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Preamble
The fourth in the series, the 2013 Summit was held in Strasbourg, France, on October 14-15. Prior World Materials 
Summits were held in Lisbon, Portugal, on 4-5 October 2007; in Suzhou, Shanghai, China, on 12-15 October 2009; and 
in Washington DC, USA, on 9-12 October 2011. Some 80 senior participants from 20 countries gathered at the facilities 
of the Council of Europe to focus on the global energy and sustainability challenges facing the planet and on the role 
advanced materials must play in finding and implementing solutions.

Viewed from a strategic perspective, advanced materials are the basis for key enabling technologies. Consequently this field, 
ranging from R&D to manufacturing, is regarded worldwide as a driver for sustainable economic growth. The European 
Commission identified advanced materials as one of six Key Enabling Technologies ensuring that European industry can 
compete successfully on the global stage. The Commission’s European Competitiveness Report 2010 projected a global 
materials market volume of over €1 trillion by 2015. Similar figures apply to markets beyond Europe. Advanced materials 
help to transform mature as well as new and innovative industries from resource-intensive to knowledge-intensive 
enterprises, a trend that will undoubtedly shape the future economies of the world and therefore impact directly on 
utilization of resources, their energy intensity, and their environmental sustainability.

This 2013 World Summit was very timely, as it was held during a period of ongoing global economic stress. It provided a 
unique forum for examining global research, development, and innovation issues associated with materials for energy. A 
series of findings and recommendations for policymakers, as summarized in this report, are the result of presentations from 
and discussions among recognized experts in several energy-related fields.

The technical topics addressed by speakers, panels, and their audiences were very diverse, spanning the many modes of 
energy production, utilization, conversion, and storage with perspectives ranging from fundamental research to highly 
applied technological development, manufacturing, and pilot projects. In reporting on the outcome of this gathering, 
essential conclusions that beg for action run the risk of being obscured by the great topical breadth and unavoidable 
technical detail that a full account of the proceedings would require. Therefore, this report will focus on the central 
consensus messages from participants in the context of the several areas considered during the meeting.

Full speaker presentations from both the Summit and the Forum are available online at 
www.emrs-strasbourg.com.

The Forum
The Summit was preceded by 
a Forum for Next Generation 
Researchers on 12-13 October 
in which a limited number 
(34) of young scientists from 
19 countries were selected 
to participate. Their healthy 
exchange of views about current 
problems and potential paths 
forward resulted in presentations 
to the Summit attendees that 
reflected great awareness of 
our energy and environmental 
challenges and an enthusiasm to 
address the tough issues through 
both policy and collaborative 
global research.

Topical messages from Forum 
participants are included here. A 
full report on the Forum itself is 
issued as a separate document.

“this field… is regarded worldwide as a driver for sustainable economic growth”
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IV World Materials 
Summit
We are a world in transition from fossil fuel dependence 
toward renewable resources. But there is not yet a way 
to store power from wind or solar sources; the world will 
still need hydrocarbon-based fuels for the two billion cars 
expected by 2050; industry will still need hydrocarbons 
as a feedstock for manufacture. We urge decision makers, 
funding agencies, and research institutions to evaluate 
and aggressively pursue new research and development 
opportunities focused on finding practical solutions to the 
challenges of our energy and environmental future.

One such path in particular deserves greater near-term 
emphasis. That is research into carbon dioxide as a power 
storage medium, a raw material for synthetic fuel, and a 
resource that could be turned into new products. Reuse of 
carbon dioxide addresses all three goals. As a step toward 
increased energy efficiency and reduced greenhouse gas 
emissions, captured, sequestered, and reutilized carbon 
dioxide could accelerate a transition to sustainability. 

Only a long-term international collaboration, supported by 
developed countries with strong R&D infrastructures and 
with the cooperation of developing nations worldwide, will 
be sufficient to address and implement the technologies 
underlying such a paradigm shift in our environmentally 
sensitive energy landscape.
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 � International R&D collaboration is the only 
solution to a global problem. A well-established 
international collaboration is needed and will 
achieve more than “go it alone” strategies. The 
next generation of researchers must deal with 
significant international challenges including 
long-term goals of zero waste and full recycling 
of materials.

 � Energy supply and use challenges cannot be 
addressed in isolation. Not only are climate 
and clean air and water closely related, but, for 
example, agriculture (food supply) and health 
effects enjoy or suffer the consequences of 
advancing energy technologies.

 � Global population growth and ever increasing 
energy-intensive technologies imply a substantial 
continuing dependence on fossil (carbon-
producing) fuels for the foreseeable future, 
even as carbon-free renewable sources and 
nuclear energy account for a greater share of the 
energy mix.

 � Research to obtain secure nuclear energy 
production should continue.

 � A present-day practical impediment to major 
investment in new energy avenues is the low 
cost of fossil fuels, lately driven by the shale 
gas revolution. However, full exploitation of 
hydraulic fracturing (fracking) techniques for 
natural gas recovery still requires risk analysis 
and public awareness of potential problems.

 � Bioenergy is complex and multi‐faceted. 
Therefore, assessment of its sustainability must 
be evidence‐based, contextualized within local 
conditions, and integrated with a broad energy 
production scheme.

 � Power from renewable energy sources such 
as solar and wind suffers from intermittency. 
Massive use of such sources will require re-
qualification of the electrical power grid, 
high-throughput and economical energy 
conversion technologies, and effective energy 
storage solutions. Conversion of low-cost 
(off-peak) electrical power to gas (e.g., 
methane) will facilitate both storage and 
subsequent transmission using the existing gas 
distribution infrastructure.

 � Carbon dioxide is an end product of combustion 
but a raw material for photosynthesis. Similarly, 
recovered fuel-cycle-generated CO2 is a raw 
material that in combination with a chemical 
counterpart (e.g., hydrogen) and an energy 
source (e.g., solar photons) can, with the help 
of a suitable catalyst, become a chemical fuel or 
feedstock for “petro” chemical manufacture.

 � Whether they are new catalysts, rare earths 
for permanent magnets (wind turbines), or 
high-temperature alloys (aircraft engines), to a 
greater or lesser extent, alternative materials and 
processes do and will enable advanced energy-
related technologies.
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Not everyone in the materials field is aware of the opportunity 
to develop Power To Gas (P2G) technologies for taking greater 
advantage of intermittent and highly variable energy sources. P2G 
technology is based on the transformation of surplus intermittent 
electricity (solar, wind, etc.) into combustible gases (hydrogen, 
methane, etc.) which can be stored and transported through the 
existing natural gas infrastructure. Further processing to higher 
hydrocarbons could yield methanol and ethanol as liquid fuels. 
This process chain could even be expanded to the conversion 
of biofeedstocks. The two main proposed P2G transformation 
techniques are hydrogen production by electrolysis and methane 
production from CO2 and hydrogen. One estimate is that it will 
take one additional decade for P2G to become a reality, given an 
impetus from the penetration of renewables into the energy mix 
and from electrolyzer (fuel cell) technologies.

The mix of energies we are using is rapidly changing, and the 
use of renewable sources implies a growing energy intermittency, 
which in turn increases the need for flexibility. Energy storage 
will be key to exploit new energy sources. We will need to store 
energy for ever longer time periods. Taking advantage of low-
price electricity on the markets (caused by surplus production 
of intermittent electricity at low marginal cost) to produce the 
combustible gases would be a disruptive approach. In France, for 
example, surplus production could be close to 75 terawatt-hours 
(TWh)/year, or nearly 15% of production. Based on available 
models, the production of hydrogen for methane synthesis could 
reach 20 TWh/year, or about 7% of natural gas consumption in 
France. The key approach is to produce the gases whenever the 
marginal cost of electricity production is less than or equal to the 
market price, and only during these periods.
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P2G has an enormous potential for energy storage, creating synergies 
between electricity and gas systems. Several alternative techniques for 
P2G are under development, such as direct and indirect catalytic 
conversion, electro-hydrogenation, and indirect electro-reduction of 
CO2. Among these, proton exchange membrane electrolysis and solid 
oxide electrolysis, while not yet proven in the market, appear 
promising candidates. Syngas production using the Sabatier process, 
direct methanol synthesis, dimethyl ether synthesis, or the Fischer-
Tropsch reaction are mature technologies which may be introduced 
with relatively low R&D effort. There are currently more than 
50 active P2G R&D projects worldwide.

Smart grids must go hand in hand with energy storage needed 
for integration of renewable energy. Storage reduces curtailment 
of intermittent sources, provides grid stability, and shifts the 
consumption of renewables from supply to demand management. 
This especially will be the case in countries like Germany, which 
has plans to increase the contribution of renewables in the 
electricity mix to 50% by 2030 and 80% by 2050. An important 
issue in storage is the required response time to the demand, 
which can range from less than one second to one hour for high 
and low frequency applications, respectively. It is instructive to 
compare the discharge time as a function of the rated power 
for several technologies like batteries, supercapacitors, chemical 
conversion, compressed air, hydro-pumping, flywheels, etc. In 
this field, the E.ON Corporation is pursuing several projects 
for households, in which battery concepts are analyzed, as 
well as other larger projects, including P2G generation, for 
gaining experience with balancing power markets and with new 
technologies. All solutions mentioned appear to enjoy a good basis 
for public acceptance.

“use of renewable sources implies a growing  
energy intermittency”
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A critical appraisal of the part that renewable energy supplies may play in the energy mix is required. 
Land usage estimation should be calculated carefully for each energy source. As an example, to fuel the 
number of cars typically driving along a highway, one would need to cultivate for biofuel a strip of land 
eight kilometers wide alongside that highway. Taking into account the low efficiency of energy production 
from crops and wind/solar energy per unit area of space required, and considering the intermittent and 
unreliable nature of the latter, their potential to cover the energy needs of modern industrial nations will 
remain below 30% of electrical power requirements and 15% of total energy needs. Nuclear energy, on the 
other hand, is a demonstrated stable and dependable source of electric power, while contributing to carbon 
dioxide reduction and thereby helping to mitigate the impact of climate change. A user-friendly web-
based tool, the “2050 Calculator,” provided by the UK Department of Energy can be used to investigate 
emissions reduction pathways by choosing options for the energy mix under the constraints of economic, 
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political, and environmental boundary conditions. It can 
be found at <http://2050-calculator-tool.decc.gov.uk>. 
Diverse demands from the various branches of society 
and industry and related options can be assessed, and 
a coherent picture is provided. The Calculator may be 
most informative for policymakers and the public as it 
demonstrates the influence of planning choices on long-
term aims. For example, one sees clearly that the world 
will certainly need CO2 storage, because the crucial factor 
is the cumulative amount of CO2 in the atmosphere.

A recent study, La recherche scientifique face aux défis de 
l ’énergie (Scientific research and the challenges of energy), 
conducted by the Committee on Energy Prospective 
(Comité de prospective en énergie) of the French 
Academy of Science, has spoken to the same major 
issues addressed by this Summit. Several quite relevant 
conclusions were reached:

 � Energy is the single most important technological 
challenge facing humanity today. Nothing else in 
science or technology comes close in comparison.

 � The role of science in this context is to:
 – Identify areas of research which will allow us to 

face the growing needs in energy
 – Anticipate major scientific challenges that will 

have to be resolved through sustained efforts 
 – Tackle problems with a reasoned systematic 

approach, discarding simplistic solutions

Well-balanced investments for the energy transition are 
indeed needed in support of basic, technological, and 
industrial research. An alliance of public research and 
industrial R&D in many areas is truly necessary. It will 

often be most productive to mitigate competition in favor 
of cooperative programs at European and international 
levels. However, in a market-driven arena, competition 
may provide the necessary impetus. A good example of 
the latter is in the aircraft industry where materials have 
played a crucial role. Materials advances in engines and air 
frames have markedly increased efficiency.

The context within which research objectives must be 
set can be deduced from global trends. According to the 
United Nations Food and Agriculture Organization, rising 
global population and the pressure to increase the living 
standards of the world’s poorest people will result by 2030 
in the need for 50% more food, 40% more [clean] water, 
and 40% more energy. These are immensely challenging 
targets, which need to be reached on an extremely short 
time scale. Agriculture is a particular cause of concern. 
Agricultural land throughout the world is highly stressed 
through overly intensive use, and as a result, 40% of 
available land has been degraded. Paradoxically, 30% of 
food that is produced globally is not eaten, but discarded 
or wasted. The agrifood chain uses 30% of world energy, 
with fertilizer production being a particularly heavy use. 
However, the agrifood chain can also potentially produce 
energy, e.g. from biomass conversion.

Summit participants were informed that UNESCO, 
an organization that supports large-scale programs 
targeting issues that cannot be addressed by individual 
countries, has set out to build materials science activities. 
Working with and through UNESCO on the types of 
energy-environment critical issues raised at this and prior 
Summits would be a welcome opportunity.

Energy Production  
and Management
Nuclear Fission & Fusion
There are materials issues related to the building and 
operation of nuclear reactors, which play an important role 
in providing reliable and economic electrical power while 
meeting the goals for carbon dioxide reduction to fight 
global climate change. Sodium-cooled fast neutron energy 
spectrum reactors and associated fuel cycles have their 
own very problematic requirements. India has embarked 
on an ambitious program of building such reactors to 
cover the energy needs of its rapidly expanding economy, 
using its vast thorium reserves; the first reactor will start 
operation in early 2014. There are numerous challenges 
related to long-term (~ 40 years) trouble-free operation 
under conditions of high temperatures, intense neutron 
irradiation, and an aggressive cooling medium. The 
behavior of steels and their welds under such conditions 
requires the formulation and validation of specific 
materials processing maps. Novel welding techniques 
have to be assessed and implemented for reliable vessels 
used in steam generators. In general, stringent tolerances 
are required.

The advantages of using fast breeder reactors in generating 
electrical energy through sustainable nuclear power, and 
the effective use of uranium resources, require that these 
challenges be overcome. Reprocessing of breeder reactor 
fuel presents additional challenges such as handling large 
amounts of plutonium, solvents for phase separation, and 
actinide partitioning. 



Materials: A Key Enabling Technology for Secure Energy and Sustainable Development

5

Number of Operating Reactors by Age
(as of March 2009)
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Many reactors are aging and require thorough checks to 
avoid failures. Within the last few years, several failures 
have been reported in nuclear power plants in the USA, 
Japan, and Korea. Overall, not only in fast-spectrum 
reactors, corrosion is the key issue affecting the reliability 
of nuclear reactors, and the reliability of welds in stainless 
steel and other reactor components is a major cause of 
concern. Long-term operation needs more fundamental 
research and modelling at the nanoscale or atomic scale. 
Materials degradation should be detected in-situ at very 
small scales.

Twenty-eight nuclear power units are presently under 
construction in China, bringing the total up to 45 by 
2020. The energy needs of China and other nations 
require that aging reactors obtain a life extension. 
China is currently funding a large research program 
on the environmental corrosion and electrochemical 
behavior of materials in nuclear power plants and their 
failure mechanisms. Safety and reliability are worldwide 
issues, and any accident in any country will affect public 
confidence in nuclear energy.

“many reactors are aging and require 
thorough checks to avoid failures”

Global nuclear capacity is expected to increase by about 
50% within the next 20 years, such that optimization of 
the fuel cycle will gain importance. The EURATOM 
Directive 2011 puts stringent requirements on the 
national programs for interim and long-term storage 
and the reduction in generation of radioactive waste. 
Both direct disposal and recycling will play a major 
role in this effort. Recycling not only reduces waste, it 
is also economical, since spent fuel rods contain about 
96% reusable fuel. Many major users of nuclear energy, 
including Russia, China, United Kingdom, France, India, 
South Korea, and Japan, rely on recycling. The worldwide 
recycling capacity is expected to cover about half of spent 

fuel production. So-called “Generation IV” advanced 
reactor designs, in which new materials solutions play 
enabling roles, are leading the way toward answers to 
many safety and economic issues.

Nuclear fusion, a far future possibility, presents even 
more extreme materials requirements. A fusion reactor’s 
plasma temperature is above 1.5 million oC. The vacuum 
vessel and blanket, the magnets, and getting the heat out 
and converting it into electric power in a high radiation 
environment all put a project like ITER in need of 
extensive materials R&D.

“any accident in any country will affect public confidence in nuclear energy”
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Solar
The efficacy of photovoltaics (PV) varies from one region to another. China has excellent 
potential PV resources in arid zones with very high solar irradiance. Although, due to 
its large population, the per capita situation in the domestic market is still quite low in 
comparison to countries like Italy and Germany, at present China is the largest producer 
of PV modules. Seven of the top ten PV module suppliers in 2012 were located in China. 
The current energy situation in China is non-sustainable due to increasing fossil fuel 
imports, continuous population growth, and an increasing GNP. Stemming the high 
emissions of greenhouse gases is an added impetus for development of green energies, 
especially solar PV. Since 2005, PV production in China increased from almost null 
to values exceeding 20 GW with a view toward 35 GW by 2015. This tremendous PV 
growth has been based on mass production of polycrystalline silicon (poly-Si) reached 
through technology improvements and favorable government policies that support 
the larger-capacity module producers. With the rapid capacity increment, the price of 
photovoltaic materials decreased quickly during the last five years (to about 10% today of 
that in 2008).

Beyond the economy of mass production, material cost is a factor. Silicon cost is not the 
main limitation to extensive PV usage. In a PV module, silicon is just 3% of the mass, 
the rest arising from metal framing and glass. Reduction of silver consumption per cell 
is necessary, as silver is the most expensive material. Copper (Cu) is projected to replace 
silver starting in 2015, but for Cu, problems of reliability, adhesion, and service life 
must be solved. Other cost-reducing factors can be glass thickness reduction, reduction 
of encapsulant thickness, reducing frame costs by optimizing design or by substituting 
plastic material, and optimizing the junction box and module interconnection. Labor cost 
is not the main driver of cost in this case.

Crystalline silicon (c-Si) solar cells still represent about 85% of the market. Industry 
studies of the whole solar cell production chain cover Si crystallization, wafering, 
cell processing, and the properties of many different materials: silicon (c-Si, poly-Si, 
microcrystalline Si, etc.), aluminum, glass, sealing and soldering materials, and so on. 
Most of the future cost reductions of the planar Si technologies will come from a 

thinning of the materials, as in the case of the c-Si wafer thickness from the present 
180 microns to the 110 microns planned for 2023. From the optical point of view, there 
is still space for improving the anti-reflection coating properties, the transmission of the 
encapsulating glass, and the optimization of the reflection at the back surface of the cell. 

One serious caveat that may plague the PV industry’s future arises when market forces 
drive the cell price below its manufacturing cost, thus essentially driving weaker suppliers 
out of business. Advances in materials and processes have certainly led to greater cost-of-
power efficiencies. A dramatic reduction in cost per peak Watt (Wp) has occurred within 
the last few years, with a linear trend on a double logarithmic plot over time. 

“the price of photovoltaic materials  
decreased quickly during the last five years”
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Currently, the price is US$0.78 per Wp, in fact below production costs (since 2012), with 
costs predicted to fall to ~US$0.30 per Wp within the next five years. The International 
Technology Roadmap for Photovoltaics foresees a transition to PV grade silicon of high 
purity, with new production methods to reduce wafer cutting losses while increasing 
efficiency to above 20%, such that 300 Wp per standard module appears within reach. 
An efficiency figure that accounts for the diurnal cycle of the sun and actual illumination, 
even during daylight hours, is much lower.

Of course, as is the case for any evolving venture, the solar sector (PV as well as 
concentrating solar power [CSP]/solar thermal electricity) must submit to global 
econometric analysis that goes beyond initial cost to include land cost, operation 
and management cost, etc., with their evolution with time, all placed in context with 
alternative sources of power and the contribution of each to greenhouse gas emissions. 
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“advances in materials and processes have certainly led  
to greater cost-of-power efficiencies”
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Shale Gas and Oil
An estimate of the global shale gas and related shale (tight) oil resource shows why the 
world’s future energy mix will be very greatly affected by development in this area. For 
the US, shale gas now represents almost 50% of natural gas production where annual 
consumption is 25 trillion cubic feet compared to 3000 trillion cubic feet in estimated 
reserves. For each potential producing region, emphasizing the distinction between 
resource quality and resource size is required in order to determine economic viability. 
Mineralogy, in addition to resource quality, is also essential for competitive extraction. 
Materials enablers for efficient production include composites and other advanced 
corrosion-resistant materials able to withstand high pressures and temperatures. 
Especially needed are stress-corrosion cracking resistant steels. Material integrity is 
crucial. Steels and cement must be able to stand up to extreme conditions for extended 
periods to maintain well integrity. Another field of research is related to “propping” agents 
used for the fracturing process, e.g., man-made ceramic beads added to the fracturing 
fluids to keep the fracture open once the pumps are shut down and the fracture begins 
to close.
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In Europe, there is considerable potential in the Baltic basin, namely Poland, where the 
quality of the resource is quite high, as well as in the Ukraine. Worldwide, the best quality 

gas reserves are found in Argentina, China, and Mexico. The best quality oil reserves are 
found in Russia. Further development will depend on limiting the environmental impacts 
of extraction, e.g., by using seawater for hydraulic stimulation, which eliminates the 
heavy-vehicle traffic required to transport water to the extraction site, and by judicious 
regulations affecting safety and fines for noncompliance. The geologic effects and 
potential contamination of ground water resources remains a concern, as does the acidic 
composition of the fracking fluid and the presence of hydrogen sulphide in the extracted 
gas. The environmental impact of shale gas/oil extraction may turn out to depend critically 
on inherent limitations of the materials currently used in these operations. A cocktail of 
chemicals is added to the pressurized water that is injected into the wells, including dilute 
hydrochloric acid, sodium chloride, boric acid, gelling agents, surfactants, antibacterial 
additives, scale inhibitors, and corrosion inhibitors. Escape of these chemicals into the 
environment (particularly aquifers) must be avoided. Concerns about recovery of carbon 
and the volume of water consumed during extraction operations may be rectified by the 
use of alternative CO2/N2-based fracking fluids, but this solution needs further 
development. On the positive side of the environmental ledger is the reduction by a factor 
of two of CO2 emissions when switching from a coal power electrical plant to gas.

“the world’s future energy mix will be very 
greatly affected by development in this area”

Technically Recoverable Shale Resources

Gas (Tcf) Oil (Billion Barrels)

1. U.S. 1,161 1. Russia 75

2. China 1,115 2. U.S. 48

3. Argentina 802 3. China 32

4. Algeria 707 4. Argentina 27

5. Canada 573 5. Libya 26

6. Mexico 545 6. Australia 18

7. Australia 437 7. Venezuela 13

8. South Africa 390 8. Mexico 13

9. Russia 285 9. Pakistan 9

10. Brazil 245 10. Canada 9

11. Others 1,535 11. Others 65

TOTAL 7,795 TOTAL 335
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gas reserves are found in Argentina, China, and Mexico. The best quality oil reserves are 
found in Russia. Further development will depend on limiting the environmental impacts 
of extraction, e.g., by using seawater for hydraulic stimulation, which eliminates the 
heavy-vehicle traffic required to transport water to the extraction site, and by judicious 
regulations affecting safety and fines for noncompliance. The geologic effects and 
potential contamination of ground water resources remains a concern, as does the acidic 
composition of the fracking fluid and the presence of hydrogen sulphide in the extracted 
gas. The environmental impact of shale gas/oil extraction may turn out to depend critically 
on inherent limitations of the materials currently used in these operations. A cocktail of 
chemicals is added to the pressurized water that is injected into the wells, including dilute 
hydrochloric acid, sodium chloride, boric acid, gelling agents, surfactants, antibacterial 
additives, scale inhibitors, and corrosion inhibitors. Escape of these chemicals into the 
environment (particularly aquifers) must be avoided. Concerns about recovery of carbon 
and the volume of water consumed during extraction operations may be rectified by the 
use of alternative CO2/N2-based fracking fluids, but this solution needs further 
development. On the positive side of the environmental ledger is the reduction by a factor 
of two of CO2 emissions when switching from a coal power electrical plant to gas.

“the world’s future energy mix will be very 
greatly affected by development in this area”

Shale gas extraction allows the world access to useful 
methane and ethane resources. It is also a true economic 
revolution for petrochemical production as the extracted 
resources can be viably converted to ethylene, a polymer 
precursor. The low ethylene cost in the USA is cited as 
an example, where the price of ethylene is five times 
lower than in Europe. Exports of liquefied natural gas 
from the USA to Europe could decrease the current price 
imbalance of ethylene between Europe and the USA.

Another potential path to power for shale gas methane is 
conversion to liquid fuels. The main research topic in this 
gas-to-liquid process is in finding effective and not too 
expensive catalytic materials.

The impact of the shale gas revolution cannot be 
overstated. The effect on energy prices and chemical 
feedstock prices in the USA has been dramatic. The gas 
price in the USA is currently less than one-third of the 
price in Europe, and less than a quarter of the price in 
Japan. A similar effect is found for chemical feedstocks: a 
ton of ethylene currently costs US$300 in the USA and 
US$1800 in Europe. The speed and impact of change has 
been unprecedented. Global energy scenarios for the next 
25–30 years have to be entirely rewritten.

Biofuels are likely competitors for the production of 
ethylene as biofuels capture carbon from the atmosphere, 
and there are far fewer environmental concerns 
in general. Liquefied natural gas is used more for 
polymer production. 

Shale gas is a natural gas that is found trapped within shale formations. There are about 137 shale 
formations in 41 countries outside the United States. Shale gas has become an increasingly important 
source of natural gas in the USA, and China is estimated to have the world’s largest shale gas reserves. 

Need for Partnership / Cross-Border Competition
Europe is a possible partnership for shale gas. Germany had been just starting a shale gas process [At the 
time of this report, the cited program in Germany remains in doubt; Ed]. The effect of shale gas exploration 
and extraction is not limited to one country; it will expand into neighboring countries. So partnership is 
really needed.

Process and Standards
Standardization is needed among European countries for shale gas. We have to unify the way we extract 
shale gases in order to be competitive, and that would be especially convenient for cooperative work on 
the shale gas fields which are located on the country borders. 

Materials Community Contribution to Enhance Efficiency
Information. The Materials Community provides a fast and effective scientific approach regarding shale 
gas issues such as extraction, processing, etc. The Materials Community should comment on new and 
safer ways of utilizing shale gas, if any. 

Dissemination of results. All of the already available work and previous results regarding the exploration, 
processing, and extraction of shale gas, as well as future work, must be disclosed and disseminated 
amongst stakeholders. 

Find enhanced way to extract, export, and/or store shale gases. Since the extraction of shale gas is still new 
and not a mature process (higher temperature and higher pressures in CO2 or fracturing fluid), it poses 
new requirements for materials, so the materials themselves need to be improved in order to increase the 
extraction rate. Transport and storage have to be re-evaluated in order to decrease the cost.

Abundance of Material
The amount of non-conventional hydrocarbons is very large. The amount of technically recoverable 
shale gas resources is ~7300 trillion cubic feet, and for tight oil it is 245 billion barrels. As of 2012, shale 
gas and oil are found in 95 basins of 41 countries and have a very wide distribution, including North 
America, Central Asia, South Asia, North Africa, Middle East, and Latin America. 
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Sustainability Process, Techniques, and Policies
At the moment, the process of extracting shale gases or 
non-conventional hydrocarbons utilizes chemical solvents 
that improve efficiency but can create ecological damage 
and incorporate safety risks. We must find a sustainable 
way to extract shale gases (supercritical CO2 can be one 
way), and we must study the geological consequences 
prior to the extraction of the shale gases.

Public Awareness
The public should be aware of all aspects of shale gas 
(extraction process, potential hazards, etc.). Any existing 
doubts regarding shale gas extraction and processing 
and their additional consequences should be overcome 
through the trust inspired by European Institutes in the 
local society. EU regulations and legislation should strictly 
govern all aspects of shale gas utilization (i.e., extraction, 
processing, environmental restrictions, etc.). 

Obligation of Scientific Community - Vision and 
Responsibilities
In such a challenging task, the obligations of the scientific 
community should be clearly described and specified. The 
fundamental study of geological issues and the physics 
aspects of shale gas should be re-evaluated. In order to 
achieve that, previous work and the existing expertise 
from the USA and other countries already working in 
shale gas should be used as a stepping stone for future 

safer methods of shale gas utilization. Another major 
issue concerning Scientific Community actions should 
be a joint international collaboration among academia, 
government, and industry, not only regarding the scientific 
issues of shale gas, but to be able to convince the local 
society to overcome any doubts concerning safety issues.

Environmental Effects
The processing should be safety oriented.

Continuous study and monitoring
Methane emissions. The leakage of shale gas can happen 
in many links of the production stages, including well 
drilling, shale gas extraction through the fracturing 
technique, shale gas transportation, and so on. Shale 
gas, whose main composition is CH4+C2H6, will cause 
stronger greenhouse effects than CO2, and even a small 
amount of harmful gas will cause air pollution.

Ground water contamination. The ground water 
contamination is mainly caused in two ways. The first one 
is through the desorption of shale caused through the 
fracturing technique to make the shale gas move more 
freely, and a small quantity of the gas can pollute the 
underground water. The other way is via the fracturing 
water, which contains highly radioactive pollutants, salt, 
acid, and metal, that is being discharged before being 
well-purified.
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to break the shale and pump liquid into the well, which 
could destroy the stable geological structure, decrease the 
friction between shale, and cause geological hazard.

Disposal of used fracturing fluid. As previously stated, 
the composition of the fracturing fluid is very harmful 
and complex. New corresponding water purification 
techniques need to be developed, thus making the whole 
process more costly.

Over abstraction of water. Now the hydraulic fracturing 
technique is mainly used to extract shale gas, but this will 
increase the pressure on the drinking water supply.

Safety
Well blowout and H2S poisoning. The geological 
environment deep underground is very complicated and 
diverse. Therefore careful pre-geological exploration based 
on science is absolutely necessary in order to avoid well 
blowout and H2S poisoning.
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Biomass 
Simultaneous growth by 2030 of the global need for energy (+40%), food (+50%), and 
water (+40%) – the Energy-Food-Water (EFW) triad – is foreseen and is occurring while 
the stress on natural resources is at its zenith. Efficiency is a key element to sustain this 
simultaneous growth. Energy is the input to the agrifood chain, while the outputs are 
energy and food, but with associated losses (30% of the food and 33% of the energy). 
Transportation is a critical issue, contributing 22% of greenhouse gas emissions which 
occur “beyond the farm.” Indeed, it is noteworthy that the energy distribution in the 
agrifood chain is 60% Agriculture, 22% Food-Distribution, 15% Packaging, and 3% Use. 
The production of fertilizers uses a great part of the energy consumed in agriculture.

Energy production from biomass competes with food production. The biofuel is a 
well-known case, where the short-term requirements must be viewed in the context of the 
long-term ones, and good practices are based on estimates of the impact on the future 
demands of the EFW triad. Use of by-product residues of agriculture, fishing, etc., as 
biomass for energy lowers competition between food and energy crops.

In Brazil sugar cane continues to be extensively used for bioethanol production for 
transport; yield has steadily increased, and a reduction in cost has been achieved that 
would have meant, prior to the discovery of vast Brazilian oil fields offshore, that it is 
competitive with fuel processed from crude oil. In fact, about 30 % of gasoline supply 
is currently produced from biofuel in Brazil. The Brazilian government has founded a 
national laboratory for research into efficient production and processing of biomass and 
the related materials science issues.

In France there has been a fivefold increase in biofuel production since 2000, and France 
has started a major effort in diesel and kerosene production at two pilot facilities where 
from 2020 onwards, more complex fuels will be produced from agricultural biomass waste.

“performance of biological materials … 
is steadily improving, but has a long way to go”

Future Sugarcane Biorefinery

Sugarcane

Juice
(sucrose)

Sugar

Stalks
Ethanol

Glucose liquor

Sugarchemistry
– Bioplastics
– Butanol
– MEG/PEG
– Others

Sugarchemistry
– Chemical products

Lignochemistry
– Chemical products

Ethanolchemistry
– Ethylene
– Diethyl ether
– Others

Pretreatment
Hydrolysis

Pentoses
liquor Fuel

Electricity
(to the grid)

Energy to the plant
(thermal and electric)

Bagasse

Lignocellulosic
material

Lignocellulosic
residue

Xylitol, other
chemicals

Second generation
ethanol

Second generation
ethanol

Biogas

Straw

Field

Source: Lago et al., 2012. Sugarcane as a carbon source. Biomass and Bioenergy.

The scientific and technological challenges are many. There are very many technology 
options for producing synthetic fuels from biomass. Structural materials contribute 
significantly to investment cost (cost reduction is required). Functional materials are 
important for conversion efficiency (improved catalysts vital for commercial viability). 
Operation and maintenance costs depend heavily on materials performance (materials 
and design). The performance of biological materials (enzymes, microbes) is steadily 
improving, but has a long way to go (e.g., microalgae for production of ethanol fuel in 
the future).
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Opportunities persist in areas such as:
 � Biochemistry

 � Thermochemistry: pyrolysis to biocrude and gasification

 � High strength materials with wear (shredder) and corrosion (reactor tanks) resistance

 � Catalysts (catalysts for photosynthesis, novel poison resistant catalysts, better 
performance for sulphur poisoning, longer life, and 100% recycling)

 � Advanced ceramics/polymers/metals for separation for gas purification

 � High-efficiency enzymes

 � Materials for efficient synthesis: highly transparent for reactors’ photoreceptors

 � Use of plasmas for biomass-to-gas conversion with subsequent fuel production

 � Fluidized bed reactors

 � Membranes and filters

 � Screening production of enzymes

 � Raw material costs for bioenergy (capital and operation and maintenance)

 � Photobio processes

Biofuel and Food

The Problem:
“We do not inherit our land from ancestors, we borrow it from our children,” 
an American saying, clearly points toward the responsibility on us to 
safeguard the land of our children.

Current world population is estimated to be around 7 billion, which 
is expected to grow to around 8 billion by 2025. This rapidly growing 
population is also increasing hunger for food and energy to grow, sustain, 
and maintain their living standards. To meet this huge requirement 
of energy, fossil fuels (natural gas, oil, and coal) are the current major 
resources. But these are known to end someday, sooner or later, and have 
started to show ill effects on the environment and global climate. It is 
estimated that average earth temperature has increased by 0.8 degrees 
celsius, consequently increasing ocean water levels and resulting in rapid 
destruction of aquatic and wildlife, extreme weather cycles, and stressed 
vegetation. Finding an alternative to current conventional resources, or at 
least using the same resources efficiently and smartly, is the only option 
left for mankind. The last two centuries were about industrial revolution; 
this century will be about energy revolution. We have the wheel but no 
energy to drive it.

The irony is, we are experiencing energy crises, while the biggest source 
of energy, i.e., the Sun, is still to be utilized to its best. In reality, the 
total Sun energy absorbed by the earth is around 780  1012 kWh, 
while world energy consumption is estimated to be around 0.15  
1012 kWh/year. Thus, we have an abundance of energy coming from 
the Sun which can be utilized for future energy crises. Solar electricity 
and solar heating are alternatives for utilizing solar energy, but another 
promising way to utilize solar energy is through photosynthesis, i.e., 
biomass. The advantage of photosynthesis is that it is the process that 
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makes use of our friend the ‘Sun’ and the enemy ‘CO2’ 
(as a source of carbon) to generate biomass. Out of all 
other renewable sources of energy, probably biomass is 
the only source of energy which is inherently based on 
carbon. Hence, biomass can be used further for biofuel 
development such as biodiesel for vehicles. All flora and 
fauna collectively constitute biomass. The global focus 
is on renewable resources and in particular on biomass, 
because general day-to-day waste also contributes a huge 
quantity of biomass. Wastes from sewage, city wastes, and 
other biowastes are estimated to supply 210 TWh per 
year of energy. Another source of biomass is “cash crops” 
or “bioenergy crops,” crops specifically grown for the 
generation of biofuels. Corn, sugar cane, sorghum, and 
rape seeds are examples of such bioenergy crops. 

The Subset of the Problem – Food vs. Fuel:
While the above-mentioned first-generation sources of 
biomass could provide us energy, as shown in the figure, 
they are directly competing with the food crops and the 
land and water required for cultivating the food crops. 
The increasing percentage of dedicated bioenergy crop 
cultivation is resulting in increased food prices. For 
example, corn prices in the USA soared by 21% in 2009 
due to corn’s use for biofuel production, and the United 
Nations has estimated that in 2008, diversion from food 
crops to cash crops for biofuels resulted in a 10% increase 
of food prices around the world. Deforestation to obtain 
larger agricultural land due to the greed of cash crops is 
another severe problem which is directly disturbing the 
entire eco-system.

Source: European biomass potential and costs,
assessment of EU-27, REFUEL WP3 report 

Wood fellings

Agriculture residues

Pastures

Dedicated bioenergy crops

Percentage distribution of di�erent types
of potential biomass energy resources

66%10%

18%

6%

To the exponentially exploding world population, 
providing sustained healthy food is already a big challenge, 
particularly because of the direct competition between 
food crops and cash crops. Especially with the rapidly 
degrading, unpredictable, and unfavorable environmental 
conditions due to climate change, the pressure on 
cultivatable land is rising day by day. Increasing 
deforestation due to the expansion of cash crop cultivation 
is resulting in global seasonal changes. Hence “food vs. 
(bio)fuel” is becoming a vicious race.

The Solutions:
An alternative to this problem could be non-conventional 
second- and third-generation biomass sources such as 
algae or microalgae. Microalgae are known to utilize 
solar energy very efficiently and faster compared to the 
larger plants. They can be used for producing lipids and 
proteins, for health products, and finally as a source of 
energy production while functioning as a CO2 sink. 
Microalgae can be used along with other biomass to 

generate hydrogen using water, i.e., water splitting, 
a holy grail of science. If solved, it will provide the 
cleanest ecofriendly source of energy, provided current 
technological challenges are met. Furthermore, microalgae 
can be grown in small to large scales, consuming lesser 
land compared to large plants and releasing stress on 
food crop cultivation. For example, they can be grown 
on seawater, brackish water, and non-arable land. This 
has attracted the focus of researchers around the globe. 
Microalgae are known to grow five to ten times faster 
than larger plant counterparts. They do not need fertilizers 
or manures, instead only CO2, sunlight, and nutrients 
like nitrogen and phosphorus. This adds to the advantage 
of consuming industrial CO2 to grow algae in the same 
industry (it is estimated that 1.85 kg of CO2 is consumed 
by 1 kg of algae). They consume less water than crops, and 
most importantly they can be grown throughout the year. 
However, although the science is promising, microalgae 
photo-bioreactors are expensive to set up, operate, and 
maintain. Further research is needed to engineer cheaper 
bioreactors. 

Another approach to get biofuel without affecting food 
crops is to utilize biowastes as raw material for biofuel 
production. Recently researchers from the University 
of Illinois (USA) demonstrated the use of genetically 
modified yeast to ferment a type of sugar (xylose) so as to 
get biofuel from degrading biowastes. This microbe-driven 
biofuel generation should help not only in generating 
biofuel for energy, but also in solving the problem of 
recycling the wastes.
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There is no one-size-fits-all solution. The hard fact is, there is no immediate 
alternative to fossil fuels. Energy crises can only be solved by interconnecting 
different technologies and sciences. Biofuel can be a partial answer to future energy 
crises, provided it does not compete with global food production. Governments 
need to put a rein on using agricultural land for the cultivation of cash crops. 
Further research and development of second- and third-generation biomass as 
a source of biofuel is required to assess the efficiency and applicability of such 
resources. Alternative means of biomass generation, such as algae and yeasts, 
should be explored, e.g., growing algae in oceans instead of land, or genetically 
modified yeasts and plants to get biofuel from waste materials. A search for cash 
crops that can be grown during the off-seasons (i.e., when food crops cannot be 
grown) should be promoted. This can relieve pressure on agricultural land. 

Furthermore, socio-political issues need to be addressed. Focus should not only 
be on resources, techniques, and technologies but also on motivating industries 
and the general public to save energy. School curricula should include the issues 
of climate change and the role of human beings in creating and solving the issues 
of energy and climate. Alternatively, government should impose speed limits 
on vehicles, higher taxes on faster vehicles, increased taxes on fossil fuel-based 
vehicles, tolls on fast lanes of highways, etc. Every Watt-hour of energy saved 
today is going to be a source of energy for tomorrow. Developing new catalysts, 
techniques, and innovative engineering along with a well-aware mindset in the 
current generation will save the next generation and the “land of our children.”

“We have a moral responsibility to the most innocent victims of climate change: the 
poorest citizens of the world and those who are yet to be born,” Steven Chu, Nobel 
Laureate (Physics 1997).

Power Distribution and Smart Grids
In contrast to the vertically aligned and operational conventional power grid, the Smart 
Grid is regarded as an important cross-cutting activity. Such a grid should be more 
reliable, save power, flatten the demand curve by softening peak loads, and reduce carbon 
emissions. 

A Smart Grid as defined by the Department of Energy (USA) combines:

 � Customer Participation

 � Integrated Generation and Storage Options

 � New Markets and Operations

 � Power Quality for the 21st Century

 � Asset Optimization and Operational Efficiency

 � Self-healing Capability

 � Resilience Against Attacks and Disasters

And the Smart Grid is characterized by an integrated and electronically controlled 
interaction of the key elements such as:

 � Transmission Automation

 � Distribution Automation

 � Renewables Integration

 � Demand Participation Signals and Options

 � Smart Appliances, Plug-in Hybrid Electric Vehicles (PHEVs), and Storage

 � System Coordination and Situation Assessment

 � System Operations

 � Energy Efficiency

 � Distributed Generation and Storage
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The Smart Grid goals in Taiwan offer a working generalizable perspective for an 
intelligent power grid.

Traditional Power Grid

Super
High

Voltage
Grid

High
Voltage

Grid

Low
Voltage

Grid

NuclearCoal Hydro

One key element of the Smart Grid system is the introduction of the general idea of 
Micro Grids. Their basic concept is to integrate a series of power loads with micro 
sources. This integrated system is controllable and would provide users with electric power 
and thermal energy. The concept of a Multi-Micro Grid is that arbitrary Micro Grids 
could be integrated or separated and become a new grid. This concept could support the 
development of a Cellular Smart Grid.

Taipower’s Vision on Smart Grid

Create a high-quality, high-
e�ciency, customer service-
oriented, and environment-

friendly power grid.

Vision

Objective

Driving
Forces

ICT
Based

SmartGrid

• A higher safety and
reliability of power network

• Higher efficiency of
power plants

• Service oriented system

• Environment-friendly grid

• Reliable power 
supply with high
power quality

• Productivity
improvement

• Carbon 
footprint

• Communication,
information and
power electronics
technology
improvement

Source: Taiwan Power Company

Smart Grid development has to include a smart home and building system. The 
equipment associated with smart home energy systems includes intelligent home 
appliances, slow chargers for electric vehicles, power management chips, energy 
management systems, home gateways, human-machine interface, load control interface, 
wireless sensors, wired sensors, and communications modules.

“Smart Grid development has to include  
a smart home and building system”
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Clearly, advanced materials will play a role in realizing the 
Smart Grid. Such materials could include piezoelectric 
ceramics, materials for emissions sensing, optical fiber 
sensors, smart materials, nanomaterials for electricity 
storage, and many more.

Complementary perspectives for Europe may be found 
at “Smart Grids European Technology Platform,” www.
smartgrids.eu. The core challenges and possible barriers in 
this move toward an intelligent electricity supply system 
by 2035 are:

 � Electro-Technologies
 – For enhanced controllability of the electricity 

system, its quality and security of supply require: 
flexible electricity consumption technology, 
necessary to increase the flexibility of electricity 
consumption in place and time. As many 
technologies as possible should serve the goal of 
a better electricity load-generation balancing at 
any time and in flexible geographic aggregations, 
combined with improved security handling of 
grid system constraints.

 – For electricity storage, the storage components 
and storage control technology have to be 
developed to handle the volatility of renewable-
based electricity generation.

 – For secure long-distance transmission of bulk 
electricity in meshed grids, the grids need: 
switchable high-voltage direct current (HVDC) 
technology for meshed HVDC grids as the 
key to securely transport the excess of physical 

renewable-based generation in the coastal areas 
from wind and in the southern areas of Europe 
from solar power to load areas without efficient 
renewable-based generation.

 – For improved materials: more robust, flexible, and 
cost-effective materials for grid components in 
the context of the new Smart Grid systems are 
critical. They must prevent a sudden malfunction 
of the overall system, and in case a failure of a 
grid component occurs, immediate and automatic 
actions must be possible for system healing, 
providing to critical system users a permanent 
availability of grid products and services.

 � Information and Communication Technologies
 – For better monitoring and metering: sensors, 

communication technology, and distributed 
real-time computing platforms will be key 
technologies to monitor and meter the various 
electric equipment and system state parameters 
critical for determination of the current state of 
Smart Grids. This captured information will be 
used as input for many types of model predictive 
algorithms whose output supports decisions to 
achieve the goals of Europe’s SmartGrids 2035 
program.

 – An appropriate control structure to stabilize a 
grid with limited mechanical inertia, with an 
architecture based on an appropriate combination 
of central and decentralized control. 

 – For better predictive models and algorithms: 
improved computer-based models and algorithms 
will be needed of the grid elements themselves, 
such as transmission and distribution lines, 
voltage and current transformers, flexible AC 
and DC elements, switches and breakers, shunts, 
and protection equipment, but also of all grid 
users including generators, storage, consumer 
equipment, and behavioral impacts.

 – A software architecture allowing consumers and 
market players to compose new services and to 
satisfy their own requirements related to energy 
services and products, thereby using market 
interfaces and at the same time supporting the 
quality and security of supply of the grid-based 
electricity system.

The integrated Smart Grid System will be available only if 
in a concerted action all players define the common goals 
not only nationally, but also at an international level.
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. . . f rom Forum Part icipants
Carbon-Free Energy: Photovoltaic, Wind Turbine, Nuclear

Can discontinuous and continuous energy generation 
be managed in the same network, or does it require the 
development of smart grids for safe energy supply?

Because the problem of carbon emissions has emerged as 
a great problem for modern society, planning the future 
is essential for next generations. When we think about 
global changes, we must consider many aspects: cultural, 
political, economic, natural resources, and so on. In the 
medium and long term, fossil fuel must be replaced by 
carbon-free energy sources.

Each year, there is an increasing role for carbon-free 
energy. These sources include photovoltaic, wind, and 
nuclear. While a modern nuclear plant can operate 
continuously, photovoltaics and wind turbines are highly 
dependent on external factors such as solar radiation and 
wind speed.

Power consumption is not continuous, and it requires 
storing unused energy. That can be done with pumped 
storage, battery installation in consumers’ homes, and 
other accumulating devices. To manage the generation 

and consumption of energy, the creation of smart grids, 
which in real time will follow the flow and generation of 
electricity, is required. These networks should have the 
following properties:

 � Reliability

 � High speed

 � Flexibility 

New networks must have new management systems. 
Management systems must work at all levels of 
production and consumption, from homes to all of 
Europe. For many countries, we must construct a united 
network that will make grids more reliable.

Modern technologies are great, but they can be improved. 
It will be good to have more efficient solar cells, wind 
turbines, etc. For example, wind turbines situated in the 
sea are affected by seawater. Drops of water damage the 
turbine blades rotating at speeds of 300 km/h. Solar 
cells now have long lifetimes of about 20 years, but most 
peripheral devices live not more than 5-7 years. It will be a 
goal to increase their lifetimes.

Modern network technology is now ready to form smart 
grids. But they are not economical for production and 
distribution companies, because they would reduce profits. 
Smart grids will be more efficient than modern networks. 
They must arise from political decisions in most countries. 
The best way to accomplish that is to collaborate among 
all scientists, engineers, politicians, economists, and 
companies. We must unite our efforts in all areas.

 � Security

 � Easy to use for consumer

 � Safe for the environment

Modern networks can be implemented using new 
equipment capable of rapidly responding to changes in 
consumption. We therefore should invent new storage 
methods. New methods need new technologies: e.g., 
CO2 conversion, nanotechnologies for batteries, and much 
more. Storage must be safe, reliable, and not so big, but 
fast and flexible. 

Modern systems need more power sources. The more 
sources we have, the more reliability we need. That is a 
challenge. New sources might be thermoelectricity, new 
turbines, rubbish recycling for fuel, biofuel, shale gas, etc.
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Energy Storage
Carbon Recovery  
and Energy Storage
Two of the key issues in energy storage are:

(i) Scale: very large-scale storage facilities are needed, 
of the order of terawatt-hours

(ii) Cost: natural gas in Europe costs ~$12 per gigajoule. 
Energy storage costs must compete with this.

Chemical storage of energy has the attractions of high 
energy density, convenience of handling, and versatile end 
uses, ranging from methane and methanol production to 
chemical feedstock generation. CO2 conversion has the 
specific advantage of removing a key greenhouse gas from 
the atmosphere and requires two main advances:

(i) Improvements in catalytic efficiency of hydrogen 
production, e.g., by electrolysis or photocatalysis

(ii) Improvements in catalyst efficiency for the reaction 
of CO2 with hydrogen.

Hydrogen production through electrolysis from renewable 
electrical sources or from photolysis techniques needs 
development. The role of the heterogeneous catalysts 
is key for these transformations, and the nature 
of the reactors such as fixed bed, fluidized bed, or 
electrocatalysed systems also needs further definition. A 
potentially promising approach utilizes a very efficient 
uranium oxide on ceramic catalyst to control the 
conversion rate, the selectivity, and the carbon deposit, 
the last being the poison of every catalysis process during 
carbon dioxide reduction.

The increasing concentration of CO2 in the 
atmosphere, and the related consequences, 
have induced the European Parliament and the 
European Commission to launch a program for 
CO2 sequestration in the ground. The carbon 
capture and sequestration (CCS) model foresees 
essentially three steps: collect the CO2 as close 
as possible to the source, transfer it by pipeline 
to adequate locations, and pump it into the soil. 

A strong sentiment exists to extend the 
value chain of CO2 further by considering 
CO2 as a raw material that can be recycled 
into chemical fuel for energy storage, thus 
generating a completely new industry. Given 
the development of renewable sources including 
PV, wind turbine, and geothermal, the goal 
would be to store electrical power as carbonated 
synfuel through use of carbon dioxide for energy 
transportation and regulation of the electrical 
network. The main chemical mechanisms for 
carbon recovery are those that can reduce carbon 
dioxide to methane, methanol, or synfuel by reactions 
between CO2 and hydrogen. Beyond fuels, this resource 
will also provide a feedstock for more complex products 
such as polycarbonates, polymethylmetacrylate, and 
biodegradable polymers.

Part of the pursuit of the new technology should include 
an early direct comparison between the costs of CO2 
capture and sequestration and the costs of CO2 conversion 
into fuel. Such a comparison should include the extent 
to which CCS leads to the production of more CO2 at 
power stations for the same net output power. Potential 
economic incentives, such as a tax on carbon emissions, 
must also be incorporated into to the analysis. Actual 
economic and technical efficiency data from pilot plants 
in many countries ( Japan, Germany, South Africa, China, 
Russia, the United States, and France) will test the efficacy 
of several approaches to CCS technology. 

Technological Carbon Cycle

Carbon Capture and
Recycling (CCR)

CH2O + HCO2H

Storage (CCS)

CO2 CH4

CH3OH

Transportation
fuels

DME, diesel and
household gas

substitute

Synthetic
hydrocarbons and

their products

Energy
storage and
generation

oxidation

oxidationreduction

“extend the value chain of CO2 further  
by considering CO2 as a raw material”
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Carbon Recovery and Storage

The energy need, especially in fast-developing countries, is 
currently surging at an unprecedented pace. If the energy 
demand of such nations is met with fossil energy carriers 
like coal, oil, and gas, the atmospheric CO2 concentration 
is likely to have tripled by the end of the century, raising 
concerns about global warming and the ensuing natural 
hazards. In order to prevent the addition of greenhouse 
gases to the atmosphere, a solution would be the capture 
of these gases at the source of emission.

The European Commission has recently initiated a test 
program for underground CO2 sequestration. Several 
test plants have been built: Vattenfall for instance has 
constructed a 30-MW pilot plant for carbon dioxide 
capture at the lignite-fired power plant at Schwarze 
Pumpe, Germany. The idea is to capture CO2 from 
the power plant’s emissions, compress it into a liquid, 
and store it underground in deep and stable geological 
formations. However, most of these plants are still at 
the testing scale, and companies use unfinished projects 
to advertise their ecological friendliness while pumping 
millions of tons of CO2 into the atmosphere every year. 
Moreover, concerns have been raised about the impacts of 
long-term storage. Effects on living spaces like geological 
movements and gas releases are feared. 

Eventually, considerable up-scaling and resulting 
investment are necessary to equip big CO2-emitting 
facilities with such capture and storage capabilities, for no 
direct economical benefit. A more profitable alternative 
would be to consider CO2 as a raw material instead of a 

waste product. Once captured, several catalytic procedures 
exist in order to convert CO2 into valuable molecules 
using hydrogen. (Reverse water-gas shift reaction converts 
CO2 into CO using H2, which allows the preparation of 
syngas, a gas mixture used in the industrial production of 
chemicals like diesel fuel. Dry reforming also produces 
syngas from CO2 and methane. CO2 can also be converted 
directly into methanol and higher alcohols using Fischer-
Tropsch synthesis. These products are liquids that can be 
transferred using existing distribution networks.) 

Two main bottlenecks remain: first, the hydrogen required 
for all these conversion reactions is now mostly obtained 
by steam reforming of natural gas. For a sustainable CO2 
recovery and conversion system to work, sustainable H2 
production has to be developed by electrochemical or 
photocatalytic means. Some individual national projects, 
like the “ekolyser” project in Germany, have been put 
into place; however, from our perspective there is still 
no systematic life-cycle assessment of projects claiming 
to deal with CO2 recovery. Why should funds go to 
projects that claim to reduce carbon emissions but that 
don’t ensure a sustainable hydrogen supply? A model 
example for complete life-cycle sustainability is the pilot 
plant developed by Prof. K. Hashimoto in Japan, where 
CO2 is reduced by hydrogen to methanol, the hydrogen 
being obtained by electrochemical water splitting from 
electricity produced by solar panels.

Additionally, new cost-effective and stable catalysts are 
required to drive the actual chemical conversion of CO2 
into valuable molecules in a cost-effective fashion on 
such a large scale. Nanostructured materials are creating 

unforeseen new possibilities in this field. Another German 
initiative, the CO2RRECT project, focuses on the 
development of such catalytic materials for the conversion 
of CO2.

We are convinced that the eventual, successful 
development of CO2 valorization units coupled to CO2-
emitting facilities depends on strongly result-oriented 
research on stable and cost-effective materials, mainly 
for the catalytic processes involved. Once materials for 
commercially viable setups have been developed, a whole 
new CO2-based economy could be spawned around heavy 
CO2 emitters like power plants and cement factories. Their 
emissions could become the raw material for a new branch 
of the chemical industry, contributing to mitigating our 
greenhouse gas emissions. Big CO2 emitters will be able 
to sell their CO2 to smaller chemical companies utilizing 
carbon dioxide as their feedstock. 

We believe that strong financial and coordinated 
incentives from governmental organizations are required 
to kick-start this economic exchange. Tax deductions and 
facilitated access to loans would lure young entrepreneurs 
to this new frontier where most remains to be done and 
resources are still untapped. Once the process is started, 
CO2 emitters, recovery-based companies, and consumers 
will all three benefit economically. 

Nonetheless, CO2 recovery should only be seen as a 
mid-term solution for us to survive the difficult transition 
toward the green technology era. The technologies 
developed will nonetheless contribute heavily to paving 
the way toward the new hydrogen economy.
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Batteries
Today, the world’s energy supply is primarily centered on fossil fuels. An international 
problem and a major component of the energy dilemma is global warming from CO2 
emissions. Distributed CO2 emissions from the internal combustion engine is a major 
source caused by combustion of gasoline. Another major source of CO2 is the combustion 
of fossil fuels to produce electricity. New technologies for generating electricity from 
sources that do not generate CO2, such as solar, wind, and nuclear, together with the 
advent of PHEVs and even all-electric vehicles (EVs), offer the potential of alleviating 
our present dilemma. The major challenge in realizing this vision, however, is the 
development of effective electrical energy storage (EES) systems.

Today’s EES devices, typically chemical storage (batteries) or electrochemical capacitors, 
are not capable of meeting tomorrow’s energy storage requirements. Portable EES devices 
in the form of rechargeable batteries power the wireless revolution in cellular telephones 
and laptop computers and now enable the hybrid electric vehicles (HEVs) and the all-
electric ones. These developments have stimulated an international race to achieve the 
PHEV, which would allow commuters to drive to work under total electric power stored 
from the grid during off-peak hours. Enhanced EES devices will be needed to make 
PHEVs practical for efficient and reliable transportation. EES will also be critical for 
effective around-the-clock delivery of electricity generated from solar, wind, or nuclear 
sources.

Because energy use peaks during the day, electricity generated during low-demand 
periods at night needs to be stored efficiently for use during times of peak demand. EES 
devices are also needed to mitigate short-term fluctuations in power, which represent a 
major problem in the current electrical supply grid. Current EES systems fall far short of 
meeting these future electrical energy supply needs. Battery technology has not changed 
substantially in nearly 200 years. Electrochemical capacitive storage is a newer technology, 
but it is still in its infancy. In both systems, many complex and interrelated chemical and 
physical processes occur. However, our knowledge of these processes is quite limited at 
present. Understanding these processes is critical for surmounting existing technology 
barriers and developing future EES systems.

The introduction of HEVs, PHEVs, and fully battery-powered electric vehicles (BEVs) 
is one essential milestone to achieve major CO2 emission reduction. Prerequisite for this 
is a reliable, affordable, and consumer-friendly battery technology. Current activities are 
centered around lithium (Li)-ion batteries and next generation developments going from 
“beyond Li-ion batteries” to, for example, sodium-ion and liquid metal batteries.

In China, there is a national plan to implement New Energy Vehicles (NEVs) in 25 pilot 
cities with a planned target (2009-2012) of 110,000 NEVs. Current status (end of 
2012) is 27,400 NEVs reported. These figures reflect the frequent discrepancy between 
politically announced goals and technological reality. The key bottleneck for EVs is the 
Li-ion batteries to power EVs, HEVs, and PHEVs and Li-ion batteries for starting, 
lighting, and ignition. It is instructive to visualize the typical areas for Li-ion batteries in 
comparison to other energy sources as shown in the figure. 
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The second big application field is seen in energy storage 
systems, powering small-scale portable consumer 
electronics, mid-scale electric vehicle propulsion, and 
large-scale electric grid storage. Li-ion batteries used 
in EES totaled 243 megawatt-hours (MWh) in 2012, 
forming a $414 million market.

Large-scale implementation of battery technology, 
especially in auto manufacturing, depends on both cost 
and weight reduction. With almost 50% of the cost of 
the cell, the battery cathode offers the highest potential 
for cost savings. Further progress requires the search for 
economical alternative materials, simplified production 
processes, and reduction of overheads.

Future developments will go beyond optimizing existing 
Li-ion batteries. The “generation 2” Li-ion cell with a 
gravimetric energy density of 280 Wh/kg will be followed 
by the lithium-sulphur cell with a potential of 600 Wh/kg 
and a lithium-oxygen battery whose potential is expected 
to be beyond 1000 Wh/kg. There are a great many 
technical and cost barriers to be overcome before mass 
application in vehicles. Some of the roadblocks, many 
materials-related, are listed here.

Anodes

Alternative anodes (e.g., intermetallics, oxides) to improve safety and performance

Enhanced specific and volumetric capacity and rate capability

Reduced first-cycle capacity loss and volumetric expansion of intermetallic electrodes

Enhanced stability and robustness of solid electrolyte interfacial layers

Elimination of lithium dendrites (Li metal anode)

Prevention of mossy lithium formation (Li metal anode)

Cathodes

Enhanced specific capacity, rate capability, and stability over a wide composition range

Enhanced stability/robustness of high-potential electrode surfaces (>4.2 V vs. Li0)

Reduced solubility of transition metal ions

Low-cost materials, for example manganese- or iron-based systems

Electrolytes and separators

Nonflammable liquid electrolytes with adequate Li+-ion conductivity

Expanded electrochemical stability window, to 5 V

Low-cost, non-toxic salts

Improved low-temperature performance

Effective redox shuttles for overcharge protection

Electrolyte additives for effective solid-electrolyte interphase (SEI) layer formation

Stable ionic liquids and solid polymer electrolytes with acceptable conductivity

Lower cost and improved shutdown properties of separators

“further progress requires the search for 
economical alternative materials”

“battery technology has not changed 
substantially in nearly 200 years”
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Energy Utilization
Transport
Focusing primarily on potential future automotive technologies, hydrogen plays a decisive role in both major approaches. 
It has a direct role in vehicles powered by the hydrogen-fed proton exchange membrane fuel cell (PEMFC). Such cars 
may be entering the market as early as 2015. PEMFCs have shown an extraordinary technology development and a large 
cost reduction during the last decade. Improvements in reliability, performance, and lifetime have been seen, mainly due 
to the stabilization of platinum (Pt)-based catalysts and development of new corrosion-resistant support materials like 
oxides of titanium (Ti) and tungsten (W). Further reductions in cost and longer lifetimes will be needed, but perhaps the 
greatest cultural and infrastructure paradigm shift must be the deployment of hydrogen filling stations. The installation of 
such an expensive and complex infrastructure on the scale required would represent a major capital investment and imply 
broad public acceptance and demand. All components, including those required for reliable and safe on-board H2 storage 
will rely on new materials alternatives.

It may be posited that carbon-free production of the quite 
substantial amount of needed hydrogen through synthesis 
by electrolysis of water using “green” power sources will 
strengthen the case for wind and solar implementation, 
for example. An alternate (or perhaps complementary) 
technology would also have positive environmental 
impact and relies on hydrogen to produce methane 
from its catalytic reaction with recovered CO2. Again, a 
power-to-gas technology produces the hydrogen from 
excess intermittent renewable electricity, and the existing 
natural gas infrastructure can be used for the storage and 
transportation of the catalytically produced methane as 
well as the hydrogen. The Audi Co. has already built a 
6-MW plant to produce hydrogen by the electrolysis of 
water and then the methane by making the hydrogen react 
with CO2.

Electrolysis

CNG vehicle
CO2-neutral operation

of g-tron vehicles

Electricity

Methanation

Gas-fired power plant

CH4
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Central Tunnel Storage
CcH2 350 bar: 7.1 kg
CGH2 700 bar: 4.6 kg

PEM High-Power
Fuel Cell System

High Voltage Storage
High-Power

Electrical Rear Wheel Drive

“the greatest cultural and infrastructure paradigm shift must be the 
deployment of hydrogen filling stations”

Material Resources
Rare Earth Elements
Close to the beginning of the innovation chain are materials in many forms 
and with many potential applications. From the sources of raw materials 
to the science and engineering through which new materials options 
enable new technologies, only looking to history proves their importance. 
Nevertheless, the only way to assure a future role as productive as in the 
past is to focus significant attention today on the R&D infrastructure and 
economics of the introduction of advanced materials in general. 

Luminescent
material (5.07%)

Agriculture
Light industry

Textile industry

Glass
ceramics

Petrochemical
industry

Machinery
and metallurgy

New materials
(55.21%)

(9.59%)

(9.86%)

(10.27%)

(15.07%)

Permanent
magnets (31.51%)

Hydrogen-storage
material (8.49%)

Catalytic
material (4.52%)

Distribution of Rare-Earth Element End-Uses

Rare earths or lanthanides are elements with atomic numbers from 57 to 71. 
They have large atomic magnetic moments and similar chemical properties 
across the series. Yttrium (Y) and scandium (Sc) are often included as 
occupants of the same column of the periodic table as lanthanum. They are 

For these cars fueled by compressed natural gas (CNG) made from renewable electricity, 
carbon dioxide, and water, materials will again be enablers, for instance in the very light-
weight carbon/glass fiber composites for the CNG tanks, or in all the catalytic materials 
used for the methanization processes.
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categorized into light (lanthanum, La; cerium, Ce; praseodymium, Pr; and neodymium, 
Nd), middle (samarium, Sm; europium, Eu; and gadolinium, Gd), and heavy (terbium, 
Tb; dysprosium, Dy; holmium, Ho; erbium, Er; thulium, Tm; ytterbium, Yb; and 
lutetium, Lu) rare earth elements, and they and their alloys are to be found in a wide 
variety of common applications, many of which are expected to grow with population and 
new technologies. The current major application areas include:

 � Cell phones (e.g., the BlackBerry)

 � iPods, computer hard drives, color televisions 

 � Lasers, microwave communications, fiber optics 

 � High-strength permanent magnets, advanced electric motors

 � Superconductors, advanced metallurgical products, etc.

Despite their name, their natural abundance is greater than that of precious metals 
by several orders of magnitude. Nevertheless, today they are a topic of concern largely 

“current and projected demand exceeds projected  
supply in some critical cases”

because current and projected demand exceeds projected supply in some critical cases, 
the cost of mining and refining is uneconomical for most potential major suppliers, 
and therefore, the global distribution of supply is strongly skewed compared to the 
distribution of the minerals themselves. Their very similar chemical properties make 
separation of the elements quite difficult and costly, most likely accounting for their prices 
and abundances not simply correlating. A great variety of minerals bear rare earths, the 
most important ones containing several of the elements simultaneously. For example:

 � Monazit, (Ln,Th)PO4 with Ln = La through Sm

 � Xenotim, LnPO4 with Ln = Y, Yb

 � Bastnäsit, LnFCO3 with Ln = La through Lu

 � Loparit, (Ln,Na,Ca)2(Ti,Nb)2O6 with Ln = La through Nd

An overview of the worldwide distribution of mineral reserves shows the largest reserves 
in China, Russia, and the USA, whereas the distribution of production since 2000 has 
been nearly completely from China, where only ~36% of reserves reside. The Former 
Soviet Union/Russia, as well as the USA and Australia, actually reduced their production 
close to zero. 

For the light rare earths, supply and demand match going forward, at least until 2025, 
assuming between 7% and 14% growth in demand. However, the undersupply is 
increasing for the heavy rare earths, especially for neodymium and dysprosium, for which 
a dramatic undersupply is forecast. A concomitant rapid rise in prices is occurring and is 
expected to continue. 
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The situation with these rare earth elements epitomizes 
the larger concern over energy-critical materials in 
general. There is a direct connection in this case between 
an important carbon-free energy source, wind power, 
and just one of the reasons for increasing demand of 
Nd and Dy. The intermetallic compound NdFeB with 
Dy additions supplies the magnets for advanced wind 
turbine generators. The following list is indicative of the 
long-standing relevance of these elements to the energy 
landscape:

 � Thermionic emission materials (LaB6)

 � Oil catalytic cracking

 � Hydrogen storage materials (LaNi5)

 � Red phosphor (Y2O3:Eu)

 � First (SmCo5), second (Sm2Co17), and third 
(Nd2Fe14B) generation rare earth permanent magnets

 � Rare earth magnetic refrigeration materials 
(Gd-Si-Ge)

 � Rare earth (La-Ba-Cu-O) and iron-based 
(LaO1-xFxFeAs) high-temperature superconductors

As magnets, catalysts, luminescent powders, and hydrogen 
storage media, and in other functional categories, these 
elements impact wind power, aviation and aerospace, 
lighting, automotive efficiency, and a plethora of electronic 
devices. Paths to addressing supply include seeking 
materials substitutions in various application areas (so 
far, no breakthroughs have been reported), reclaiming 
elements from electronic waste (so-called “urban 
mining”), and making more economical the mining and 
refining tools so that at a near-future price point, a more 
robust and diverse supply chain is realized. Progress along 
each such avenue must rely at least in part on advanced 
materials research and development efforts, including 
those that help mitigate the environmental impact of 
mining and refining operations needed to extract 100 to 
1000 ppm of rare earth from ore using very aggressive 
chemical processes.

“Light” Materials
Still primarily in the laboratory, but with great promise 
by virtue of its extraordinary properties, is graphene – a 
single layer of carbon atoms bound to each other in 
such a way as to be stronger than steel, yet displaying 
extremely high electrical carrier mobility. Taken together 
with carbon’s light weight, one imagines applications 
in flexible (printable, transparent, wearable) electronics, 
photovoltaics, thermoelectrics, sensors, high-performance 
computing, and spintronics. Seeing the many possibilities, 
the European Union has launched a one billion euro, 
decade-long “Graphene Flagship” program that also 
includes R&D on other layered materials such as MoS2 
and WS2. 

Carbon at the nanoscale also encompasses the now 
well-known variations on the nanotube (single-walled, 
multiwalled, metallic, semiconducting) and the C60 
Buckminster fullerene or “buckyball.” A global R&D 
program on these, on graphene, on their layered analogues, 
and on all manner of nanocomposites, ranging from 
fundamental experimental studies, to simulations, to 
applications and ways to scale up for the market place, is 
expected to yield transformative results in many sectors 
including energy.

“the undersupply is increasing for the heavy rare earths”
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Optimizing macroscopic strength-to-weight ratios is a common engineering requirement and no more so in the 
energy field than for the wind turbine. Wind turbines are the largest rotating machines ever built by mankind. 
Rotor blades, currently manufactured by hand out of glass fiber and epoxy resin, push the limits of composite 
material use. The size of a typical wind turbine blade is comparable to the largest airplanes. However, existing 
materials such as those used for aircraft engender higher safety factors and therefore higher cost than appropriate 
for wind turbines. New materials must be relatively lower in cost (a competitive cost must not exceed 12 €/kg), with 
required stiffness and fatigue properties. Essentially constant rotation for 20 years implies that fatigue loading of 
turbine blades is a particular challenge.

Proposed approaches to improving these structures include automated manufacture to reduce cost and the incidence 
of flaws and defects, future materials based on carbon, bio-inspired design structures, and atomistic simulations to 
optimize material selection and development. The atomistic simulations are essential for the design of innovative 
nanocomposites, and in this case, those methods must be coupled with continuous finite element methods in a 
unique multi-scale modelling approach that is able to simulate behavior from the nano- to the macro-scale.

Laying the path toward: a brighter 
future using nanomaterials

What are nanomaterials?
Nanotechnology creates materials with new 
functionalities by simply reducing their 
dimensions. When going below 100 nm, 
electronic, optical, chemical, magnetic, and 
even mechanical properties change and are 
influenced by the finite size of the materials.

For instance, gold changes its color from 
yellow to ruby red (as can be appreciated in 
the stained glass windows of the Strasbourg 
Cathedral) when growing it as crystals that are 
only a few nanometers in diameter. Another 
prominent example is graphite, which is 
mainly used in common pencils, yet attains 
unique opto-electronic properties when it is 
exfoliated to a single graphene layer.

Nanomaterials are fabricated by growth 
from single atoms (e.g., bottom-up chemical 
synthesis) or by carefully removing excess 
material from the bulk until nanodimensions 
are reached (by for instance nanolithography). 
The technology has reached a stage where 
several materials are available, and advanced 
nanocharacterization tools have been 
developed to study them. The role they are 
about to play in future technology and society 
as a whole is therefore a timely question.
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“wind turbines are the largest rotating machines ever built by mankind”
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The advantages they offer
Nanomaterials are becoming more and more relevant 
in our daily life, and they may impact virtually every 
industry from aerospace to healthcare and energy. Several 
applications can be enumerated in particular for the latter 
field where they can impact the harvesting, storage, and 
recovery of energy.

Solar energy. Reducing the materials dimension allows 
us to further increase the photovoltaic conversion 
efficiency while maintaining a low fabrication cost. Silicon 
nanowires, carbon nanotubes, and quantum dot sensitized 
solar cells are all excellent examples of how novel 
technology paves the way toward improved collection of 
green energy.

Energy storage. Green energy is meaningless unless 
it can be stored efficiently. Several solutions have been 
proposed. With their enhanced surface-to-volume ratio, 
nanocrystals are ideal candidates for next-generation 
high-energy-density batteries, allowing us to store 
electrical energy generated by renewable sources. On the 
other hand, nanocrystal-based catalysts will permit us to 
convert electrical into chemical energy by creating fuels 
such as hydrogen or syngas.

Energy recycling. A continuing effort is needed to 
develop systems that can recover heat lost at various stages 
of energy production and consumption. Thermoelectric 
devices will benefit greatly from the ability to create 
nanoscale designer materials with high electrical 
conductivity and good thermal insulation.

Improving quality of life. On a different note, new 
nanomaterials are also important for environmental 
applications: nanosponges can absorb oil spills, and 
nanomaterials enhance the efficiency of water purification 
systems. In health care, organ and tissue growth can be 
improved by manipulating materials to mimic biological 
systems, and nanoparticles can efficiently deliver drugs 
to fight diseases and to screen for tumor cells. Clearly, 
applications may extend well beyond the energy platform.

The challenges they present
At the same time, we must identify challenges and issues, 
which include concerns regarding environmental impact, 
toxicity, and technology misuse.

Most importantly, nanotechnology will only serve the 
public at large when scientists from different fields 
collaborate. For instance, a chemist may know how to 
create perfect nanocrystals in the laboratory, but it requires 
the expertise of engineers to tune their results toward 
large-scale production.

Additionally, we must create public awareness and educate 
future generations. Better regulatory policies have to be 
developed, and the sustainable growth of nanotechnology 
has to be assured.

The challenges and issues of nanotechnology can be 
grouped into these areas:

Health. These materials are comparable neither to their 
atomic constituents nor to their bulk counterparts. 

Therefore, safety and health standards are required, and 
effects on human and animal biology have to be studied in 
order to ensure a safe use of these materials.

Environment. We need to evaluate the impact on 
the environment during the complete life-cycle of 
the nanomaterials, from raw material exploration to 
fabrication, usage, and recycling.

Society. A long-term unequal development could worsen 
the wealth gap between developed and developing nations, 
which could lead to political stress. Additionally, society as 
a whole needs to be informed on the potential benefits, yet 
also the risks of new nanomaterials.

Concluding remarks
Nanotechnology holds the potential for disruptive 
applications for society. It is therefore essential to 
further develop it and revolutionize technology. That 
requires more transnational collaboration, coordination, 
public and political awareness, and ethical discussions. 
Multidisciplinary collaboration is necessary to merge 
knowledge generated from research in chemistry, materials 
science, physics, and engineering. Only if we fully 
understand the exceptional properties of matter reduced 
to nanosized dimensions can a responsible and sustainable 
utilization be assured. We hope that a next generation of 
researchers is standing up to help build a large, sustainable 
future for nanomaterials and nanotechnology.
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Communiqué – View from the European Parliament
Maria da Graça Carvalho (MEP) – Reported by T. Radford

The European parliamentarian Maria da Graça Carvalho, 
rapporteur to the specific program to implement Horizon 
2020, could not attend the Summit in person but 
addressed the congress though a video link, to provide 
closer understanding of the strategic thinking behind 
Europe’s newly-agreed vision of research and innovation 
for the remainder of the decade. The three pillars of the 
program – scientific excellence, industrial leadership, 
and the challenges to society – will share the €70 billion 
Horizon 2020 investment in ways designed to encourage 
collaboration across the continent of Europe and beyond. 

The European parliament was chiefly concerned to 
strengthen the industrial base: in particular to revive 
industrial partnership in research, because there seemed to 
be continuing problems in translating high-quality science 
into products and services for the market. It sought 
better incentives for industry to participate; it wanted 
easier access for small and medium-sized enterprises; 
it wanted to foster more “bottom-up” contributions 
and to encourage regions that had not so far taken 
advantage of all research collaboration opportunities. In 
this context, the EU’s “structural funds” could also be 

important in building capacity in nations and regions, 
and in helping to take ideas from conception to market. 
Her personal crusade had been for greater simplification, 
for some streamlining that will help applicants through 
the bureaucratic complexity and elaborate demands 
for financial data. To balance any new simplicity in 
the monetary arrangements, she wanted to reinforce 
scientific and technical assessment. There would be 
risks, but excessive concern about risk could actually 
make the process more expensive.  “It should be able to 
tolerate higher risk while at the same time placing more 
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“excessive concern about risk could actually 
make the process more expensive”

29

confidence in participants from the scientific and business 
community. In this respect the goal was to strike a balance 
between trust and control, between risk taking and risk 
avoidance,” she said.

Then she turned specifically to the role of materials 
research within the Horizon 2020 program. One objective 
of pillar two of the program is to foster research in key 
enabling technologies such as macro, micro, and nano 
electronics, photonics, nanotechnology, biotechnology, 
advanced materials, and advanced manufacturing systems. 

There are opportunities for materials science in advancing 
resource-efficient and low-emissions industries, and 
there are openings around the societal challenges of pillar 
three, in finding the best solutions to energy storage, the 
advance of carbon capture and storage facilities, and the 
reuse of captured carbon dioxide. She also underlined the 
importance of international partnerships, a priority in all 
three aspects of Horizon 2020. The process had been long, 
but the uncertainty is over. The program is ambitious, 
but the next seven years present a great opportunity, she 
said.  “I believe we will be able to make a real difference 

to European research, science, and innovation. It remains 
only for us to ensure that we are able to take advantage of 
what it has to offer.”

Information about the Horizon 2020 program can be 
found at http://ec.europa.eu/programmes/horizon2020/
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Forum for Next Generation Researchers
(preceding the IV World Materials Summit)

A high-level scientific committee relied on professors in the various fields of interest.  
Z. Alferov (Nobel Laureate in Physics) chaired the group (but was unable to attend 
the Forum itself ) and was assisted by on-site chairperson H. Grimmeiss (Sweden) and 
representatives from France ( J. Amouroux), India (B. Raj), and the USA (R.C. Ewing, 
A. Hurd, and E. N. Kaufmann). Some 36 young researchers were selected from around 
the world, mainly from the “BRIC” countries (Brazil-Russia-India-China). These 
selections corresponded to the geographical zone represented by each participating 
society in the Summit. In advance of the meeting itself, young researchers partnered with 
counterparts from another part of the world to submit abstracts on a topic chosen from 
among five priority domains offered by the organizers.

Senior members of the worldwide science and engineering community who are experts 
in energy, environment, and materials research as related to future sustainability delivered 
lectures to Forum attendees. Many such lectures covered the same general topics that 
would subsequently be presented at the Summit itself.  Therefore this supplement to 
the report on the Summit is limited to those aspects unique to the Forum and the 
perspectives of Forum attendees.

Preamble
The 2013 Summit was preceded by a Forum for Next Generation Researchers on 
12-13 October in which a limited number (36) of young scientists from 19 countries 
were selected to participate.  Their healthy exchange of views about current problems and 
potential paths forward resulted in presentations to the Summit attendees that reflected 
great awareness of our energy and environmental challenges and an enthusiasm to address 
the tough issues through both policy and collaborative global research. Summaries of 
those presentations have been included in the report on the Summit itself. Full speaker 
presentations from the Forum are available online at www.emrs-strasbourg.com.

When preparing the Summit, organizers decided to include not only high-level scientist 
attendees, but also young researchers involved in the field of materials for energy. They 
would be exposed to the complexity of the worldwide energy problem, while senior 
participants would get a clearer view of how young researchers in the field see the future 
of the world energy mix.

The Forum was intended to:
 � Develop a dialogue between the present and future generations of researchers on 
the needs for future scientific developments in the relevant fields and to generate 
innovative solutions for the benefit of worldwide sustainable development;

 � Further international cooperation among researchers.
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Forum Objectives
The keyword of the Forum was Innovation. Innovation is often based on inventions, 
the creation of a new idea. In business, it is often said that: “Invention is the conversion 
of cash into ideas. Innovation is the conversion of ideas into cash.” Innovation is a very 
complex process and, according to the Organization for Economic Co-operation and 
Development (OECD), “innovation consists of all the scientific, technical, commercial and 
financial steps necessary for the successful development and marketing of new or improved 
manufactured products, the commercial use of new or improved processes or the introduction of 
a new approach to a social service.” In order to transform new ideas into something useful, 
international research infrastructures are playing an important role as key instruments in 
joining a wide diversity of scientific and industrial facilities. This is particularly true in 
fields such as materials science, which is by its very nature a multidisciplinary area with 
strong interactions with technology. 

One can easily cite anecdotal evidence of the role of materials science in:
 � Developing new energy generation technologies such as solar cells and fusion reactors

 � Providing worldwide medical care through preventive analysis, artificial bones, and 
open implants

 � Facilitating faster and more reliable means of communication through new electronic, 
optical, and magnetic materials

 � Enabling safer transport

In addition to international research infrastructures, international communication and 
collaboration are extremely important, in particular in areas such as energy and climate. 
Climate change is a global issue and can only be mitigated through more appropriate 
energy generation technologies and energy policies that are based on international 
agreements. According to the “GE Global Innovation Barometer 2012,” 73% of 
executives agree that, “Today innovation is more driven by people’s creativity than by high 
level scientific research.” Furthermore, nearly nine in ten executives believe innovation is 
about partnerships, not individual success.

Participants were advised that 
the outcome of this Forum 
will be particularly welcome 
by the European Union, which 
is looking for solutions to the 
production, management, storage, 
and distribution of energy in 
the years to come. The results of 
this meeting should contribute 
to complex policies in which 
materials and new products may 
play a key role for a sustainable 
future economy. 

To that end, innovation – starting with invention and concluding with concrete 
production processes, especially as it affects the environment, a concern of all countries – 
is regarded to be of utmost importance for offering solutions. Asking for solutions in 
specific areas of energy management processes requires knowledge transfer and global 
coordination. That challenge was put directly to the next generation researchers in 
attendance. As they interact with the several prominent researchers from all parts of the 
world and with each other, they should seize the opportunity to build infrastructures 
and communication channels, thereby enhancing the potential for innovation and 
promoting partnerships. From among the myriad topics in energy, environment, and 
materials on which one might focus, participants were asked to consider five: Shale Gas, 
Nanomaterials, Biofuel and Food, Carbon-Free Energy, and Carbon Recovery. Working in 
teams, participants were to state their views and propose action plans to the Summit in 
those areas.

SOCIETY

ENERGY
SECURITY

CULTUREEnergy Security is a
Multi-Dimensional

Phenomenon

ENVIRON-
MENTECONOMY

“international communication and collaboration are extremely important”
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Topical Notes
Nuclear Energy – a commentary on the future
An historical quotation: “The country that learns to build a breeder reactor would have solved 
its energy problems forever.” – Enrico Fermi, April 26, 1944

 � The pillars of sustainability are: human created wealth, social values, and nature 
repository. A robust balance sheet is our accountability and legacy to the next 
generations of life on this planet.

 � A portfolio of energy solutions and energy technologies is required for sustainable 
energy development in the future. The World Energy Vision, as of 2010, from the 
WBGU (German Advisory Council on Global Change) shows one possible scenario.

 � Nuclear power is the greatest facilitator of energy security in countries with 
inadequate domestic energy resources. 

 � Energy security is an important multi-dimensional phenomenon. In this context, 
GEN-IV reactor systems are proliferation-resistant and suitable for the nuclear power 
energy industry. The Fukushima accident may cause some delays, but overall, a nuclear 
renaissance remains on track. Germany, Switzerland, and Italy have put the brakes on 
nuclear development, while China, France, and others have declared that Fukushima 
would not deter them from rolling out their nuclear programs. Asian or Middle 
Eastern countries might consider nuclear as an acceptable option to diversify their 
mix and free up oil and gas resources for exports at times of rising domestic energy 
demand, but nuclear energy may not be suitable for all countries.

 � The Fukushima event affects the requirements considered in the development of 
GEN-IV reactors, which now includes the evaluation of low-probability accidents 
in the design. Nuclear energy can be presented as one of the best options from the 
point of view of “energy security,” which is a trade-off between economical, societal, 
environmental, and cultural factors. However, the same sustainability paradigm leads 
some to favor halting nuclear programs.
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 � Transition to a closed nuclear fuel cycle is needed soon. With the early introduction 
of fast reactors using (U+Pu+Am)-based fuel, the long-term radio-toxicity of nuclear 
waste will be reduced. Pu-239 is the undisputed fissile nuclide for fast breeder 
reactors. Thorium, available in larger amounts in Earth’s crust, can be utilized 
effectively to further extend resource availability. It presents better fuel performance 
characteristics and relative ease in waste management. Current trends in oil prices 
and available uranium resources bring fast breeder reactors with closed fuel cycles into 
sharper focus. Waste recycling and re-utilization as fissile fuel in the next generation 
nuclear plant are also necessitated by the limited uranium resource (100 years using 
conservative estimates).

“the same sustainability paradigm leads some  
to favor halting nuclear programs”
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 � The development of new fission reactors (and indeed, fusion reactors) represents a 
severe challenge for material scientists. One thinks about:

 – Zirconium alloy degradation (as now an issue in Gen-III reactors)
 – Mechanical: expansion, bending, creep, and radiation embrittlement
 – Chemical: erosion, hydride formation, and evolution

 – High operating temperatures
 – Non-metallic, high T, irradiation-resistant material
 – New classes of sensors
 – Advanced modelling and simulation

Carbon Dioxide – The Raw Material
 � Carbon recovery for sustainable development is the new step for energy storage that is 
needed to increase renewable energy’s contribution.

 � Sustainable development is strongly linked with materials recycling. Unfortunately, 
energy per se cannot be recycled. Therefore, energy storage is one of the main 
challenges for our civilization. One must store energy at a very large scale (terawatt-
hours) in order to regulate energy use and demand in different markets.

 � Those energy markets take into account seven billion inhabitants of planet Earth 
and maybe nine by the year 2050. The huge increase in energy demand is irrevocably 
linked to environmental insults as today’s eight to nine billion tons of atmospheric 
CO2 massively increases through reliance on fossil fuels.

 � Current economic realities and relatively cheap fossil fuel costs, especially for the 
developing nations, mitigate against rapid transitions to carbon-free renewables such 
as photovoltaics for which capital investment several times larger than for oil/gas 
production is still required.

 � Therefore, the challenge for which a strong business plan is needed is to build a 
new industry, alongside nuclear, for the storage of electrical energy from carbon-
free renewable sources, both for leveling periods of low and peak power demand 
and for conversion into gas and liquid fuels for transport as well as more complex 

hydrocarbons, while aggressively pursuing the capture, storage, and re-utilization 
(and valorization) of otherwise waste CO2.

 � A variety of new industrial efforts in various parts of the world are addressing the 
many aspects of the CO2 utilization question, involving everything from microalgae 
to biodiesel to cosmetics. The actual utilization of CO2, although significant for 
the chemical industry (~200 mega-tons/yr), represents a minor fraction of the 
anthropogenic emission (32,000 mega-tons/yr).

Nanoelectronics and Photovoltaics
An historical quotation:  “Silicon, the child of revolution, has spawned a whole series of 
revolutions of its own. No end is yet in sight.” – Robert W. Cahn, The Electrochemical 
Society Interface • Spring 2005
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Silicon is the second most abundant material in nature and the most researched 
because of modern microelectronics technology.

 � The photovoltaic industry is predominantly based on silicon. Of PV systems 
installed today, 90% are based on silicon technologies (~40% monocrystalline, 
~60% multicrystalline).

 � For large ground-mounted systems, the generation costs in 2010 range from around 
€0.29/kWh in the north of Europe to €0.15/kWh in the south and as low as 
€0.12/kWh in the Middle East, and those rates are expected to fall significantly over 
the next decade. Prices for residential systems will also decrease over the next 20 years. 
However, they will remain more expensive than large ground-mounted systems.

 � Wafer production processing for single crystal and polycrystalline Si substrates is 
well-established. Modification of defect content and structure has led to a number of 
interesting  material properties.

 � The size increase of Si wafers from 3 to 18 inches in diameter and a dramatic increase 
in density of components account both for greater functionality and lower cost.

 � Control of impurities (transition metals and light elements) and defects (dislocations, 
grain boundaries, twins) is most important for PV efficiency, which may vary from 
14% to 22%.

 � Industry forecasts the domination of p-type high performance polycrystalline Si 
and the reduction of today’s dominant monocrystalline Si for photovoltaics over the 
next decade.

Nanomaterials and Catalysis
 � Increased selectivity and activity are exhibited by advanced catalysts based on 
nanomaterials, and industrial-scale reactions using CO2 as a feedstock will be made 
viable with such advanced catalysts.  However, the optimal size of the nano-sized 
catalysts must be determined. The nano size is required to increase the effective 
exposed surface area, but the effect of smaller size and its relationship to particle 
dispersal and substrate properties may also turn negative.

 � Reduced performance or no change in performance may also be observed.  For 
example, coke formation on nano-sized catalysts is a serious concern that degrades 
performance. The development of uranium-containing catalysts with reduced coke 
formation may alleviate the problem.

 � Finding viable alternatives to expensive noble-metal containing catalysts is also 
a concern. The goal is to enable catalysis of the key chemical reactions for CO2 
re-utilization in order to close the carbon-based energy cycle with a positive 
economic balance.

Nanomaterials for PV and Storage
 � Third-generation nano-material 
solar cells account only for 5% of the 
market currently, and are considered 
a more-or-less niche technology. 
Nano-structuring and texturing 
of active layers in second- and 
third-generation cells to increase 
efficiency is ongoing. Those surface 
modifications are intended to 
enhance light scattering, increase the 
light path, and widen the spectral 
response. Another way to enhance 
light absorption of the active layer is 
by using plasmonic structures such 
as metal nanoparticles. However, the 
energy invested in texturizing may 
not be recovered by the resultant 
increase in efficiency.

(a)

2 µm

“increase in density of components accounts 
both for greater functionality and lower cost” “the goal is to…close the carbon-based energy cycle 

with a positive economic balance”
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“manipulation of light at the nanoscale is a key feature”

 � Manipulation of light at the nanoscale is a key feature of rational design of 
optoelectronic devices. Nanocomposite and nanostructured thermoelectrics exhibit 
improved efficiencies. But the stability of nano-tech is questionable; for example, the 
diffusion of material into nanowire walls or diffusion of the nanowire material out of 
the wall is a concern. Solutions are needed to overcome passivation of multi-junction 
solar cells with nanowires

 � Improvements in battery storage materials have been achieved by the incorporation of 
nanographene, where capacity has increased and cycling stability and cyclability with 
time has improved, but further development is needed.
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Rare Earths
Rare earth elements (REE) are critical commodities for many aspects of modern 
technology, including new energy applications such as magnets for wind turbine 
generators.
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 � Supplies of neodymium and dysprosium will most likely see an increase in demand 
and are most vulnerable to limitations of production capacity.

 � 95% of REEs are currently mined in China. There is no shortage of REE deposits 
around the world, but wide variations in the nature of mineral deposits and the 
economics of extraction and processing are principal challenges. Moreover, mining of 
these elements has a strong environmental impact, another cost-escalating factor. Thus 
the costs of REEs are disproportionately large, despite their relative abundance.

 � Stockpiling and recycling of REEs present comparable challenges. End-of-life 
recovery is a severe challenge, since REE content is too low in many applications. 
Where REE concentrations are high (as in permanent magnets), the technologies 
tend to have very long lives. The open question remains as to whether future supply of 
these materials, contributors to “green” energy solutions, can be sustained.

“end-of-life recovery is a severe challenge”
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Biomass & Coal Gasification
 � Plasma gasification is a way to process biomass and 
convert carbon-based materials into fuels such as 
syngas (primarily CO + H2). The power obtained 
from the product is more than six times that of the 
electricity required for the plasma gasification.

 � It is possible to process many kinds of biomass, and 
for municipal waste, this also has ecological benefits. 
The process is already being applied, for example, by 
companies in France and Canada.

 � One can view this as conversion and storage of 
electrical energy as chemical fuels and, if CO2 is used 
in the plasma, also as carbon recovery.

Intense and animated discussions were to be seen at the poster session 
when next generation researchers displayed their visions of an energy and 
environmentally sustainable world and how to get there.

“these are the challenges for the next generation!”

Sentiments on Collaboration and Global Challenges
 � Technology alone will not solve the world’s problems.  All citizens around the globe need to participate to make 
a change: changing living habits and attitudes toward global cooperation and adopting new technologies. This 
requires education. 

 � What are the global challenges facing mankind 
in the coming century?

 – Energy and natural resources and their 
utilization 
 – Oil, gas, coal, wind, solar, minerals, raw 

materials 
 – Climate and environmental changes 

 – Global warming, air and water 
pollution 

 – Health, food, and water 
 – Disease, food production, water 

recycling 
 – Global security and sustainability 

 – Economical, educational, and social 
and political issues 

 � Today, we are living in a tightly coupled 
world. These are the challenges for the next 
generation!  
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