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Materials Challenges in Renewable Energy 
The Renewable Energy Transition 

Outline 

Why Renewable Energy? 

Barriers: cost and performance 

Solar and wind: potential and challenges 

 Complex, high tech materials drive renewable energy 

George Crabtree 
Argonne National Laboratory 

University of Illinois at Chicago 
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Why Renewable Energy? 

Unpredictable supply  threatens  
economy, lifestyle, national security  

25 

20 

15 

10 

5 

0 

1950 1960 1970 1980 1990 2000 

M
ill

io
n

 b
a

rr
e

ls
 p

e
r 

d
a

y
 consumption 

production 

US Oil 

$350 B/ yr  

0.5 

- 0.5 

0.0 

50 

  0 

 - 50 

 -100 

 -150 

4 

0 

- 4 

m
ill

io
n
 k

m
 2

 
°

C
 

m
m

 

1850 1900 1950 2000 

Northern hemisphere snow cover  

Global average sea level 

Global average surface temperature 

Global warming caused by  
carbon emissions 

Renewable energy 
Domestic production  

Creates jobs and grows economy  

Future global economic export foundation  

Emits no greenhouse gases 

Capacity to supply all fossil energy needs  
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How Much Renewable Energy Do We Use? 

World Renewable Energy Consumption 2008 REN21 

US Renewable Energy Consumption 2009 EIA 

World: 19%  
13% traditional biomass  

(unsustainably gathered by households)  

US: 8% 
(with no analog to traditional biomass)  

Despite its advantages  
r enewable energy is hardly used  
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Fossil is older, better understood, incumbent and cheaper  
Complex, high tech materials are the driver and the bottleneck  

for renewable energy  

35 years since the first oil shock  

1974 US Renewable Consumption = 6.3% 

2008 US Renewable Consumption = 7.4%  
                                                                      EIA Annual Energy Review 2011  

1974 
The first oil shock  

shortages  
long gas lines 
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Fossil is Cheaper 

Levelized Cost of Electricity in 2016 
Without incentives 
Source: EIA Annual Energy Outlook 2011 
http://205.254.135.24/oiaf/aeo/electricity_generation.html  
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Why is Fossil Cheaper? 

Heat and thermodynamics have matured  
for more than 150 years  

 

Fossil performs close to its theoretical limits  

Natural gas combined cycle ~ 60% efficient  

Renewable energy is still in its infancy  

Serious development began in the 1960s for NASA  

Driven briefly by the oil shocks of the 1970s but languished  
 

Renewable energy performs far from its theoretical limits  
 

Commercial solar cell ~ 20%  
Laboratory multijunction  cells > 40% 

Renewable energy has plenty of room for improvement  
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gas  CH4 

oil    CH2  

coal CH0.8 

heat  useful 
work  

combustion commodity materials  
disposable fuels  

sustainable energy requires controlling complex, 
functional, high tech materials and chemistry  

traditional energy  

sunlight  
wind 

water  
geothermal  

biomass 

electricity  
biofuels  

solar chemical 
fuel  

useful 
work  

direct 
conversion 

sustainable energy  

Renewable Energy: Complex, High-Tech Materials and Chemistry 

high tech materials and chemistry  
e.g., photovoltaics,  electrodes, 

superconductors, catalysts  
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Artificial light -gathering and reaction center complex  

Kodis et al, JACS 128, 1818 (2006) 

Crabtree and Lewis, Solar Energy Conversion, Physics Today 60(3), 37 (2007) 

 

Complexity Equals Functionality 

many interacting degrees 
of freedom  

Levels of Complexity  

compositional  
structural  functional unit  

architectural  
connecting 
functional units  

temporal  connecting 
sequential steps  

synthesis  
characterization  

theory and  
modeling 

light  

energy 

electron  
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US Has Unusual Solar Resources 

Solar insolation large and varies by only ~ factor of 2 over US  
Larger land area than most countries  

Much better than Germany,  
considered a solar leader  

Equivalent to Spain  
but bigger  

Solar Technologies Market Report EERE 2008 
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10 

Solar Energy Utilization 

Solar Electric  
Solar Fuel  

Solar Thermal  

.037 TW PV (world)  
.004 TW PV (US)  

$0.20 -30/kWh w/o storage  
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50 - 200 °C 
space, water  

heating  

500 - 3000 °C 
heat engines  

electricity generation  
process heat  

2 TW electricity (world)  
$0.03 -$0.10/ kWh (fossil)  

1.9 TW biomass (world)  
0.2 TW biomass sustainable (world)  

~ 15 TW energy in 2011 

0.185 TW (world)  

12 TW fossil fuel  
(present use)  

2 TW  
space and water  
heating (world)  
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 Photovoltaics: Breaking the Cost/Performance Barrier 

present technology: 32% limit for  
Å single junction  
Å one exciton per photon  
Å relaxation to band edge  

multiple junctions  multiple gaps  multiple excitons  
per photon  

3 I  

hot carriers  

3 V 

rich variety of new physical phenomena  
challenge: understand and implement  

Eg 

lost to  
heat  

nanoscale 
formats  
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Cheap hybrid Organic / Nanoparticle Solar Cells 

donor-acceptor junction  

polymer donor  
MDMO-PPV 

fullerene acceptor  
PCBM 
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Solar cells sensitized  

with dye or nanoparticles  

11% efficient Č 15%  

Organic Solar Cells  

> 6% efficiency  

inexpensive 
 

Electron -hole separation  

Mobility  

Materials choices  

Recombination rate  

Electron exchange at interfaces  

Nanoscale architectures  

Transparent conductors  

http:// www.koreaittimes.com/image/organic-solar-cell 
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Solar-Powered Catalysts for Fuel Formation 

multi -electron transfer  
coordinated proton transfer  

bond rearrangement  

 uphill  reactions enabled by sunlight  

 simple reactants, complex products  

 spatial -temporal manipulation of  
   electrons, protons, geometry  

2 H 2O 

O2 

4e-  

4H+ 

CO2 

HCOOH 
CH3OH 
H2, CH4 

Cat Cat 

oxidation  reduction  

Catalysts: more active, more selective more 

abundant and less expensive 

Semiconductors: tune bandgap and symmetry 

of states by doping  

Photoelectrochemical  fuel formation  

Sunlight + semiconductor + catalyst  

Lin Li, Lele Duan, Yunhua Xu, Mikhail Gorlov, Anders Hagfeldt and Licheng Sun 
Chem. Commun. 46, 7307-7309 (2010) 
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Materials challenges  

Efficient, durable  
solar absorbers and reflectors  

 
Low cost tracking technology  

 
Thermal energy storage  
Å High heat capacity media  
Å High thermal insulation  
Å Phase change materials 

Concentrating Solar Power 

fuel  heat  
mechanical 

motion electricity  

space heat  

process heat  Solar heat replaces combustion heat  
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US Has Abundant Wind Resources 

Black & Veatch, Twenty Percent Wind Energy Penetration in the United States: A Technical 
Analysis of the Energy Resource, Walnut Creek, CA (2007). 
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Source: http://webberenergyblog.wordpress.com/2010/02/13/offshore-wind-energy-cape-
wind-vs-visual-impacts/ 

Land-based Wind Offshore Wind 

Building integrated wind  
Peter Land, IIT  

Challenges 
Variability,  long distance transmission  

Challenges 
anchoring to seafloor  

corrosive salt environment  

difficult maintenance  

2x cost of onshore  

Ą fewer, higher capacity towers  

 

Advantages 
50% stronger, steadier wind  

close to population centers  

 
Advantages 
urban wind option  

up to 10% of building power  

no transmission issue  

building design amplifies wind  
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Wind Challenge: Bigger and Cheaper 

Efficiency  
Theoretical best performance  

59% of wind kinetic energy  
 Betz limit (1920) 

Actual: 35 -50% 
 

Cost  
bigger, higher power/tower  
Ą Lower cost/MW  

 
Ground transportation  

over roads and bridges limits 
onshore rotor sizes  

Onshore rotor blades approaching limit of roads and bridges  

Offshore can grow to more cost -efficient sizes  

http:// www.scientificamerican.com/article.cfm?i
d=offshore-wind-turbines-keep 



2011 World Materials Summit 
Washington DC  October 9-12, 2011 

 

Superconducting generators: higher current 
density  

Ą Twice the output power; same size and weight  

15 MW or more capacity  

Lowers cost of offshore wind  

Wind Challenges: Materials, Design and Generators 

Conventional 

Gearbox 
 

5 MW 

  ~ 410 tons 

Conventional 

Gearless 
 

6 MW 

 ~ 500 tons 

Superconducting 

Gearless 
 

8 MW 

 ~ 480 tons 

Composite turbine blades  

Stronger, stiffer, lighter weight  

Greater durability  

Matthews, Physics Today 62(4), 25 (April 2009) 

Source: Michael Robinson et al, NREL 
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Solar PV  

Wind variability: up to 100%  
of capacity on calm days  

Solar variability: up to 70% of capacity 
due to clouds and 100% at night  

Why Do We Need Storage? 

Accommodate ~ 20% renewable penetration in Denmark  

Ą extensive pumped hydro in Norway  

Beyond ~ 20% conventional back up cost grows too large,  

emits carbon and is less energy efficient  

Penetration of renewables beyond ~ 20% requires storage  
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Energy Storage Options 

Okinawa Seawater Pumped Storage 

 Molten salt thermal storage  
Andasol, Spain 

http://www.scientificamerican.com/article.cfm?id=h
ow-to-use-solar-energy-at-night 

Compressed Air Energy Storage 
Huntorf Germany (290 MW), McIntosh Alabama (110 MW) 

Flow batteries 

ABB/Brookhaven/Siemens 
Center for Emerging Superconductivity 

Brookhaven/Argonne/UIUC 

Sodium Sulfur batteries at Wind Farm 
Xcel Energy,  Luverne, MN 

Many storage options on the table  

Technology in its infancy Ą t oo soon to choose winners and losers  

R&D needed to reveal ultimate cost/benefit limits  

Superconducting Magnetic 
Energy Storage (SMES)  

fast response / high efficiency  
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 Renewables Require Long Distance, High Capacity Transmission 

Wind  

Sun 

Geographical separation of renewable sources from demand centers  

Balkanized transmission network designed for local or regional use  

Historically low investment in transmission   

Need an interstate highway system for electricity  

Fragmented US transmission network  
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Cumulative Installed Capacity 

How Far Have We Come? 

Growth of 30 -40% per year  
 
Capacity factor 30% - 40% for wind  
          15% - 20% for solar  
 
40 GW installed capacity delivers on 
average 8 GW 
 
US uses 450 GW on average  
 
20% of renewable electricity by 2020 
requires 10x present installed capacity  
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New Science: Controlling Complexity 

nanoscience 

computer 
modeling 

complex 
materials  

controlling  
materials and chemistries  

in ultra -small and ultra -fast regimes  

We are at the dawn of a new era            
Å build materials with atom -by-atom chemical precision  

Å predict behavior of materials that have not been made  

Å design new materials and chemistries for specific tasks  

 
breakthroughs to next -generation  

sustainable energy technologies are within reach  
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The Energy and Science Grand Challenges 

http:// science.energy.gov / bes/news -and -resources/reports/basic -research -needs/  

BESAC and BES Reports 

Å Secure Energy Future, 2002 

Å Hydrogen Economy, 2003 

Å Solar Energy Utilization, 2005 

Å Superconductivity, 2006 

Å Solid-state Lighting,  2006 

Å Advanced Nuclear Energy Systems, 2006 

Å Clean and Efficient Combustion of Fuels, 2006 

Å Electrical Energy Storage, 2007 

Å Geosciences: Facilitating 21st Century Energy     
   Systems, 2007 

Å Catalysis for Energy, 2007 

Å Materials Under Extreme Environments, 2007  

Å Directing Matter and Energy: Five Grand  
   Challenges for Science and the Imagination,  2007 

Å New Science for a Secure and Sustainable  
   Energy Future, 2008 

Å Science for Energy Technology, 2010 

Å Computational Materials Sciences and Chemistry,  2010nd  


