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Global Energy Perspective
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Power Units: The Terawatt Challenge
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Global Energy Consumption, 2001

Hydro

Total: 13.2 TW U.S.: 3.2 TW (96 Quads)




Energy From Renewables, 2001
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Today: Production Cost of Electricity

(in the U.S. In 2002)
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Energy Costs

$0.05/kW-hr

Biomass

www.undp.org/seed/eap/activities/wea




Energy Reserves and Resources
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Available oil in billien barrels

Source: [EA.

Oil Supply Curves
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Conclusions




Energy and Sustainability




Population Growth to
10 - 11 Billion People
In 2050
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Energy consumption per
Unit of GDP declines
at 1.0% yr -1
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Energy Consumption vs GDP
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Total Primary Power vs Year

1990: 12 TW 2050: 28 TW
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CO, Emissions vs CO,(atm) :
— 500 ppmv

— 400 ppmv

— Temperature over Antarctica
—— Atmospheric carbon dioxide concentration
—— Atmospheric methane concentration
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Carbon dioxide concentration (ppmv)
Methane concentration (ppbv)
Temperature relative to present climate (°C)

Data from Vostok Ice Core

300 200 100
Thousands of years before present (Ky BP)




Argentina Portage Lake/Glacier

Upsala Glacier

You can observe a lot
by watching...




Greenland Ice Sheet Permafrost

Coral
Bleaching




Projected Carbon-Free Primary Power

2005 usage:
14TW

/




Hoffert et al.’s Conclusions




Lewis’ Conclusions




Sources of Carbon-Free Power




Carbon Sequestration




CO, Burial: Saline Reservoirs

130 Gt total U.S. sequestration potential
Global emissions 6 Gt/yr in 2002 Test sequestration projects 2002-2004

* Near sources
(power plants,
refineries, coal
fields)

 Distribute only
H, or electricity

« Must not leak

oAt 2 Gtlyr
sequestration
rate, surface of
U.S. would rise
10 cm by 2100

Study Areas

DOE Vision & Goal:
1 Gt storage by 2025, 4 Gt by 2050




Potential of Renewable Energy




Hydroelectric Energy Potential




Geothermal Energy

Geothemal Resenrodt /

Cool R&&,harge"ﬁ’atef

Hot Upwelling Water

13 GW Capacity in 1985 Hot Rock Heat Source




Geothermal Energy Potential




Geothermal Energy Potential




Ocean Energy Potential

Power (watts)

Ocean
currents

Isaacs, J.D, Schmitt, W.R., Science, 207
(1980) 265-273




Electric Potential of Wind

Wind Electric Potential as a Percent of
Contiguous U.S. 1990 Total Electric Consumption
Specifications: Wind Resource> Class 4 at 30m (>320W/m2), 30m hub height, |n 1999’ US consu med

| | 3.45 trillion KW-hr of
Electricity =
0.39 TW

Percent

<1.0
1.0-5.0
50-10.0

| 10.0-200
| 20.0-30.0
30.0-40.0

>40.0

Excluded Land Area: 100% Environmental, 100% Urban, 50% Forest, 30% Agricultural, 10% Range

http://www.nrel.gov/wind/potential .html




Global Potential of Terrestrial Wind




Biomass Energy Potential




Biomass Energy Potential
Global: Bottom Up




Solar Energy Potential




Solar Thermal, 2001




Solar Land Area Requirements
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Solar Land Area Requirements

6 Boxes at 3.3 TW Each




Solar Land Area Requirements




U.S. Single Family Housing Roof Area




Energy Conversion Strategies
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Cost/Efficiency of Photovoltaic Technology

Costs are modules per peak W; installed is $5-10/W; $0.35-$1.5/kW-hr




Cost vs. Efficiency Tradeoff

Efficiency p t1/2

Large Grain
Single
Crystals

<+—>
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High Cost Lower Cost

t decreases as grain size (and cost) decreases




Cost vs. Efficiency Tradeoff

Efficiency p t1/2

Ordered Disordered
Crystalline Organic
Solids Films
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Nanotechnology Solar Cell Design




Cost/Efficiency of “Solar Farms”

Costs are modules per peak W; installed is $5-10/W; $0.35-$1.5/kW-hr




The Need to Produce Fuel

Fuel Production

Distribution




Photovoltaic + Electrolyzer System




Fuel Cell vs Photoelectrolysis Cell

Fuel Cell
MEA

£

anode membrane cathode

O,

Photoelectrolysis
= vo, | | f Cell MEA

cathode membrane anode




Solar-Powered Catalysts for Fuel Formation

oxidation reduction
2 H, O
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Observations of Climate Change

Evaporation & rainfall are increasing;
More of the rainfall Is occurring in downpours
Corals are bleaching
Glaciers are retreating
Sea ice Is shrinking
Sea level is rising
Wildfires are increasing
Storm & flood damages are much larger




Primary vs. Secondary Power

Transportation Power Primary Power




Challenges for the Chemical Sciences

CHEMICAL TRANSFORMATIONS




Global Energy Consumption
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Matching Supply and Demand

Currently end use well-matched to physical properties of resources




Matching Supply and Demand

7

If deplete oil (or national security issue for oil), then liquify gas,coal




Matching Supply and Demand

7

If carbon constraint to 550 ppm and sequestration works




Matching Supply and Demand

7

If carbon constraint to <550 ppm and sequestration works




Matching Supply and Demand

7

If carbon constraint to 550 ppm and sequestration does not work




Solar Electricity, 2001




Efficiency of Photovoltaic Devices
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US Energy Flow -1999
Net Primary Resource Consumption 102 Exajoules

Net electrical imports 0.1
-] Distributed
e A / elesctricity 11.7 ?/
s ()
Electricity = . A/
generation 24.7 Electrical system
36.3 * energy losses

| Residential/
gm Comerclal

Net Imports
3.7

~_ 0. 22 145
Coal . o i : Useful
24.6 ! T 1 Industrial i energy

23.6 : 8 | agg

02 /
Imports

7.0

U.S. petroleum
and NGPL 15.9

Transpor-
tation

Imports 23.8 : el

Bal. no. 2.2
March 2001

Source: Production and end-use data from Energy Information Administration, Annual Energy Review 1999 Lawrence Livermore
*Biomass/other includes wood and waste, geothermal, solar, and wind. National Laboratory




Tropospheric Circulation Cross Section

Pressure

Altitude
hPa feet
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Keeling atmospheric
CO29 data set

.

Vostok ice core
atmospheric CO2 data set

I 1
300 150
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Powering the Planet

Solar /£ Electric \/SolarﬁE Chemical \ﬁwemicalﬁE Electric

GalnP, . :
hn'=1.9ev — b

—
GaAs

hn = 1.42eV

InGaAsP
hn = 1.05eV

InGas A o Inorganic electrolytes:

hn=0.72eV ‘ “
Photoelectrolysis: integrated bare proton transport
Si Substrate energy conversion and fuel

generation
Extreme efficiency

Catalysis:
at moderate cost oy Y

-, ultra high

o % surface area,
G55 Increase Gt S8 S nanoporous

B i 2% materials

Bio-inspired
fuel generation

Solar paint: grain

2t Synergies: Catalysis, materials
boundary passivation

discovery, materials processing




Hydrogen vs Hydrocarbons




Solar Land Area Requirements




Photoelectrochemical Cell

Light is Converted to Electrical+Chemical Energy




Biomass Energy Potential
Global: Bottom Up




Summary




Solar-Powered Catalysts for Fuel Formation

hotosystem II hydrogenase
P 4 2H" + 2e” o H,
oxidation reduction
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