fuel Cell and Hydrogen Energy Station
Commissioned . . . ...



Contents XX1

15

14.7 Innovation Highlights 2009-2011...................... 302
14.7.1 Advances in the Substitution or Optimisation of Pt-Based
Catalysts for Fuel Cells. . .. ................... 302
14.7.2 The Impact of Anode Microstructure on the Properties
of the Solid-State Fuel Cell . . .. ................ 303

14.7.3 High-Performance Electrocatalysts for Oxygen
Reduction Derived from Polyaniline, Iron

andCobalt. . ...... ... ... ... . 303
14.7.4 Water and Air Produce Energy.................. 303
14.8 Statistics of Publications and Patents. . . . ................ 304
References. . ... ... . 306
Electricity Storage . . . .. ......... ... ... . ... 307
I5.1 OVEIVIEW . . .ottt e e 307
152 Current Technology . . . ...... ... .. .. 308
15.2.1 Batteries Technology (Lead—Acid, Metal-Auir,
Sodium—Sulphur, Redox Flow, Li-Ion,
ZnBrand NiIMH) . .. .......... ... .. .. ....... 309
15.2.2 Compressed Air Storage . .. .................... 312
1523 Flywheels. ... ... ... . ... . .. ... 313
15.2.4 Storage in Superconductors. . . ... .............. 314
15.2.5 Electrochemical Capacitors. . .. ................ 315
15.2.6 Pumped Hydropower Systems. . . ............... 316
15.2.7 Stages of Development. ....................... 316
15.3 Current Costs and Future Scenarios. . ................... 318
15.4 Payback Energy, CO, Emissions and External Costs. ........ 320
15.5 Future Technology Trends. ... ....................... 322
155.1 Batteries. ... ... 322
15.5.2 Compressed Air Storage . .. .................... 323
1553 Flywheels. .. ... ... . i 323
15.5.4 Storage in Superconductors. . ... ............... 324
15.5.5 Electrochemical Capacitors. . ... ............... 324
15.5.6 Pumped Hydropower Systems. .. ............... 324
15.6 Pre-Production Highlights 2009-2011................... 325
15.6.1 Three New World Records for the PV and Li-Ion
Batteries Powered Aircraft. . ............. ... ... 325
15.6.2 Batteries Also for Building Cars. . ............... 325
15.6.3 Production of Planar Li-Ion Batteries with Durable
Nanostructured Films . . .. .......... ... ... ..., 326
15.6.4 Off-Shore Energy Bags. ... ................... 326
15.7 Innovation Highlights 2009-2011...................... 327
15.7.1 Record with Supercapacitor Energy Storage. . ... ... 327
15.7.2 New Material for Ultrafast Discharge Batteries. . . . . . 327

15.7.3 Concrete Storage Spheres on the Seafloor. ... ... ... 327



Xxii

16

Contents
15.7.4 Hopes from Aluminium to Replace Lithium as
Core Raw Material in Batteries. . . ............... 328
15.7.5 Ultra-Thin Flexible Battery With the Highest
Charge Capacity Reported for Thin Film
Batteries . . . . ... ... 328
15.7.6 A New Battery That Can Be Fully Recharged
ImMinutes. . . ... 329
15.7.7 Laser Scribing of High-Performance and Flexible
Graphene-Based Electrochemical Capacitors. .. ... .. 330
15.8 Statistics of Publications and Patents. . . . ................ 331
References. . ... ... . 333
Smart Grids and Supergrids. . ... ............... ... ... ... 335
16.1 OVeIVIEW . . .ottt e e e e 335
16.2 Stateofthe Art......... ... ... . . . . . 338
16.2.1 Smart Grid Components. . ... .................. 338
16.2.2 Smart Grid Control Systems. . .. ................ 339
16.2.3 Smart Grid Communications. . . . ... ............ 339
16.2.4 Supergrids. . ..... ... 340
16.2.5 Stages of Development. ....................... 341
16.3 Current Costs and Future Scenarios. . ................... 341
16.4 Energy Payback, CO, Emissions and External Costs. . ....... 342
16.5 Future Technology Trends . . . .......... ... .. ......... 342
16.5.1 Smart Grid Components. . ..................... 342
16.5.2 Smart Grid Control Systems. . .. ................ 344
16.5.3 Smart Grid Communications. . . . ............... 346
16.5.4 Supergrids. . ..... ... 346
16.6  Pre-Production Highlights 2009-2011................... 346
16.6.1 Instant Record in Wind Power,
Hourlyand Daily . . ........... ... ... .. ... 346
16.6.2 ENTSO-E Electrical Systems Bordering Increase
Electrical Exchange in 2011 .................... 347
16.6.3 SuperPower, Inc. Breaks Records in High-Temperature
Superconducting Transmission of Power. . ......... 347
16.7 Innovation Highlights 2009-2011...................... 348
16.7.1 Agreement Signed Between Nine European Countries
to Build the First Supergrid. . . ................. 348
16.7.2 DESERTEC Project Begins. . .................. 348
16.7.3 Project TWENTIES Starts. . ................... 349
16.7.4 Record Super-Thin Superconducting Cable. .. ... ... 349
16.8 Publications and Patents Statistics . . . ................... 350

References. . . ... . i e 352



Contents

17 Carbon Capture and Storage . . . .. ........................

17.1
17.2

17.3

17.4
17.5

17.6

17.7

17.8

OVEIVIBW .« o o ottt e e e e e e e e e e
The State of the Art. . . ... ... ... . i
17.2.1 Post-Combustion Capture . . . . ..................
17.2.2 Pre-Combustion Capture . . ... .........covun...
1723 Oxy-Fuelling. ........ ... . ... . ...
17.2.4 Chemical Looping Combustion. . ................
1725 Transport of CO,. . ..o
172.6 CO, Storage . . .. oo oo vttt i e e
17.2.7 Stages of Development. .......................
Current Costs and Future Scenarios. . ...................
17.3.1 Capture and Storage Costs . . . . .................
CO, Emissions and External Costs. . . ..................
Future Technology Trends. . . . ....... ... ... ... ... ...
17.5.1 Pre-Combustion Capture. . . . ..................
17.5.2 Post-Combustion Capture . . .. ..................
1753 Oxy-Fuelling......... . ... ... . . ...
17.5.4 Chemical Looping. . .. .......... ... ..........
1755 Transport of CO,. . ...
1756 CO,Storage. . . ..o oo vttt
Pre-Production Highlights 2009-2011...................
17.6.1 Entry Into Operation of the First CCS System

Integrated ina Power Plant. . ... ....... ... ... ...
17.6.2 Entry Into Operation of the First China’s CCS

Facility . . .. ... .
17.6.3 Huaneng Group Opened a CCS Facility

That Claims a USD 30-35tCO5. .. .............
Innovation Highlights 2009-2011. . ....................
17.7.1 CCS Through Nanotubes . . . ...................
17.7.2 Metal-Organic Frameworks as New Materials for

the Capture of CO,. . .. ..o
17.7.3  FutureGen Project: Final Adoption

inJune2009. . ..... . ...
Statistics of Publications and Patents. . . .................

References. . . ... i e






List of Acronyms

a-Si:H Amorphous silicon

AFC Alkaline fuel cells

ATES Aquifer thermal energy storage

bbl Oil barrel

BIGCC Biomass integrated gasification combined cycle
BOP Balance of plant

BPL Broad-band power lines

BTES Borehole thermal energy storage

c-Si Crystalline silicon

CAES Compressed air energy storage

CCS Carbon capture and storage

CFB Circulating fluidized bed

CHP Combined heat and power

CPTD Concentrating photovoltaics and thermal design
CRS Central receiver systems

CSP Concentrated solar power

DEC Desiccant evaporative cooling

DHW Domestic hot water

DNI Direct component normal irradiance
DOE US Department of Energy

EC Electrochemical

EGS Enhanced geothermal systems

EIA US Energy Information Administration
EOR Enhanced oil recovery

ETC Evacuated tube collector

EUR Euro

EV Electric vehicle

FACTS Flexible alternating current transmission systems
FAFC Phosphoric acid fuel cells
FBC Fluidized bed combustion

XXV



XXVi

FPC
GHG
HAPL
HAT
HHV
HRSG
HTS
HVAC
HVDC
1IEA
IGBT
IGCC
IHA
iLUC
IPCC
ITER
JET
LCA
LCC
LCI
Ide

Ige
LIDAR
LSIP
mc-Si
MCEFC
NGCC
NIF
NREL
NVOCM
PC
PCM
PEMFC
PF

PM
ppm
PSA

psig

RFP
SAHC
SAT
SCADA
SHC

List of Acronyms

Flat plate collector

Greenhouse gases

High average power laser

Humid air turbine

High heating value

Heat recovery steam generator

High temperature superconductors
High-voltage alternating current
High-voltage direct current
International Energy Agency

Insulated gate bipolar transistor
Integrated gasification combined cycle
International Hydropower Association
Indirect land use change

International Panel on Climate Change
International thermonuclear experimental reactor
Joint European Torus

Life cycle analysis

Line commuted converters

Life cycle inventory

Litres of diesel-equivalent

Litres of gasoline-equivalent

Laser imaging detection and ranging
Large-scale integrated project
Multi-crystalline silicon

Molten carbonate fuel cells

Natural gas combined cycle

National Ignition Facility

National Renewable Energy Laboratory
Non-volatile organic compounds methane
Pulverized coal

Phase change materials

Proton exchange membrane fuel cell
Pulverized fuel

Particulate mater

Parts per million

Pressure swing adsorption

Pound per square inch

Photovoltaics

Reversed field pinches

Solar air heating collector

Single-axis tracking solar collector
Supervisory control and data acquisition system
Solar heating and cooling



List of Acronyms Xxvii

SMES Superconducting magnetic energy storage systems
SMR Steam methane reforming

SODAR  Sonic detection and ranging

SOFC Solid oxide fuel cells

SSG Seawave slot-cone generator

STP Standard temperature and pressure
TES Thermal energy storage

TPES Total primary energy supply

UPS Uninterruptible power supply
USD US dollar

VSC Voltage source converter

WF Water resource footprint






|
Introduction



Chapter 1
Executive Summary

The Energy Technology Perspectives 2012 survey of the International Energy
Agency (IEA) highlights that limiting global temperature rise to 2 °C above pre-
industrial levels is technically feasible, if timely and significant government policy
action is taken and a range of clean energy technologies are developed and
deployed globally to reduce CO, emissions [1]. However, CO, emissions are
steadily growing, reaching 395 ppm in March 2012 (Fig. 1.1) [2].

The IEA warned that under current policies, CO, emissions will nearly double in
2050 in relation to current values [3]. Moreover, more than one-third of the analyses
(larger and more sophisticated than ever) for inclusion in the Fifth Climate Assess-
ment Report (ARS5) of the Intergovernmental Panel on Climate Change (IPCC) due
out in 2013 have been submitted and predict very similar geographic patterns of
future warming and changing precipitation around the world [4].

Renewable energies are growing rapidly, thus avoiding large amounts of CO,
emissions per unit energy consumed. World renewable energy accounts for 12.88 %
of all global energy supply [5], and global renewable energy installations have more
than quadrupled from 2000 to 2010 [6]. The global economic crisis is hitting hard
many of the developed countries that traditionally led the penetration of these
technologies but, in 2011 for the first time global investment in new renewable
power plants (USD 240 billion) surpassed fossil fuel power plant investment, which
stood at USD 219 billion [7]. However, a 22 % decline has been detected in the first
quarter 2012 in relation to the first quarter 1 year earlier [8]. This, in spite of the fact
that investment costs in renewable technology in general have been declining,
being especially impressing in PV systems, where prices in the last 3 years have
been reduced a 75 % [1].

At present, more mature renewable energies are nearing competitiveness in a
broader set of circumstances. Progress in hydropower, on-shore wind, solar PV
and bioenergy are broadly on track and in some circumstances they have reached
cost parity relative to competing conventional energy sources. Thus, large hydro-
power plants and biomass combustion CHP systems are plentiful competitive;
on-shore wind can now compete without special financial support in electricity
markets endowed with steady winds and supportive regulatory frameworks

R. Guerrero-Lemus and J.M. Martinez-Duart, Renewable Energies and CO,, 3
Lecture Notes in Energy 3, DOI 10.1007/978-1-4471-4385-7_1,
© Springer-Verlag London 2013
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Fig. 1.1 Average monthly atmospheric CO, content measured in Manua Loa Laboratory (Hawaii,
USA)

(e.g., New Zealand and Brazil); and PV projects with a capacity of more than
500 MW, and without any government subsidy, have been announced in 2012 to be
installed in Southern Spain. Less mature renewable technologies (advanced geo-
thermal, concentrated solar power and off-shore wind energy) are currently making
progress under desired rates. A resume of the renewable electricity costs discussed
in this book for the different technologies, based on official data obtained from the
most relevant energy agencies and laboratories, is exposed in Fig. 1.2.

In renewable fuels, bioethanol is approaching gasoline price in future markets,
mainly when the value of crude is peaking (Fig. 1.3a), and total biofuel production
is planned to double in the short term, with advanced biofuel production expanding.
On the other hand, biodiesel costs are not yet competitive compared to diesel
(Fig. 1.3b), and production costs for hydrogen obtained from renewable resources
are quite above those of competing fossil fuels. On the other hand, carbon capture
and storage techniques (CCS) are not seeing the necessary rates of investment into
full-scale demonstration projects and nearly one-half of new coal-fired power plants
are still being built using inefficient technologies [1].

Future technology trends are focused on further reducing the energy costs from
renewable technologies applying different strategies: new designs, new materials,
increasing economies of scale, redefining logistics, moving factories to more
attractive locations, increasing energy storage capacities, etc. But also the renew-
able energy systems should play an essential role in securing the whole energy
system. Especially, renewable energy systems should be active energy agents in
combination with smart power grids. For this purpose, energy storage systems
should increase hugely in terms of capacity connected to the grid and operating at
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three different levels: (1) providing base power to the grid when needed;
(2) providing distributed storage systems for distributed renewable sources and
(3) improving distribution power quality. These new roles will further increase the
value and attractiveness of renewable energy globally.

Consequently, the smart grid concept will be transformed into the smart energy
concept, where not only transport and distribution, but also generation and storage,
will increase substantially the security of the whole energy system and, at the same
time, decrease its environmental impact and cost. Moreover, widespread
decarbonised electrification of transport and other sectors (building, industry,
etc.) will be required to reach global temperature values targeted by international
agencies.

In the following chapters, we evaluate the different technologies that will make
possible this evolution of the energy system, considering that renewable
technologies can substantially reduce the CO, emissions per kWh (Fig. 1.4a) and,
in the case of the transport sector, by using biofuels (Fig. 1.4b), instead of conven-
tional fuels.

The already reduced environmental impact of renewable technologies is
expected to still further decreases in the future, as their life-cycle analyses show
increasing improvements. These improvements are mainly linked to more
decarbonised energy mixes associated to the fabrication phase, and also the
expected introduction of second- and third-generation biofuels in the near future.
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Chapter 2
Renewable Energy and CQO,: Current Status
and Costs

Abstract In this chapter, it is exposed a brief description of the current use and
theoretical potential of renewable and conventional energies, the evolution of the
CO, emissions and atmospheric concentration and their influence in the climate
change, fuel and electricity generation costs of renewable energy technologies, the
technological development status and the environmental impacts of the renewable
energy technologies. Significant figures and how they have evolved in recent
decades are included, and also estimation of conventional fuel reserves and leading
countries in terms of renewable energy penetration.

2.1 The Current Use and Theoretical Potential of Conventional
and Renewable Energies

Although it might seem surprising, the percentage of world total primary energy
supply (TPES) from renewable energy technologies has remained fairly constant
over the past 32 years (Fig. 2.1a) [1]. It has been a substantial growth in TPES from
renewable technologies (Fig. 2.1b), but the growth rates in TPES from conventional
technologies have also grown largely [1].

On the other hand, if we consider the evolution of TPES from the different
renewable and conventional energy sources (Fig. 2.2), diverse behaviour can be
observed between technologies. Thus, in relation to renewable technologies, ocean
energy can be considered stagnant, while hydropower, geothermal energy, biomass
and biofuels grow at moderate rates; photovoltaics, solar thermal energy and wind
energy have grown very rapidly. Among conventional energies, nuclear energy is
stabilised since the early 1990s, energy growth remains moderate for oil, but it is
growing rapidly for coal and natural gas. TPES from waste is taking off, though
moderately in recent years.

The evolution of the world TPES can be analysed numerically considering the
data from the latest years available (2008 and 2009), shown in Table 2.1. This table
also shows the TPES percentage added by each energy technology to the total and

R. Guerrero-Lemus and J.M. Martinez-Duart, Renewable Energies and CO,, 9
Lecture Notes in Energy 3, DOI 10.1007/978-1-4471-4385-7_2,
© Springer-Verlag London 2013
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Fig. 2.1 (a) Percentage of world TPES from renewable technologies and (b) evolution of TPES
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from renewable and conventional energy technologies [1]

the estimated global technical potential [2] for each renewable energy resource.
Then, the larger growth rates are observed for photovoltaics, solar thermal and wind
power, although none of these technologies add more than a 1 % to the world TPES.
On the other hand, TPES from the main conventional energy technologies have
decreased from 2008 to 2009. This result is attributed to the global economic
depression initiated in late 2008. It is also important to consider that the technical
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Fig. 2.2 Evolution of TPES from the different conventional and renewable energy technologies [1]

Table 2.1 TPES from renewable and conventional energy technologies in 2009 in absolute terms
(EJ) and as percentage of the total, increase from 2008, estimated technical potential of renewable
energy resources and current CCS capacity [1, 2]

Current use % Increment  Technical potential
Technology (2009) (EJly) % Total (2009) (2009/2008)  (EJ/y)
Biomass 50.20 9.78 1.28 9,260
Hydro 11.71 2.28 1.59 463
Geothermal 2.59 0.50 4.59 4,630
Wind 0.98 0.19 23.98 92,600
Solar thermal 0.56 0.11 20.56 833,400 (continental)
Solar photovoltaics 0.07 0.01 70.24 833,400 (continental)
Ocean 0.002 0.0004 —-2.93 926
Total Renewable 66.11 12.88 1.92 941,279
Oil 171.47 33.42 —1.42
Coal 138.14 26.92 —0.43
Natural gas 106.35 20.73 -1.99
Uranium 29.45 5.74 —1.24
Waste 1.62 0.32 4.19
Total Conventional 447.04 87.12 —1.22
CCS (Mt/year, 2011) 22.3 22.3 0.00

potential of any renewable energy resources is larger than the TPES from con-
ventional technologies in 2009, being especially large in solar energy. Finally,
information about current (2011) carbon capture and storage (CCS) capacity
(22.3 Mt/year) has been included in Table 2.1. But considering that global carbon
emissions reached 28,999 Mt in 2009 [1], the CCS capacity represents only a
0.08 % of the global carbon emissions.
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Exajoules

Fig. 2.3 Global technical potential for the different renewable energy resources, and compared to
the world conventional annual TPES in 2009 [2]

The global technical potential for the different renewable energy resources is
represented in terms of energy potential in Fig. 2.3. It can be observed that the
renewable energy resource with the largest potential is solar energy (considering
only the surface land above the sea level), followed by wind energy. On the other
hand, the conventional global TPES is lower than any of the technical potential
values for the different renewable resources but close to surpass the hydropower
technical potential.

In relation to the proven reserves of the different fossil fuel resources and
uranium, the most updated statistics indicate that proven reserves are 1.34e12 bbl
for oil [3], 6.25e15 cubic feet for natural gas [3], 8.47¢el1 t for coal [4] and 5.47e6
t for uranium [5]. Using appropriate factors to convert these units to EJ in the case
of natural gas, coal and oil [6, 7] and comparing uranium consumption to nuclear
power produced in recent years, we can estimate the number of years that proven
reserves can cover annual TPES for these resources. For these estimations, we
consider two scenarios: (1) annual consumption constant and equal to the 2009
TPES from each resource and (2) adding the average annual TPES growing rates for
oil (+1.01 %), coal (+4.10 %), natural gas (+2.19 %) and uranium (+0.44 %)
obtained for the period 2000-2009 (Fig. 2.4). Thus, according to the results
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obtained, the largest proven reserves at 2009 TPES rates are offered by coal
(144 years). However, as coal shows the largest annual TPES increase in recent
years, if this growth rate is maintained, proven reserves only cover the next 50
years. Equivalently, proven reserves at 2009 TPES rates cover 48 years for oil, 64
years for natural gas and 85 years for uranium. But if 2000-2009 average annual
TPES growing rates are introduced, proven reserves cover 41 years for oil, 42 years
for natural gas and 74 years for uranium.

Analysis about scarcity and depletion of conventional energy resources, mainly oil,
are not a novelty. These analyses are increasingly more rigorous, forecasting in parallel
the years when production peaks will be reached for each conventional resource and
how the renewable resources will gradually replace them (Fig. 2.5) [8]. In this sense,
the debate about the world future energy mix has increased momentum, particularly
after the IEA concludes in its 2009 World Energy Outlook [9] that conventional oil
production will peak in 2020 if demand continues at current growing rates. To obtain
this conclusion, the IEA studied the historical production trends of 800 individual oil
fields in 2008 [10]. More recent studies consider that non-OPEC oil production has not
increased significantly from 2004, and many experts, as well as some major oil
companies do not consider increasing ever again [11]. Also, new forecasts suggest
that coal reserves will run out faster than many believe, and energy policies relying on
cheap coal have no future [12].
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Fig. 2.5 World TPES evolution for the different energy resources and technologies, adding an
example of energy mix forecast considering energy production peaks for oil, natural gas and coal
proposed in the literature [8]

2.2 Evolution of CO, Emission Rates and Influence
on Climate Change

If we consider the thermodynamic balance of a planet at a constant temperature, the
amount of absorbed energy as solar radiation must equal the amount of energy
emitted back to space at longer wavelengths (infrared). In Earth, re-emitted radia-
tion reaches 239 W/m?. According to thermodynamics, a body emitting energy with
this power density would have a mean temperature of —18 °C. However, the
average temperature on Earth is larger due to the presence of greenhouse gases in
the atmosphere, which absorb and re-emit infrared radiation while keeping the
lower atmosphere and the Earth’s surface warm (Fig. 2.6) [13].

The increase in global energy consumption associated to our economic develop-
ment in recent decades is also related to the increase in annual CO, emission rates
(Fig. 2.7) [1]. In this figure, the influence of different global economic crisis in
1974, 1980-1982, 1990 and 2008-2009 can be easily correlated to small reductions
in annual CO, emission rates.

If we consider the most recent global carbon budget published in the literature
(Table 2.2) [14], it suggests that fossil fuels and cement are increasing their shares
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Table 2.2 Global carbon budget decomposed in terms of sources and sinks, and calculated for the
periods 1990-1999 and 20002007 [14]

Pg CO,/year 1990-1999 2000-2007

Sources (C emissions)
Fossil fuel and cement 6.5+ 04 7.6 £04
Land-use change 1.5 £0.7 1.1 £0.7
Total sources 8.0 + 0.8 8.7 £ 0.8
Atmosphere 32+0.1 4.1 £0.1
Ocean 22+ 04 23+ 04
Terrestrial (established forest) 25+04 23+ 0.5
Total sinks 7.9 £ 0.6 8.7+ 0.7
Global residuals 0.1 £1.0 0.1 £1.0
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Fig. 2.8 Average monthly atmospheric CO, content measured at Mauna Loa Laboratory (Hawaii) [15]

in global CO, emissions, and established forest is decreasing its role as CO, sink.
Consequently, the atmosphere is increasing its share in the carbon budget and,
consequently, an increase in atmospheric CO, content is produced.

Increasing CO, emissions to the atmosphere is causing the average CO, levels in
the atmosphere to rise very significantly, from the 280 ppm in the pre-industrial era
to the 390 ppm currently measured (Fig. 2.8) [15].

This increase in CO, levels in the atmosphere is reducing the Earth’s radiation of
heat into space and, consequently, producing an increase in the average global
temperature (Fig. 2.9) [16, 17]. Under these conditions, temperature growth around
0.15 °C per decade is estimated [17, 18].
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Fig. 2.9 (a) Increase in average global temperature over the period 1850-2007, considered by the
International Panel on Climate Change [16]; and (b) measurement of the temperature anomalies in
the period 18502008 according to the Met Office Hadley Centre [17]

This rise in CO, content in the atmosphere increases the average temperature,
and also produces an increase of the average sea level (Fig. 2.10a) and a decrease in
global land area covered by ice (Fig. 2.10b) [16]. It is considered that further
increases in average temperature and sea level and also a further decrease in global
land area covered by ice will be produced in the future as the increase of the CO,
levels in the atmosphere are not yet stabilised [13]. Global warming is not only
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associated to direct changes in weather conditions and subsequent food availability
[19, 20] but also to the increase of extreme weather events [21, 22] and even civil
conflicts [23].

Since the average CO, levels in the atmosphere are not stabilised, but in an
upward trend, as noted above (Fig. 2.8), the future increases in temperature will
depend on the CO; levels in which the atmospheric composition will be stabilised
in the future (Fig. 2.11) [16].
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Some technological advances in the energy sector can help to reduce the CO,
emissions to the atmosphere, as for example the replacement of coal-fired power
plants by natural gas combined cycle power plants (Fig. 2.12). However, it is
obvious that to rapidly reduce CO, emission rates from the energy sector should
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Fig. 2.13 Evolution of the daily CO, emission permits price in the EU Emission Trading Scheme [18]

be achieved by a combination of improving energy efficiency, replacement of
conventional by renewable energy technologies, as well as the capture and storage
of CO, emitted.

To this purpose, some measures derived from the implementation of the Kyoto
Protocol have been considered to encourage large industries to reduce their CO,
emission rates. One of the most popular measures has been the creation of a market
for carbon emission permits to incentive more efficient energy consumption and to
improve the technology used in industrial processes. However, the price evolution
of the emission permits in this market in the EU Emission Trading Scheme has been
below initial expectations (Fig. 2.13) [18], generating very little incentive to reduce
CO; emissions and even the introduction of technology to capture and storage CO,
(cost above USD 40/t CO,). However, it is estimated that this market has induced a
CO, emissions reduction between 2 and 5 % per year compared to a scenario
without this permits market [24].

2.3 Fuel and Electricity Production Costs from Renewable
Energy Sources

As it has been exposed above (Table 2.1), the world TPES is mainly based on fossil
energy resources. The market prices for these fossil fuels are very volatile, espe-
cially in recent years (Fig. 2.14) [25], and the prices of electricity and secondary
fuels (gasoline, diesel, kerosene, etc.) are very much coupled to those markets.
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Fig. 2.14 Evolution of the oil, coal and natural gas prices in recent decades [25]

Contrary to fossil fuels, variations in the cost of energy from renewable
resources are mainly coupled to the evolution of the associated technology and
the cost of raw materials. Also the price of fossil fuels can influence this cost, but
derived from their use in the manufacturing processes (i.e., fuel mix to produce
electricity in a particular power system). This influence is predicted to decrease as
the share of energy from renewable resources increases in the different energy
mixes around the world.

When a cost analysis of energy production from renewable sources is calculated,
it is desirable to first classify between renewable technologies that produce elec-
tricity or fuels. In the following chapters, we discuss each technology and the
evolution of the production energy costs, but it is convenient to summarise in this
chapter the current situation.

Thus, electricity costs for the renewable energy resources in 2011, considering
the different studies, publications and technical papers analysed in the following
chapters, are exposed in Fig. 2.15. These values are compared to the US generation
prices and residential end-use price for 2011, published by the U.S. Energy Infor-
mation Administration (EIA). Then, hydropower is the most competitive renewable
technology, although restricted by the requirements of suitable sites for the location
of plants, and wave energy is the most expensive technology.

On the other hand, renewable technologies that can be directly installed and
exploited by end-users in residential areas have reached grid parity (geothermal and
wind on-shore) or are very close to reach it (photovoltaics) in adequate locations.
Moreover, if we consider the industrial and household electricity retail prices
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Table 2.3 2010 Industrial and household electricity retail prices for selected OECD countries [7]

Retail prices

Industry USD/kWh

Households USD/kWh

Canada
Chinese Taipei
Denmark

Fran

ce

Germany

Italy

Japan
Korea

Mex

ico

Netherlands
Norway
Sweden

Swit

zerland

Turkey

UK

USA

0,0699
0,0776
0,1144
0,1056

0,2581
0,1544

0,1042
0,1230
0,0737
0,0964
0,1023
0,1509
0,1211
0,0679

0,0945
0,0932
0,3563
0,1568
0,3248
0,2632
0,2322
0,0834
0,0888
0,2212
0,1758
0,2180
0,1800
0,1841
0,1990
0,1158

for different OECD countries (Table 2.3), grid parity has been reached for these
renewable technologies (including photovoltaics) in many locations.

For a first approximation to evaluate heating parity, we can consider the updated
solar heating costs exposed in Chap. 13. Considering the average solar irradiance
of Spain, stand-alone solar thermal heating systems lowest cost USD 118/MWhy,
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(EUR 85/MWhy,) usually is more expensive than heat produced from natural gas
and heating oil, but competitive with retail electricity prices [26]. The average fuel
prices for US consumers heating in 2010-2011 winter were USD 34.56/MWhg,
(EUR 24.83/MWhy,) for natural gas and USD 66.63/MWhy, (EUR 47.87/MWhy,)
for heating oil [16] (Fig. 2.16), but the investment and O&M costs of conventional
systems should be added to compare with solar heating costs. Consequently, the use
of high capacity solar heating energy for heat supply may be competitive with
conventional energy sources (mainly heating oil) in highly sun irradiated areas.

As it will be exposed in the following chapters, renewable technology costs are,
in general, decreasing over the years and electricity prices from conventional
resources are increasing. Consequently, grid parity is being reached in many
cases for the different renewable technologies, but it also depends on specific
characteristics of the countries studied (solar irradiance, wind resources, grid inter-
connections, etc.). Then, it can be observed that in some countries, the penetration
of renewable energy in the electricity grid reaches almost a 100 % (Table 2.4),
mainly if the country has large hydropower capacity, as it also acts as energy
storage system. If we only consider unmanageable energy (wind and solar), it can
also largely penetrate in the electricity grid, mainly in countries where these
resources are abundant and the technologies have been promoted.

To compare conventional and renewable fuels, the evolution of prices for
ethanol [27] and gasoline [28], and biodiesel [29] and diesel [30] is exposed in
Fig. 2.17a, b, respectively, considering equivalent calorific values [31] (ethanol =
67 % gasoline, biodiesel = 90 % diesel). It can be observed from Fig. 2.17a that in
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Table 2.4 Top 20 countries in percentage of electricity from renewable sources in 2009 consid-
ering hydropower (countries A), without considering hydropower (countries B), and top 20 OECD
countries in 2010 considering only unmanageable resources (wind and solar)

% 2009 % 2009 % 2010
Hydro Hydro no
Countries A included Countries B included OECD country  Unmanag.
1 Paraguay 100,00 Guatemala 33,99 Denmark 20,26
2 Iceland 99,99 El Salvador 30,34 Portugal 17,54
3 Mozambique 99,92 Denmark 27,59 Spain 16,87
4 Zambia 99,69 Iceland 27,05 Ireland 9,87
5 Nepal 99,58 Kenya 24,38 Germany 7,81
6 D.R. Congo 99,55 Nicaragua 22,30 Greece 3,68
7 Albania 99,39 Portugal 19,93 New Zealand 3,65
8 Tajikistan 97,97 Costa Rica 17,37 Netherlands 3,53
9 Norway 95,99 Philippines 16,78 Italy 3,37
10  Costa Rica 95,15 Spain 16,08 Austria 2,91
11 Kyrgyzstan 89,28 New Zealand 15,92 UK 2,63
12 Brazil 89,04 Germany 12,71 Sweden 2,28
13 Ethiopia 87,63 Finland 12,50 USA 2,24
14 Georgia 86,61 Ireland 11,11 Estonia 2,14
15 Namibia 82,03 Sweden 10,21 Belgium 2,10
16  Ghana 76,77 Netherlands 9,46 France 1,80
17 Angola 76,05 Uruguay 9,30 Luxembourg 1,63
18 Togo 75,40 Austria 9,14 Australia 1,59
19  Colombia 72,84 Hungary 7,43 Hungary 1,43
20 Venezuela 72,79 Chile 7,17 Turkey 1,38

mid-2008, when oil prices reached record highs (Fig. 2.14a), the price of ethanol
and gasoline overlapped, reaching a fuel parity. This overlap has been produced
three times again since then, mostly coinciding with high oil prices. For biodiesel,
the historical data show no overlapping and the price differential with diesel
remains wide (Fig. 2.14b). Consequently, ethanol is close to fuel price parity with
gasoline, but biodiesel is still far above diesel in terms of price.

Finally, to analyse costs of renewable energy, it is necessary also to consider
energy storage costs, mainly to produce electricity, since mostly the sun, wind and
ocean, show unpredictable behaviour and, consequently, make uneasy to couple
electricity offer and demand into a certain power grid.

All electricity storage systems introduce very significant capital costs in the
supply of electricity (Fig. 2.18) [32]. In a first approximation, if the priority is
energy storage at the lowest cost, the best option is the metal-air batteries technol-
ogy. If the priority is power management, the best option is the electrochemical
capacitor technology. However, other parameters (power density, energy density,
number of charging cycles, response time, etc.) need also to be considered to select
the best technology for a specific application, as it will be exposed in Chap. 15.
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2.4 Status of the Renewable Energy and Associated
Technologies

In order to compare the status of the various technologies discussed in this book,
Fig. 2.19 shows a diagram where they are classified according to the stage of
development estimated after the discussions included in the different chapters.
The classification distinguishes between the following stages of development [33]:
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Fig. 2.19 Stage of development for each technologies discussed in this book

— Pioneer: Technology emerges as independent. This phase is characterised by a
small number of companies developing the technology, mainly through radical
innovations. The first barrier is to create a viable and reliable product. The
greatest risk is technological.
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— Introduction: The introduction of the product into the markets (primarily in
niche markets). The technology is already known and there are many companies.
Innovation processes are increased and the major risk is financial.

— Market: The technology is reliable, standardised and is already established in
the market. Competition among companies has resulted in reducing the number
of them. The greatest risk is the investor’s own market risk, i.e. getting sufficient
market share.

— Competition: The product is mature and has the opportunity to compete on
equal terms with the conventional energy production technologies. There are
few companies, but large.

The stage of development exposed in Fig. 2.19 is revised periodically, based
on pre-production and innovation highlights for each technology that frequently
occur on a global scale. In each chapter, we have also incorporated a similar stage
of development figure for each renewable technology, including the different
subtechnologies that are key topics for it.

2.5 CO; Emissions, Energy Payback and Other
Environmental Costs

This section summarises the main values for different environmental impact
parameters related to the technologies exposed in this book: CO, emissions,
water consumption, land occupancy, energy payback and external costs. The
importance of this information is increasing over the years for evaluating different
impacts previously neglected in the energy sector. We consider that at present there
are not well-established methodologies for their calculation, since the values for
each technology are affected by external constraints such as location, energy mix,
variations in the prices of raw materials, etc. However, the values shown below can
serve as a guidance to estimate relative environmental impacts and further describe
each technology.

On the other hand, the various literature sources used to obtain these data do not
include all renewable technologies. Consequently, the reader may observe that
some data is missing, which we hope to complete in new book editions.

In relation to CO, emissions, at present it should be noted that the production of
electricity with all renewable technologies produce CO, emissions if we consider
the whole lifecycle of the production system (Fig. 2.20) [34]. This is because the
manufacture of renewable power plants requires energy, and it is normally supplied
by a power grid where fossil fuels play an important role. Thus, for example,
comparing renewable power plants manufactured in the USA and Europe,
emissions of greenhouse gases are significantly lower in the latter case due to a
higher renewable energy share supplied to the power grid. This fact must also be
considered for many of the materials that integrate the renewable power plants
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Fig. 2.20 CO, emissions per kWh of electricity produced from different renewable energy
technologies considering the entire lifecycle of these systems [34]

(cement, steel, aluminium, etc.), as they are also produced with energy supplied
from power grids or heating systems where fossil fuels play an important role.

Thus, it is expected that the increase in the contribution of renewable energy
sources to total energy consumption will decrease the CO, emissions associated
to energy obtained from renewable technologies, as the energy used for the manu-
facturing, construction, O&M and disposal of renewable power plants will be
increasingly free from carbon emissions.

On the other hand, as it can be observed from Fig. 2.20, the larger CO, emitters
per kWh produced are the coal-fired power plants, largely above those from
renewable technologies. However, recent studies suggest that also crude oil
extracted by new procedures increases air polluting with respect to established
estimations, as the crude extracted from the Canadian oil sands [35].

If the reader is interested in CO, emissions from the production of renewable
fuels (biofuels) and energy carriers (hydrogen) and comparing to fossil fuels,
detailed information can be found in Chaps. 4 and 5 devoted to the corresponding
technologies. The variety of raw materials and processes involved in the production
of renewable fuels and hydrogen makes it impossible to define a general value or a
range of CO, emissions for these fuels.

Another important parameter to be considered into this section is the water
consumption per kWh produced by different energy technologies. As it can be
observed in Fig. 2.21 [36], water consumption for wind energy and photovoltaics is
almost negligible, but it is substantial for other renewable technologies, mainly
hydropower and geothermal. On the other hand, conventional power plants are also
important water consumers, leading the ranking the coal-fired power plants. This
result, added to the fact that coal-fired power plants are the larger carbon emitters of
all power plant technologies (Fig. 2.20), makes coal the leading technology in terms
of environmental impact. On the other hand, recent studies conclude that the energy
return from water invested for the most water-efficient fossil fuel technology is
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Fig. 2.21 Water consumption per kWh for different conventional and renewable energy
technologies [36]

one or two orders of magnitude greater than the most water-efficient biomass
technologies [37]. Then, the development of biomass energy technologies could
produce or exacerbate water shortages around the globe that should be avoided.

In relation to water consumption for biofuel production, it varies substantially
depending mainly on the raw material used to obtain it and the country where it is
obtained. Specific information about water consumption for biofuel production can
be found in Chap. 4.

Another important factor is the land occupancy to obtain energy from different
resources. In this respect, there exists a significant gap between fossil fuels and
renewable technology in terms of power density per unit area (Fig. 2.22) [38].
A coal mine or oil field, for instance, yields 5-50 times more power per square
metre than a solar facility, 10-100 times more than a wind farm, and 100-1,000
times more than a biomass plant. Even if the energy needed to extract, transport and
process coal is not considered, it still yields 50 times more energy per unit of land
than ethanol from corn and ten times more than ethanol from sugar cane.

The energy payback ratio gives the ratio of net energy produced during the
lifetime of the facility, divided by the energy required to build, maintain and supply
the facility during all that time. Thus, the higher the energy payback ratio, the more
attractive the technology is.

Works are scarce and segmented by technology in relation to energy payback
ratios. Thus, we have found studies analysing PV [39], wind, nuclear, coal and
natural gas [40], hydropower [41] and biomass energy [42] (Fig. 2.23). As it can
be observed, the largest payback ratio is obtained by hydropower, as the dams
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associated to produce this energy have lifetimes of more than 100 years. Also, other
renewable technologies as wind and biomass have attractive payback ratios.
In relation to photovoltaics, values can be considered as outdated, as the energy
required to produce crystalline silicon has been decreasing substantially in recent
years. Moreover, all the values are approximate, because there are many features
that are independent of the technology used but influence the energy payback ratio.

When economic or social activities of a participant in economic activities
have positive or negative impacts on other participants, and these impacts are not
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counted or are compensated by the first participant, the costs generated are called
“external”. In this sense, there is a growing effort to account for and internalise
these costs. An example of costs internalisation is the establishment of CO,
emission rights for polluters, derived from the Kyoto Protocol.

In the energy sector, there are few studies that quantify these costs, although the
political interest in establishing them is increasing. In this sense, the project
ExternePol (Extension of Accounting Framework and Policy Applications) [43]
can be considered as pioneering in this area. The ExternePol project has been
surpassed by the NEEDS (New Energy Externalities Development for
Sustainability) [44] project, both funded by the European Union. From the
NEEDS project, we have obtained the external costs values for different energy
production technologies exposed in Fig. 2.24. It can be observed that not only
conventional energy technologies based on fossil fuels show the larger external
costs but also the energy derived from biomass shows external costs comparable to
fossil fuel based technologies. This can be attributed to the environmental impact
that emissions and waste from biomass power plants produce.
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Chapter 3
Biomass

Abstract The energy stored in the biomass existing on the Earth can be
transformed by chemical or biological processes into heat or electricity. From a
certain point of view, biomass can be considered as solar energy stored in carbohy-
drate chemical bonds by means of the photosynthesis process. Therefore, the
emitted CO, to the atmosphere, when biomass is burned or transformed, can be
considered to be equal to the CO, absorbed during its previous growth, i.e., energy
from biomass could in principle be considered as carbon neutral. It is important to
remark that bioenergy provides about 12 % of the global energy consumption, and
therefore is, together with hydropower, one of the main renewable energy resources
in the world. In this chapter, we describe some of the most common energy
processes for using biomass as a fuel: direct combustion, pyrolysis for the produc-
tion of charcoal, gasification for obtaining synthesis or producer gas, co-firing with
coal, etc. On the other hand, the production of liquid or gaseous biofuels will be
treated in Chap. 4.

3.1 Overview

Biomass is any living mass, both animal and vegetable, existing on Earth, including
its waste. Biomass can be converted into heat or other energy carriers such as
electricity, when it reacts with oxygen in the combustion process. Biomass is almost
the only type of fuel used by mankind since ancient times up to the industrial
revolution, with large use in wide areas of the less developed world at present.

Biomass has a low energy density compared to fossil fuels. However, its energy
density can be increased substantially by conversion to biofuels through different
mechanical, chemical or biological procedures. This chapter covers the technologi-
cal aspects related to solid biomass, which can be partially or totally transformed to
a gaseous fuel (biogas), being its energy used as well. On the other hand, Chap. 4 is
completely devoted to the technologies related to liquid biofuels.
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Table 3.1 Energy content Feedstock Gkt GI/m®
per unit weight and volume

for various types of biomass Dry wood 15 10

[1, 2] Paper 17 9
Dry manure 16 4
Baled straw 14 1.4
Dry sugar cane 14 10
Household waste 9 1.5
Crude 42 34
Coal 18 50
Natural gas 55 0.04

Biomass can also be considered as solar energy stored in chemical bonds of
carbon-hydrogen as a result of metabolic activity or photosynthesis of different
organisms. Through this process, CO,, water and some nutrients are converted into
biomass, which is mainly composed of carbohydrates, fats, proteins and minerals.
About 95 TW (0.05 %) of the solar power that reaches the Earth (170,000 TW) is
considered to be absorbed to produce photosynthesis [1, 2].

The energy stored in biomass varies between 8 GJ/t for green wood and 15 GJ/t for
dry wood, which are very low compared to 55 GJ/t for natural gas. Table 3.1 [1, 2]
shows the energy content of various types of biomass, both per unit weight and
volume, and are compared to those of oil, coal and natural gas.

According to statistics from the International Energy Agency [3], the supply of
biomass (primary solid biomass, biogas, liquid biofuels and renewable municipal
waste) has grown steadily from 26.05 EJ in 1971 to 50.20 EJ in 2009 (last available
data) (Fig. 3.1). Of this amount, 93.7 % corresponds to primary solid biomass,
biogas 1.9 % and 4.4 % for liquid biofuels. Renewable municipal waste reached
0.59 EJ in 2009.

Only 0.7 EJ of the 50.79 EJ biomass and renewable municipal waste supplied
in 2009 has been dedicated to the production of electricity and heat. Although this
represents a small percentage of 1.37 %, it has been increasing continuously since
2001 (Fig. 3.2).

The distribution in terms of biomass types dedicated to the production of
electricity and heat is shown in Table 3.2. The largest amount is observed for
renewable municipal waste, while the percentage of primary solid biomass is
minimal, and no liquid biofuels are used for this purpose. However, in absolute
terms, the largest amount of biomass dedicated to the production of both electricity
and heat comes from primary solid biomass.

If we consider the evolution of electricity and heat production from biomass in
recent years, increasing trends are observed in most cases. More specifically, in the
case of electricity production, there has been a steady increase in production
dominated by solid biomass (Fig. 3.3a). For heat production, it is also solid biomass
the one that leads the rankings (Fig. 3.3b).

The global technical potential of biomass is estimated in the literature that could
reach 1,500 EJ/year in 2050, but if sustainability criteria are also considered,
the potential would be 200-500 EJ/year (excluding aquatic biomass) [4]. Forest,



3.1 Overview 39

—=— solid biomass
@ biogas
s & biogasoline
o v biodiesel
v 100 4 other biofuels
o] P renewable municipal waste |
-
5 ...m.m-l-m“m“
£ 10
£
e
=
= 1
=3
o ﬂf’t
2 4;;1.4&:!{{“"”
g 01 k’py ":’ x 11 4
< »,,bbh 414 Ak AL‘ A “y"
l
2 0,01 £ A o¥ Ly
£ “dﬂcﬂo""" M
a
,g 1E-3 ¥
g v
§1E-4.T.,...T...,,.,...
1970 1975 1980 1985 1990 1995 2000 2005 2010

Year
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Fig. 3.2 Evolution of the percentage of biomass and renewable municipal waste supplied for the
production of electricity and heat during the period 1990-2009
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Table 3.2 Energy (EJ) and percentage of biomass, by type, dedicated to the supply of electricity
and heat in 2009

2009 Electricity EJ—(%) Heat EJ—(%)
Primary solid biomass 0.17—(0.37) 0.33—(0.71)
Biogas 0.04—(4.03) 0.01—(1.51)
Renewable municipal waste 0.03—(5.30) 0.10—(18.03)
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agricultural and other waste (including municipal waste) could provide between
50 and 150 EJ/year, while the rest could be obtained from energy crops, forest surplus
and increased agricultural productivity [4]. The wide variety of biomass resources at
a geostrategic level can also help to improve the security in energy supply.

3.2 State of the Art

Unlike other types of technologies for exploiting renewable sources, biomass is
extremely varied in its nature and, consequently, requires specific technologies in
each case, both the management of the particular crops, and in the energy use, like
heat, electricity, etc.

3.2.1 Energy Crops

Energy crops are receiving increasing attention for several reasons: obtaining
alternative fuels to fossil fuels, reducing CO, emissions, reaching greater energy
independence, use of fallow land, reducing water demand, etc.

Wood forest crops for energy use are obtained from modified forests having
a large tree density. The harvest of forest in the short term is made cutting and
gathering wood in periods of few years, in locations with favourable annual yield,
like in Northern Europe where yields of up to 10 t/ha are reached [1]. The harvested
timber is generally used for the production of heat and/or electricity.

To produce bioenergy from agricultural crops, the most widely used plants
are sugar cane and corn, as discussed in more detail in next chapter. These plants
are used for the production of liquid biofuels. Other plants such as sunflowers and
soybeans are used for biodiesel production. Moreover, the yield per hectare of
energy crops has grown significantly since 1960 until 2005. Thus, there has been a
70 % increase in production for sugar cane and 400 % increase for corn during this
period [5].

Table 3.3 shows both the biomass yield (t/ha) and the energy equivalent pro-
duced per hectare and year for different energy crops [2]. It is assumed that
the values shown are the maxima obtained in practice and that the biomass is
almost dry.

For further comparisons with other energy technologies, the energy efficiency of
photosynthesis is defined as the energy content (heat from glucose combustion to
CO; and liquid H,O at STP) of the biomass that can be harvested annually divided
by the annual solar irradiance over the same area. Then, solar energy conversion
efficiencies for crop plants in both temperate and tropical zones typically do not
exceed 1 %; for comparison, efficiencies of 3 % are obtained for microalgae grown
in bioreactors and about 5-7 % for microalgae in bubbled bioreactors. On the other
hand, a theoretical limit of about 12 % can be considered for the efficiency of
photosynthetic glucose production from CO, and water [6].
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Table 3.3 Maximum Feedstock Yield (t/ha)  Energy (Gl/ha)
performance energy harvests
from dry biomass [2] Forest wood 7 130

Tropical wood 11 200

Sorghum (3 harvest/year) 50 850

Sudan grass (6 harvest/year) 40 600

Corn 25 77

Wheat 22

Sugar cane 30 150

3.2.2 Cultivation Techniques

The two main aspects to be considered in this section are the availability of land and
its productivity. Currently, it is estimated that less than 1 % of agricultural land
is dedicated to energy crops [7]. The yield of energy crops depends on many factors
such as climate, soil type, available water resources and technology. Profitable
performance is considered at 10—12 t of dry biomass per hectare per year, equiva-
lent to an energy yield of 220 GJ/ha [5]. Given that the average amount of solar
energy received in 1 year is about 1,000 kWh/m?, solar energy conversion into
bioenergy would reach only 0.6 % efficiency.

The cultivation techniques vary very substantially between countries in terms of
cost of labour and access to automation process systems. In general, the productiv-
ity of the cultivation process increases with the level of development of the country
concerned. Consequently, it is estimated that global productivity can be substan-
tially improved as new cultivation techniques are adopted by the most underdevel-
oped countries.

3.2.3 Harvesting, Storage and Transportation

Obviously, energy crops, after having been grown, should be harvested, dried, cut
and transported. The objective is to obtain a homogeneous product of appropriate
size, high energy density and with minimal moisture.

The harvest of forest residues also arises from the cleaning and maintenance of
forests and these residues are harvested using similar techniques to those used in
forests devoted to energy crops. Currently, however, the larger amount of residues
generated in moderate temperature regions are derived from wheat straw and corn.
These residues are rarely used but burned in the field. Alternatively, these wheat
straw and corn residues can be pressed up to 1 t/m* for easy transport [5], reaching a
significant energy density of about 15 GJ/t [7].

For crops in tropical climates, most of the bioenergy is derived from sugar and
rice. Precisely, the fibrous residue of sugar cane is often used for local electricity
production in small power plants. Also, sugar cane residue is used more than wheat
and corn to produce heat and electricity. For rice, the hulls are also very suitable for
use in gasification plants.
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To increase the energy densification of biomass, pellets are usually fabricated
by applying pressure on biomass waste (mainly sawdust). Pellets are already
subject to quality standards for a growing process of commercial activity
(6-12 mm in diameter, 10-30 mm in length, moisture content below 10 %,
~650 kg/m® and ~17 GJ/t) [4]. For example, the new European standard for pellets
(EN 14961-2:2011) provides three quality classes of pellets to be used in different
heating systems [8]. The pellets are also easy to transport and handle, but these
activities also require standardisation [8]. However, the pellets absorb moisture,
which can lower the calorific value below 10 GJ/t with aging in contact with the
atmosphere.

An additional option is to subject the biomass to torrefaction processes
(200-300 °C) by which it is converted into a dry, hydrophobic and higher energy
density (19-23 GJ/t) product [4], holding up 92 % of the energy of the raw material.
Torrefacted biomass can also be converted into pellets, process that can lower its
cost per energy unit. Moreover, torrefaction facilitates biomass transport and
storage activities.

Another procedure to improve biomass energy density is through pyrolysis.
In this process, the raw material is heated in the absence of oxygen, producing
charcoal, bio-oils and biogas. The fraction of each product depends on the temper-
ature and residence time of vapours in the process. The application of moderate
temperatures (~500 °C) for 1 s is used to maximise the liquid fraction, in a process
called fast pyrolysis. By contrast, the slow pyrolysis is commonly used for
obtaining charcoal. The biogas produced is often used as energy input in the
pyrolysis process itself. The bio-oils obtained have a calorific value of about
17.5 GJ/t, but the energy density per unit volume (20-30 GJ/m’) doubles to
quadruples that of the pellets and the product of torrefaction, although this is only
yet about half the biodiesel energy density [4].

On the other hand, animal manure and debris from urban wastewater should
also be considered, as they can be a major source of greenhouse gases. In some
countries, these sources represent a significant percentage of methane emissions.
This type of biomass energy is valued using anaerobic digestion to produce biogas
in livestock farms.

In relation to renewable municipal waste, each household in the industrialised
world produces about 1 t/year, with an energy content of about 9 GJ/t [1]. Currently,
these products are being valued through combustion processes or anaerobic diges-
tion, producing gas that can be used to generate heat or electricity. Also, the
renewable municipal waste can be stored in impermeable disposal cells in which
gases are produced naturally by anaerobic digestion, and later collected through a
mesh of interconnected and perforated pipes to depths of about 20 m. The produc-
tion of landfill gas per tonne of waste is estimated, in theory, at about 150-300 m°,
containing a high proportion of methane, and an energy of about 6 GJ/t of waste
material [1].
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3.2.4 Combustion

The direct combustion of biomass is the oldest technique used for energy recovery,
but it is not very efficient (5-30 % efficiency in developing countries and 85-90 %
in CHP systems [4]). The efficiency for electricity production ranges between 10 %
for steam boilers with powers below 1 MW, and 40 % for >50 MW steam turbines
combined with the latest combustion technology in fluidised beds [4].

Normally, the combustion of biomass requires a first step consisting in a simple
physical treatment: sorting, crushing, compressing, air drying, etc. The low conver-
sion efficiency for green biomass is partly due to the energy necessary to evaporate
all water contained in the organic matter. Furthermore, biomass contains a high
proportion of volatile materials that are emitted as vapours or tars (causing sparking
during combustion) and requires additional energy, reducing the efficiency of the
process. For this reason, the design of the boiler must ensure that these vapours
cannot escape without burning and, consequently, oxygen must be provided. Such
boilers are often used in plants of about 0.5-10 MWy,.

Municipal renewable raw material is very heterogeneous and polluted, thus
corroding and damaging the standard infrastructure, and therefore requiring strict
emission controls, as well as a robust technology to enhance energy recovery. For
this reason, conversion efficiencies to produce electricity are only of about 22 % [4].

A technology improvement compared to the above process is the fluidised bed
combustion (FBC), which allows a larger heat transfer during combustion, and also
an enhanced temperature control (the flame temperature to ignite biofuel is lower
than in conventional combustion) and reduction of gas emissions (NO, and CO).
In this technique, the fuel material is cut in small pieces and placed on a limestone
bed. In this way, an enhanced mixture between biomass and air is obtained during
combustion, thus increasing the performance, and allowing the use of a less
homogeneous biomass. The fluidised bed may be stationary or circulating.

As mentioned above, among all plants generating electricity from biomass, only
1040 % of the fuel energy is exploited, since the rest is evacuated as heat to the
atmosphere or to the cooling circuits. For this reason, it is much more efficient a
simultaneous cogeneration of heat and power, and in this case the efficiency can
reach 80-90 %. In CHP plants, heat can be used to heat water for district heating
or industrial processes. In industrial applications, the heat is usually transferred
through steam at a temperature of 130-200 °C and pressures of 3—16 bar [5].
Obtaining heat causes the electricity production efficiency to be reduced by several
percentage points [4]. In the Nordic countries, there are many CHP plants, some-
times associated with paper mills, for the simultaneous production of heat and
electricity from biomass.

As an alternative to conventional combustion, organic Rankine cycles are being
considered. This cycle uses an organic fluid with high molecular mass, instead of
steam, to recover heat from low temperature sources. The plants work with powers
of 0.5-2.0 MW, achieving efficiencies of 17 % (slightly higher than with steam
boilers) and lower working temperatures. However, the net efficiency, after
deducting auto-consumption, is lower.
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On the other hand, in a smaller range of power capacities are the Stirling engines
(10-100 kW,), whose technology is promising for domestic cogeneration. How-
ever, Stirling engines using biomass as fuel require further tests before they are
introduced in the market. Electricity conversion efficiencies in these systems are in
a range of 12-20 % [4].

3.2.5 Co-firing

The co-firing of biomass and coal in coal-fired power plants for electricity produc-
tion can significantly contribute to reducing CO, emissions as it has already been
proven in many installations worldwide, mostly in Europe. Typically, the propor-
tion of biomass burned is 5-10 %, although in some plants up to 25 % has been
tested [4]. Co-firing is the most efficient and economical technology for converting
biomass into heat and electricity, as it can take advantage of the existing infrastruc-
ture for coal plants, and only small investments are required to feed the biomass
itself. Currently, there is fully commercial technology implemented in this area, and
power plants reaching 400 MW, capacities are being planned [4].

The co-firing processes can be performed in three different ways: (1) directly,
mixed with coal, being the most widely used process; (2) indirectly, where the
syngas (CO, H,, and CH,) resulting from the gasification of biomass is burned with
coal and, consequently, contamination problems are mitigated and (3) in parallel,
where biomass is burned in a separate boiler, using the generated steam to power
the main steam circuit of the plant.

It is important to note the following benefits of co-firing [5]: (1) reduction of
CO,, nitrogen oxide and sulphur dioxide emissions compared to fossil fuel pro-
cesses, (2) lower investment costs than using specific biomass burners, (3) larger
energy efficiency than in small biomass units and (4) reduction of risks associated
with biomass supply shortages.

3.2.6 Gasification

In the gasification technique, biomass is partially oxidised by means of water
vapour and air (or oxygen) at high temperatures (800—1,000 °C) to form syngas
(mixture of CO, CH,4 and H,), which can also be used for secondary purposes other
than energy production. The gas can be used in steam boilers, gas turbines or
co-firing. The process is not very efficient, since the total energy of the gasification
products is lower than that of the initial biomass. However, the fuel gas produced is
more versatile and less polluting. If the gasification is carried out in air, the gaseous
biofuel has a calorific value of 3—7 MJ/Nm?, and if it is carried out in oxygen, it can
reach 7—15 MJ/Nm? [5], although the production of oxygen requires also a consid-
erable amount of electricity. In addition, up to 20 MJ/Nm® can be obtained in
indirect combustion processes [4], which represents 1045 % of the heat capacity of
natural gas.
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The syngas can also be cleaned of particles and condensable hydrocarbons and
burned in an internal gas combustion engine, providing an electricity efficiency
of 22-35 %. This efficiency is slightly higher than that achieved with the steam
turbines used for biomass combustion processes [4]. This efficiency can be
increased up to 40 % if the syngas is burned in gas turbines [4].

3.2.7 Anaerobic Digestion

Anaerobic digestion is the biological degradation of biomass in oxygen-free
environments. The main product of this process is biogas, rich in CH4 and COs,.
The anaerobic digestion process takes place in two phases: (1) hydrolysis and
acetogenesis, which converts biodegradable material into glucose and amino
acids, subsequently converted into fatty acids and (2) methanogenesis from acetic
acid, also producing CO,. The two steps can be performed in a single reactor
(single-step anaerobic digestion) or in two steps (two-step anaerobic digestion).
The second process is more efficient but more complex and expensive.

The biogas obtained from anaerobic digestion can be directly burned in CHP
systems [4] or be upgraded to meet the standards of natural gas and injected directly
into pipelines. Anaerobic digestion can operate with any type of biomass that can be
digested by animals (that is, except biomass from wood). The process is particularly
efficient with wet biomass, sludge from sewage treatment plants, as well as in
landfill cells for municipal waste storage. If the biomass used as raw material is
not contaminated, the solid digestate can be also used as fertiliser, adding value to
the process.

There are two proven technologies for the use of anaerobic digestion depending
on the process temperature: (1) the thermophilic digestion (50-70 °C), which offers
the best performance and reduction of viruses and pathogens, is mainly used in
centralised systems and (2) the mesophilic digestion (25-40 °C), which requires
more technology and handling of biomass.

Considering the different feedstock and processes involved, Fig. 3.4 shows a
schematic overview of the pathways followed to convert solid biomass into elec-
tricity, heat and gaseous fuels.

Also, Table 3.4 shows a summary of typical power capacities and electrical and
heat efficiencies for the different technologies involved for the production of energy
from biomass.

3.2.8 Stages of Development

Depending on the degree of market penetration, the different technologies exposed
above that are driving the production of energy from solid biomass can be consid-
ered in different stages of development (Fig. 3.5).
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Fig. 3.4 Scheme of the different routes for the production of electricity, heat and gaseous fuels
from solid biomass

Table 3.4 Typical power capacities and efficiencies for different electrical and heat technologies
using biomass as fuel [5]

Conversion Typical capacity Net efficiency
Anaerobic digestion <10 MW 10-15 % electrical
60—70 % heat
Landfill gas 200 kW-2 MW 1015 % electrical
Combustion for heat 5-15 kW, residential 10-20 % open fire
1-5 MWy, industrial 40-50 % stoves
70-90 % furnaces
Combustion for power 10-100 MW 2040 %
Combustion for CHP 0,1-1 MW 60-90 % overall
1-50 MW 80-100 % overall
Co-firing with coal 5-100 MW existing 3040 %
>00 MW new plants
Gasification for heat 50-500 MW, 80-90 %
BIGCC for power 5-10 MW demo 40-50 % plus
30-200 MW future
Gasification for CHP using gas engines 0.1-1 MW 60-80 % overall
Pyrolysis for bio-oil 10 t/h demo 60-70 %

Most of the technologies discussed in this chapter can be considered in a state of
competition, although also active in the research, development and demonstration
stages for reaching enhanced efficiencies and reducing costs.
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Thus, many crop species and residues are currently being commercialised
without subsidy, but further research into new crop species or genetic modification
of the ones presently used is on course. In relation to cultivation techniques, the
technology is in a stage of competition, but significant efforts to introduce multi-
functional crops and more technology in developing countries is detected. In
relation to the technology associated with harvesting, storage and transportation
(logistics), it is found that they are well implemented. However, there are still
opportunities for technological improvement in densification processes (pellets,
torrefaction and pyrolysis) and storage, as well as in obtaining added value by
implementing these processes in biorefineries.

For technologies directly related to the extraction of energy from solid biomass,
co-firing processes are the most mature and competitive, but new advances are
expected in indirect co-firing and co-firing in parallel. The following most mature
technology is combustion, where improvements in organic Rankine cycle and
Stirling engines are also expected. The gasification process can be classified as
the less developed, showing BIGCC many options to improve this technology in the
near term, and also by combining biomass gasification and fuel cells. In a more
delayed stage, but also entering the competition phase, is anaerobic digestion,
particularly in relation to the use of biogas from municipal waste landfill cells.
But the anaerobic digestion to extract hydrogen from biomass is still under a very
pioneering phase.

3.3 Current Costs and Future Scenarios

Unlike other types of renewable technologies with freely available resources (sun,
wind, etc.), the cost of biomass typically represents between 50 and 90 % of
bioenergy production (with the exception of waste). Thus, in general, the range is
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Fig. 3.6 Evolution of the market price per unit energy for pellets and natural gas (source: APX-
ENDEX and CME)

usually USD 3.04.0/GJ (EUR 2.2-2.9/GJ) as the upper limit cost of biomass
energy if strong production growth is expected. On the other hand, the use of bio-
mass residues for other purposes, such as animal feeding, fertilisers, materials, etc.,
can add value and, consequently, reduce the cost of energy production, although
these considerations are not quantified in this book. It should also be noted that the
structure of costs largely depends upon the available infrastructure and the technol-
ogy used to harvest. Moreover, the lack of transparency in some markets, especially
in relation to forest resources, obstructs the resource pricing in the market [4].

Still, the forest biomass costs are well established, ranging from USD 2.3 to
6.5/GJ (EUR 1.8-4.7/GJ) for biomass delivered to an energy recovery plant [4].
These costs vary significantly depending on the country and are affected by the
specific conditions of the plantation forest, distance to the energy recovery plant,
techniques for collecting and processing biomass, etc.

In a detailed cost analysis of the densification processes, wood pellet costs are
around USD 72-115/t (EUR 52-82/t) in Europe and USD 61-85/t (EUR 44-61/t),
increasing costs a 40 % when derived from switchgrass [4]. Considering the market
of the pellets in terms of price per unit energy (Fig. 3.6), except at the beginning of
2010, pellets have been more costly than natural gas for the period recorded. This
scenario is expected to continue as natural gas reserves are increasing worldwide
mainly due to new fracking techniques to extract it. Moreover, there is no apparent
link between the price of natural gas and pellets.

Pellets costs are mainly related not only to the raw material (43 %) but also to
drying (35 %), being other significant costs associated to pelletisation (7 %),
personnel (6 %) and storage (3 %) [8].
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Fig. 3.7 Investment costs for different technologies for energy production from biomass [4]

Logistics costs associated to pellets subjected to torrefaction processes are
estimated that can be reduced by up to a 50 %, while biomass production costs
increase around a 10 %. In relation to pyrolysis, the investment costs are around
USD 2,730-6,030/kWh (EUR 1,960-4,330/kWy,) for production plants with
capacities of 25 MW, while production costs (excluding the cost of raw materials)
are 50-100 % higher than those based on pellets or torrefaction processes [4].

The costs for the production of heat in combustion boilers using pellets as fuel
are USD 11-142/GJ (EUR 8-102/GJ, with an average value of USD 37/GJ (EUR
27/GJ), which makes it competitive with fossil fuels [4]. It is expected a cost
reduction of only 4—-6 % in 2030 (at constant prices) as a consequence of increasing
system lifetimes and efficiencies [4]. As the cost for the heating distribution
network accounts for 30-55 % additional investment, high concentration customer
districts and time of utilisation rates above 75 % are required to reduce this addi-
tional investment per customer.

The range of investment costs shown in Fig. 3.7 is indicative of the importance
of economies of scale in energy production from biomass and the maturity of each
technology (being Stirling engine, BIGCC and organic Rankine cycle the most
immature). As it can be observed, the lowest costs are associated to the co-firing
processes, as it capitalises thermal plants fuelled by coal. However, this process
cannot be considered renewable.

The current average cost of electricity production from biomass is in the
range USD 0.04-0.20/kWh (EUR 0.03-0.14/kWh). In addition, a cost reduction
of only 4-6 % is expected for 2030 (at constant prices) by increasing lifetimes and
efficiencies [4] as well as a reduction to USD 0.04-0.13/kWh (EUR 0.03-0.09/
kWh) in 2050 [5]. Moreover, as the fuel volume demanded by the biomass power
plant increases, the transport cost increases too. Consequently, a compromise
between power capacity and logistics must be reached to optimise costs.
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Fig. 3.8 Electricity production costs at present and those forecasted from power plants fuelled
with biomass and based in different technologies. These costs are compared to the ones forecasted
for US generation prices

Considering the minimal electricity cost variations from these technologies
expected in the long term, we decided to assume the costs as constant (except for
anaerobic digestion) to calculate the grid parities exposed below. For anaerobic
digestion, we consider a linear decrease in costs because it is the most immature
technology at present. This linear decrease in costs for anaerobic digestion will
reach the upper range of expected costs in 2050 by the IEA [5], considering that this
technology will remain more expensive over this period. Under these assumptions,
the electricity production costs from biomass in 2009 and expected to 2050 are
exposed in Fig. 3.8 and compared to forecasted US generation prices in constant
USD and EUR per kWh.

In this sense, it is estimated that the cost of electricity production from co-firing
is already below the US generation prices (Fig. 3.8). However, for the remaining
technologies, no grid parity is expected in the period 2011-2050.

3.4 Energy Payback, CO, Emissions and External Costs

The CO, produced by biomass energy technologies could be considered neutral
from an accounting standpoint, since the employed biomass has previously
captured CO, from the atmosphere. However, emissions from construction and
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Fig. 3.9 Land emissions and land occupancy per kWh of energy produced in CHP plants [9]

decommissioning phases, as well as from biomass harvesting, treating and
transporting must be also considered.

In this regard, the literature shows [9] that biomass from wood and crops
burned in CHP plants (Fig. 3.9) demonstrates that CO, emissions are mainly
originated on the biomass itself. Also, the amount of CO, emitted in the operation
process is substantial and attributed mainly to the use of fertilisers and to trans-
portation. In contrast, the emissions attributed to plant construction and
decommissioning are under 10 % of the global emissions. Moreover, due to the
production of fertilisers, large amounts of CO, are emitted but accompanied by
ammonia and nitrogen oxide emissions.

It should be noted that this study considers that straw, as it is a residue, does
neither occupy soil nor requires fertiliser for its production. In relation to transport,
wood produces a larger amount of CO, from biomass because it has higher moisture
content than the agriculture residue. In contrast, the differences in sulphur dioxide
and nitrogen oxides emissions are more related to the specific composition of the
biomass which, in this case, produces higher emissions than the derived from the
straw. Finally, while the volume of fine particles (PM2.5) does not vary much
between biomass species, production of volatile organic compounds other than
methane depends on the combustion process itself.

On the other hand, although the results shown in Fig. 3.9 are for CHP technol-
ogy, precise analysis will be required for the technology used since, for example,
obtaining electricity from gasification emits less CO, than from combustion
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Fig. 3.10 Scheme of a BIGCC plant to produce heat and electricity from the biomass used in an
ethanol production plant [15]

processes [4]. Other aspects to be considered for a detailed analysis may be related
to the scale of the plant, co-products, compensating fertilisation and time at which
the environmental impact occurs.

In a recent LCA study [10], different biomass plants for producing heat and/or
power have been evaluated and compared with reference fossil energy systems
likely to be displaced by the bioenergy system. In the cited case studies, bioenergy
systems reduce GHG emissions by between 18 and 128 % compared to their
counterpart fossil reference systems, but it is difficult to generalise (GHG emission
reductions above 100 % mean that the involved process acts as GHG sink). Also, it
is concluded that GHG mitigation is larger when biomass is used for heat and
electricity applications rather than for liquid transport fuels.

Also, biomass energy production associated with the CCS technology (Chap. 17)
can act as a negative CO, emitter, as biomass captures CO, from the atmosphere
and is then stored. For this reason, it is expected that more rigorous studies will
consider and even distinguish between different CCS technologies in the future.

Finally, the energy payback ratio using biomass as solid fuel is estimated to
range between 4 and 16, while external costs are around USD 4.80 cents/kWh (EUR
3.45 cents/kWh) [11].
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3.5 Future Technology Trends

3.5.1 Energy Crops

The general trend, towards the future, is on increasing biomass production for
energy supply. This biomass will be mostly based on lignocellulosic crops, able
to grow in poor soils and adverse climatic conditions. Lignocellulosic crops have
also the advantage of requiring fewer amounts of fertilisers than food-oriented
biomass.

Similarly to food crops, research on the selection of appropriate genotypes is
also advancing on energy crops to enhance energy production per unit area and
to minimise water requirements. The natural mission of trees and plants on Earth,
after million years evolving, is their survival but not to serve as energy resources.
Consequently, genetic engineering can be oriented to enhance the potential of
some biomass species as energy resources. These genetic engineering activities
for energy crops should be not so affected by environmental concern as for
food crops. On the other hand, genetic engineering for enhancing energy potential
of biomass is an alternative to the most common genetic activities, focused on
achieving superior resistance to herbicides, pesticides and insects [4]. Thus,
because of its interest, research in energy crops will increase because is still in
the initial stages, and also due to lack of experience on crop plants genetically
modified and introduced in forest, shrubs, bushes, grass, etc.

It is also necessary to study the parameters affecting the productivity of biomass,
since it is susceptible to the volatility inherent to biological production (due to
seasonal variations and weather conditions). Inadequate control of these parameters
can produce significant variations in the quantity of production, quality and,
consequently, price. Price volatility is evidently an important drawback that any
renewable energy should avoid in order to compete against fossil fuels.

Finally, it is also necessary to study the effects of climate change on energy
crops. In many areas where it is now adequate to cultivate specific energy crops,
expected climate changes could also force a change in crop species to maintain
energy production from biomass.

3.5.2 Cultivation Techniques

There is great interest to cultivate biomass in multi-functional locations. Thus,
choosing optimal locations, design, management and integration of production
systems, extra environmental services can be offered and thus have a higher
added value to the production. Also, it is expected to recover marginal or degraded
soils for energy crops. On the other hand, it is expected to improve productivity in
developing countries, which may cover increases in demand for energy crops [4].

Research efforts are also on course to avoid stress in water resources or biodi-
versity loss associated to increasing production of energy crops. On the contrary, it
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is expected that these crops may help to improve conditions and fertility of
degraded soils, preventing erosion, when the most suitable species for each zone
are selected.

3.5.3 Harvesting, Storage and Transportation

Future trends are oriented to create standards for crops and also for new lignocellu-
losic energy crops to be perennial and, consequently, not generating inflationary
pressures in the food industry, thus ensuring its permanent access to the market.
Perennial lignocellulose would diminish biomass storage costs and degradation
processes associated to stored biomass.

There is also the need to develop multi-product biorefineries, capable of increas-
ing the added value of transforming the raw material. This strategy can reduce the
power generation costs from biomass very substantially.

As it is known, biomass has a low energy density compared to fossil fuels and
also high humidity (may reach 55 % in weight). Consequently, it is necessary to
improve densification technologies (pellets, chipping, baling, bundling, pyrolysis
and torrefaction). These densification technologies can reduce transportation costs
significantly and increase production plant sizes [4], and therefore reduce infra-
structure costs to produce energy from biomass per unit of energy produced. As it is
known, increasing the size of the plants using biomass reduces costs but, on the
other hand, increases biomass demands, also increasing transport costs (from
increasingly distant places). Therefore, it is necessary to reach an optimal compro-
mise between plant size and logistics to properly size the plant.

Storage techniques are also improving depending on the type of biomass, since
the durability of the stock depends on the specific energy crop considered.
In addition, low biomass humidity introduces self-ignition and self-heating risks.
Consequently, it is recommended to avoid the storage and transportation of large
volumes and mixing of different types of biomass.

In pellets, it is necessary to study alternative raw materials and processes to
increase stability and abrasion resistance, to reduce the emission of dust in house-
hold manipulation [4] and to prevent the danger of off-gassing (primarily CO, CO,
and CHy4) from pellets decomposition over time [8].

Regarding pyrolysis, it is especially important the stabilisation of the produced
bio-oils, and to reduce their water content, corrosive nature, viscosity, as well
as minimising the large number (over 300) of chemicals that compose them. In
this sense, it is necessary to better understand the type of thermal reactions and the
role of the catalysts for improving the processes related to bio-oils production. Also,
the solid product of pyrolysis can be used in a co-firing process to provide energy to
the proper pyrolysis.

Finally, for renewable municipal waste, it is necessary to improve the waste
sorting processes to obtain competitive energy costs. Currently, the raw material is
very heterogeneous and contaminated, requiring strict emission controls and robust
technologies to obtain energy from this resource.
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3.5.4 Combustion

An option that is being proposed is the conversion of CHP systems into
trigeneration systems, also acting as cooling systems by applying absorption pro-
cesses (Chap. 13). As the heating demand varies seasonally, the addition of cooling
allows the heating demand to be more stable over the year and results in an increase
of the profitability for the biomass conversion system. For electricity generation,
smaller and less expensive CHP systems should be developed in order to enhance
adaptability to local biomass resources.

Also, it is necessary to adapt combustion systems to specific industrial sectors,
mainly in terms of temperatures reached, and the quality of the gas ejected from the
combustion process. Moreover, it is necessary to improve the efficiency of organic
Rankine cycles and Stirling engines. For the latter, it is estimated that the power
conversion efficiency could reach up to 28 % in 150 kW engines. However,
additional R&D activity is needed, as these processes are not mainly oriented to
the production of power. Moreover, it is necessary to improve the reliability and
costs of these processes.

Besides, new combustion boiler prototypes are demanded, offering higher effi-
ciency, smaller size, allowing burning biomass other than wood (pruning waste,
crop residues, etc.) and controlling emissions of polluting gases, especially NO,.
In this area, research modelling reactive boiling ejection of non-volatile compounds
in the product stream (particularly those that enter the gas phase) should lead to
better control over emissions.

For energy recovery from municipal waste, it is estimated that technological
advances could increase process efficiency from 22 % to 28-30 % applying new
generation power plants [4].

Other aspects that need improvement are the supply and storage of raw materials
for the combustion process, as well as to avoid fluctuations in humidity and
contamination by heavy metals. Humidity and biomass contamination from the
combustion plant have a substantial impact on air pollution and corrosion.

3.5.5 Co-firing

At present, the proportion of biomass used in co-firing systems has reached about
10 %, but systems reaching up to 20 % are being tested. However, in this case, the
resulting abundant ash should be conveniently treated, since it can be deposited on
the burner and the catalyst, reducing the efficiency of the process. It is also
necessary to consider how to mitigate the harm caused by the coal-biomass mix
to the exhaust gas filtering systems. Also, co-firing systems that can be fed with
different biomass species, specific heating temperatures and processing techniques
are under research.

The electricity production efficiency usually achieved in co-firing is 20-25 %
[12], but R&D activities are trying to increase it through several procedures.
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One consists, for example, in improving the quality of the refractory materials of
the furnace walls to increase heat insulation and, therefore, reaching higher gas
temperatures. Also, the reactor design and processing of biomass is being modified
to reach the most complete combustion possible. Efficiencies around 50 % have
been reached by indirect co-firing processes in IGCC systems [4].

Finally, the co-firing accompanied by a previous pyrolysis of biomass could be
an appropriate route for cost reduction, mainly in places where the biomass
production is located at large distances from coal-fired power plants. Also, large
fluidised bed supercritical boilers, with power generation efficiencies as high as
50 %, could be based on co-firing processes in the future [5].

3.5.6 Gasification

The economic viability of biomass gasification is not yet proven on a large scale,
but there are currently several R&D programmes trying to advance on gas turbines
powered by biomass. The most popular are the BIGCC systems. The interest in
these systems surges from the fact that up to 85 % of energy from biomass is
recovered in gasifiers by means of partial oxidation in oxygen or a water vapour
environment. This fact, together with the use of combined cycle technology gives
BIGCC a significant potential advantage over simple combustion.

A very important aspect being investigated is related to the elimination of
pollutants generated by the treatment of biomass (particulate, ash, ammonia,
sulphides, etc.). These pollutants cause corrosion and deposits on the turbine blades.
Finally, BIGCC can be very interesting for the production of energy, both thermal
and electrical, in ethanol production plants. Another option that is being tested is the
use of the liquids produced in the gasification process to obtain liquid fuels and
other materials, synthesised in biorefineries.

Another option consists in the synthesis of hydrogen from syngas for use in
integrated fuel cells, with an estimated electric conversion efficiency of 50-55 %
[4], but this technology requires further development effort (see Chap. 14). In
addition, from syngas, methane-rich gas can be obtained, known as synthetic
natural gas, or the syngas can be converted into a liquid fuel through a
Fischer—Tropsch process (see Chap. 4).

Finally, it is necessary to study in more detail the moisture influence to the
biomass gasification process and the optimisation of the cleaning processes of the
reactors.

3.5.7 Anaerobic Digestion

The first objective for anaerobic digestion is to improve the biomass pretreatment
to reduce fermentation times. Other objectives are (1) reducing costs, (2) increasing
reliability of the technology and (3) improving the cleanliness of the biogas
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(especially the very corrosive H,S). These improvements can be reached by
ultrasound treatments or enzymatic reactions, currently in the R&D phase.

Other technology trends are related to the improvement of both the pretreatment
processes and the selection of raw materials. The objective of this selection is to
remove contaminants and to transform the digestate produced in anaerobic diges-
tion into a nutrient for various applications. This strategy could be less expensive
than cleaning the polluted digestate inside the anaerobic digestion system.

Improving biogas recovery from the anaerobic digestion of organic municipal
waste is also a main research area. The technology trends are focused on reducing
emissions of greenhouse gases, primarily methane, as it is much more harmful than
CO; in causing greenhouse effects.

Finally, several research groups are very active in the direct production of
hydrogen based on the anaerobic digestion of biomass in the so-called microbial
fuel cells [4]. The hydrogen synthesis process has already been achieved, but
demonstration plants are needed to further test this technology (see Chap. 5).

3.6 Pre-production Highlights 2009-2011

3.6.1 The World Largest Biomass Power Plant [13]

The largest power plant powered by biomass will be located in Port Talbot (Wales).
With a capacity of 350 MW, it will be able to provide electricity to nearly half a
million homes. The plant, designed by Preenergy Power has required an investment
of EUR 650 million, and construction work is not expected to start before the end of
2011. The plant will be powered by wood chips imported from USA. The biomass
plant in Wales is expected to reduce CO, emissions to a fifth of the emissions from a
conventional coal plant. The British Environment Agency has asked the company
certificates to ensure that all biomass used should come from renewable resources.
Some concern about air quality and health risks are expressed by opponents.

3.6.2 New Strategies to Increase Biogas Production from
Wastewater [14]

The company GENeco, a subsidiary of the British company Wessex Waters, instead
of managing manure wastewater at room temperature, heats it for a few days at
40 °C and then transfers the fermented liquid to a second tank with a temperature
5 °C cooler. Then, at each stage, different bacteria can act more efficiently, thus
increasing by 30 % the production of methane. In addition, there are other options
emerging from different research centres such as (1) mixed pumping to accelerate
the separation of methane and the movement of bacteria and (2) the use of
ultrasounds for a more effective decomposition of waste. These strategies increase
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the methane production by about 13 %, although in the latter case the energy
balance is still negative.

3.7 Innovation Highlights 2009-2011

3.7.1 BIGCC to Produce Electricity and Heat in Ethanol
Plants [15]

Scientists at the University of Minnesota (USA) have experimentally demonstrated
that the BIGCC technology can be used to generate heat and electricity at very low
costs in ethanol production plants. These plants use corn cobs to generate syngas in
a gasification process (Fig. 3.10). It has been found that an ethanol plant producing
190 million litres annually is able to continuously generate power by about 30 MW.
The energy generated is used for the production of ethanol, resulting about three
times cheaper than conventional ethanol produced from natural gas.

3.7.2 Electricity Production from Anaerobic Digestion
in Microbial Fuel Cells [16]

Specific anaerobic bacteria can generate electricity by means of so-called microbial
fuel cells following a procedure analogous to the anaerobic digestion described in
Sect. 3.2.7. Scientists at the Center for Nanotechnology at the University of Cornell
have developed fuel cells made by silicon microelectronics lithography and based
on this technology. At the anode of the battery, the biofuels are placed (organic
waste, carbohydrates, manure, etc.) and they are oxidised anaerobically by micro-
organisms, producing protons and electrons. Then, the electrons are transferred
to the cathode through an external circuit generating an electric current. Among
the bacteria that show a higher electrochemical activity are the Shewanella
putrefaciens and the Aeromonas hydrophila.

3.7.3 Using Charcoal Production to Store CO, and Produce
Heat [17]

The use of charcoal in rural areas was discussed at the 2009 meeting of the North
American Biochar Conference. In this meeting, advantages were provided about
using the pyrolysis process to meta-stabilise the CO, fixed during the growth of
different plant species as charcoal in agricultural areas. This process may introduce
many advantages such as: (1) carbon capture and storage; (2) crop production
improvement by buried charcoal and (3) production of heat, syngas and heavy
oils that can be considered as energy resources. In addition, soils containing
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Fig. 3.11 Number of scientific publications during the period 2001-2011 for different
technologies involved in energy production from biomass [18]

charcoal emit less nitrogen oxide and methane (a potent greenhouse gas) because of
its catalytic properties for these gases, thus reducing their impa