Science and Policy for
Dramatlc Cuts In Carbon Emissions

Daniel M. Kammen

Co-Director, Berkeley Institute of the Environment
Energy and Resources Group & Goldman School of Public Policy
Department of Nuclear Engineering
University of California, Berkeley

June 14, 2007, National Academy of Sciences Government-University-Industry Research Roundtable
Meeting “Global Energy Policy Solutions I11”

Renewable and Appropriate Energy Laboratory - rael.berkeley.edu



High and low carbon pathways
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High and low carbon pathways
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>900 ppm Trajectory
Energy by 2050:

Coal over 2x, no Carbon
Capture & Storage (CCS),
some coal to liquids.

e Oil up 50%

e Biofuels make up 10% of
vehicle fuel mix.
e Electricity 1/3 of final energy.

« Renewables provide 1/3 of
electricity generation.

« Vehicle efficiency up 50%.

6 2002 IEA reported fossil

emissions plus correction

for unsustainable biomass
4 & deforestation.
5 WRE 1000 - WE START PLANNING NOW

WRE 450 - WE STARTED TO ACT IN 2000, OR ...
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<550 ppm Trajectory
Energy by 2050:

e Biofuels make up 20% of
vehicle fuel mix.

e Hydrogen has arrived (if
green)

e Strong shift to electricity as
final energy (~50% final
energy).

e Strong increase in nuclear.

¢ Renewables provide half of
electricity generation.

* Vehicle efficiency up 100%

e Sustainable biomass
practices




‘Conventional radical’ view: Dramatic cuts In
carbon emissions require dramatic solutions ...

A Transmission of power from
one point to another
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transmission to Earth by microwave
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R&D (billion 2002%s)

Federal R&D Investments, 1955 - 2004
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millions 2000$

U.S. DOE Energy RD&D 1978-2004
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Private Sector R&D Investment in Health and Energy
15,0006

Drugs and

10’009 Medicines

5,0004

Private-sector R&D (2002 $m)
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Kammen and Nemet (2005)
“Reversing the incredible shrinking energy R&D budget,” Issues in Science & Technology, Fall, 84 - 88.
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New Coal by the Decades

800
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O- 2003-2010 2011-2020 2021-2030
O Other Developing 43 90 128
O India 16 48 79
B China 150 168 226
O Transition 1 11 19
B OECD 12 184 218

Source: IEA, WEO 2004

>$1 trillion in misallocated capital
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Athabasca basin tar sand rh-in'e i
10% bitumen by weight in the SOI|
~ $30/barrel of energy required to refu‘fg
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We are running out of atmosphere much faster
than fossil fuels ... at all price points

Already Yet to be

consumed consumed

80—+ Reserves .! Increasingly uncertain resources _
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Source: Brandt and Farrell (2006) Environmental Research Letters (erl.iop.org)
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The California commitment - scaled to the
nation
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Kammen, “September 27, 2006 — A day to remember”, San Francisco Chronicle, September 27,

Renewable and Appropriate Energy Laboratory - rael.berkeley.edu




Sectoral approaches are needed

While an economy-wide approach would be efficient

An economy-wide approach fails to meet other goals
At a “low” price (<$25/tonne), little would happen

At $25-$50 per tonne, electricity would start to decarbonize while
little would happen in buildings and transport

Prices high enough to cause transportation to decarbonize might
force disruptive change in the electricity sector or be politically

infeasible

Costs and fuel-on-fuel competition ($25/tonne CO,)
Nuclear + Renewables $0.0/MWh
Integrated gasification combined cycle with $02.5/MWh

carbon capture and storage (IGCC+CCS)

Natural gas combined cycle (NGCC) $12.5/MWh
Pulverized coal (PC) $20/MWh
Gasoline $0.24/gallon
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United States Refrigerator Use versus Time

Annual drop from 1974 to 2001 = 5% per yea
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Per Capita Electricity Consumption
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27 JANUARY 2006 VOL 311 SCIENCE www.sciencemag.org
REPORTS

Ethanol Can Contribute to Energy
and Environmental Goals

Alexander E. Farrell,* Richard ]. Plevin,® Brian T. Turner,>* Andrew D. Jones,* Michael O'Hare,?

Daniel M. Kammen'?3
Open access, online, biofuel calculator tools: http://rael.berkeley.edu/ebamm
. ERG Biofuel AnalysisiMe ta-Model (EBAMM) - Mozilla Eirefox _J_JE
File Edit W%iew Go Bookmarks Tools Help o

<}:I - - l%] @ |§| [ htip:firael.berkeley. edu/EBaMM/ @ co ([CL

EBAMM

ERG Biofuel Analysis Meta-Model

The ERG Biofuel Analysis Meta-Model (ERAMMY was developed by students and faculty of the
Energy and Resources Group and Richard & Rhoda Goldman School of Public Policy at UC
Berkeley to review the current state of biofuel energy analyses.

The paper was published in Scferce on January 27, 2006 and is available here. Use the links
below to download the paper, the spreadsheet model, and the supplemental materials.

+ Download the paper (175 KB)

+ Download the model (295 KB)
Contains energy and greenhouse gas (GHG) analyses of all papers reviewed, plus
summary sheets facilitating comparison between studies.
Requires Microsoft Excel or work-alike.

+ Download the Supplemental Online Materials (961 KB)
Contains detailed model descriptions and a summary of errors and omissions found in
the studies reviewead,
Fequires POF file viewer,

+ Download a zipped archive (1.1 MB)
Contains both the model and the supplemental materials.
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Ibs CO2/gal gasoline equivalent

An Alternative Fuel is Not Necessarily a
Low-Carbon Fuel, but it can be
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B Gasoline (Shale)
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B Gasoline

O Ethanol (Corn Coal)

O Ethanol (Today)

E Ethanol (Corn NG)

HE Biodiesel

HE Ethanol (Corn Biomass)
HE Ethanol (Cellulose)

O Ethanol (Corn Biomass CCD)
O Ethanol (Cellulose CCD)
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Low Carbon Fuel Standard

developments worldwide
California: regulations to be in effect 2010

Other States: Proposals in WA, OR, AZ, NM,
MN, and potentially IL?

United Kingdom: Renewable
Transportation Fuel Obligation requires
GHG monitoring, pilot in 2007

United States: Bills by Boxer (D-CA),
Feinstein (D-CA), Obama (D-IL) Inslee (D-
WA)

European Union: monitoring in 2009,
reductions start in 2011

Renewable and Appropriate Energy Laboratory - rael.berkeley.edu



¢ Energy Biosciences Institute

University of California, Berkeley
Lawrence Berkeley National Laboratory

Universitiq lllinois at Urbana-Champaign

A $500 million biofuel development collaboration with BP




Many Other Areas in Need of Dedicated
Programs

e Energy efficiency not simply a first/least cost action, a
facilitator of all clean energy options

e Transmission, distribution, storage neglected (need for
science and engineering)

e \Vehicle sector

e Carbon seqguestration with full technical and economic life-
cycle assessment
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Grid integration of plug-in hybrids could address
night time load problems, assuming that most
battery charging occurs at night
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Grid integration of plug-in hybrids could address
night time load and storage problems and absorb
wider range of off-peak wind output, emissions
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Grid integration of plug-in hybrids could also provide
storage for vehicle-to-grid (V2G), as cars are parked 95%
of the time; reducing peak demand by 5000 MW
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5 million PHEVs = 100 GW, 5 GW needed
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Break-Even Battery Cost, $/kWh

Break-Even Costs for Improved Batteries in HEVs and PHEVs by Vehicle Type
and Cumulative Annual GHG Reductions Compared to CVs
(US, PHEVs on NGCC, Carbon Tax: $10/tonne CO2eq)
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Best Research-Cell Efficiencies

.. . Spectrolabf’//
36|~ Multijunction Concentrators
Three-junction (2-terminal, monolithic) Spectrolab
B Two-junction (2-terminal, monolithic) Jepan
32 Crystalline Si Cells Energy NREL/
- Single crystal Spectrolab
28 O Multicrystalline
Thin Film Technologies
o i ili UNSW NREL
L>)\ | Amorphous Si:H (stabilized) oo UNSW CuinGajse,
c E i PV Spire antor 14x concentration
merging - UNSW
%0 - Georgia Tech NREL e}
O Dye cells _ARCO , e e—O0
— . Westing- Varian Georgia Tech NREL NREL
g [~ © Organic cells house :
16 (various technologies) - Universi NREL 9
No. Carolina So. FIorid% = ~
B State University ;' NREL
Solarex ARCO Bong & o~
12 - Boeing Kotk , /\ 2o Boeig United Solar
— Masushita Ufévirasri]t%eof
8 Boeing u
- Solarex
L Groningen Siemens
~ University of :
4 | Unlver_sny Lausanne Princeton
of Maine
Cambridge L
—  RCA Kogek ucsB E—rversiy Lin2 unversity
0 T T T Ty Berkeley

DOE/NREL Solar Energy Workshop, 2005

Renewable and Appropriate Energy Laboratory - rael.berkeley.edu



Solar Energy for g
Many Applications S
Moscone Center, SF: 675,000 W

Residential Solar: 1000 - 4000 Watts/home
CA Million Solar Roofs Program:
3,000 - 10,000 MW of solar to be built

Kenyan PV market: Average system:

L argest Denp’rrafmn rate of any natjon
California Japan
2005 Annual PV Installations 50 MW 290 MW
Average Cost for Residential System  $8.8/Wac $7.4/Wac
Average Cost Reduction from 99-04  5.2%/year 8.9%/year

Renewable and Appropriate Energy Laboratory - raet.ber

keley.edu



Development and
Dissemination

Photovoltaic Technology

Japanese ““Sunshine” Program

4 4o billion Yen | |

--:PVTech nologyRHDanlessemm ation s 1N, T T g —

40 ] — oml o

20 _Field Test for Fublic, Industrial | —
nnected -
-y

Regional Promotion of New
Energy Introduction

L B s s B P ———.

40 < Regional Promotion PV welllas. er N Eneraies > eds T SE— :

L e e B e e B P s B P S —— —

..................................................................................... i :*.;57._6_5

—billipn Yen

19290 19291 1992 1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 2003 2004



Actual Growth vs. Historl¢ Forecasts

Figure 1_13 - World PV market forecast up to year 2010
(Figures beyond 1994 extrapolated by assuming overall market growth rate = 1l B

£  European Commissio
£ Directorate-Generale for E
g~  'Photovoltaics in 2010
Made in 1994
2o . Projected 26.6 MWp
too low (21%c) For 1997
Actual
SRR E - market
d - avas
Solar Home Systems: Commumic.
Grid-Connect. medium-large scale [N Camping Boating Leisure
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The Cost of Nuclear Power from the U. S. Civilian Reactor Fleet

Lifetime levelized electricity cost (2004$ per kWh)
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R&D (billion 2002%s)

Federal R&D Investments, 1955 - 2004
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Margolis & Kammen, Science, 1999
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R&D (2002 $b)

US Public and Private Sector Energy R&D History

—o— Public energy R&D
—e— Private energy R&D

1970 1975 1980 1985 1990 1995 2000 2005

Kammen and Nemet (2005)
“Reversing the incredible shrinking energy R&D budget,” Issues in Science & Technology, Fall, 84 - 88.
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Patents and R&D Funding Correlated
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Quantifying the benefits of R&D

R&D Funding —» Technological change — Cost reductions
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50% increase in PV
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immediately after
unprecedented >$1b
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Renewable Energy Portfolio Standards

23 states + DC, and counting

MN: 10% by 2015 Goal +

Xcel mandate of VT: RE meets load
1,125 MW wind by 2010 growth by 2012

ME: 30% by 2000;
10% by 2017 goal - new RE

MA: 4% by 2009 +

1% annual increase
, |RI: 15% by 2020
o | CT: 10% by 2010 |
[ CA: 20% by 2010 [ NY: 24% by 2013 |
I % [ NJ: 22.5% by 2021 |
''''' | PA: 18%! by 2020 |
| *MD: 7.5% by 2019 |
| *DE: 10% by 2019 |
| DC: 11% by 2022 |

| *WA: 15% by 2020

|_HI: 20% by 2020 | [l state RPS

7‘.0 . . State Goal

O Solar water
heating eligible

4

* Increased credit for solar or other customer-sited renewables
PA: 8% Tier | (renewables)

Renewable and Appropriate Energy Laboratory - rael.berkeley.edu



Solar & Distributed Generation
Provisions in RPS Policies

[WA: double credit for DG

L

00

-
o =!-1""r Y O et or s e |

‘ | MD: double credit for solar electric|
L I‘V
‘
TX: 500 MW non-wind ‘

‘ -

()
CA: 3,000 MW or more via

SB1 & Million solar roofs

| NM: triple credit for solar electric

DG: Distributed Generation O Solar water heating counts

towards solar set-aside
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Greenhouse Gas Emissions:
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(Jones, Horvath & Kammen, in press)
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Lifecycle Greenhouse Gas Emissions from U.S.
Household Consumption

Total GHG footprint = 48 mtCO.e
189 | At$20/ton CO, this is equivalent
to $970 per household, or 1.6%
16 of average household income.
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Needs & Opportunities for Action
e Major RD&D programs needed
e Raise our expectations, and investments, in clean energy

e We now must have ‘one California’ per year...
for decades

eBalance all-economy w/sectoral approaches

e Recognize (monetize) the benefits of clean, secure energy
options

e Recognize the benefits of carbon finance
Oil in 2003 ($28/barrel), oil in 2006 ($60/barrel)
This is equivalent to a $271/ton carbon tax

Renewable and Appropriate Energy Laboratory - rael.berkeley.edu



Exposure Reduction (> age 5)

(Ezzzati and Kammen, The Lancet, 358, 2001)
http://socrates.berkeley.edu/~rael/papers.htmi

Probability (ARI)

0.15
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<> 3-Stone Fire
Charcoal < -y
0.1
0.05
0 -

8000

Average Daily Exposure (ug / m3)
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Charcoal Trade Now Under Scrutiny

Social-ecological Impacts: g @m ﬂj
o Over 200,000 people employed in Kenya [ Trore Lo Rains 2002 Kibt 150, Ushs 3,000 Tuha 1500 SUS 2.0

o~ $300 million in annual revenue (equivalent to
tourism)

o Extensive but poorly characterized supply chains w2 v
o Ambiguous and inconsistent regulations

o Strong association with environmental
degradation

"Ho%.and DIRTY

e

2 Inside Kenya’s 23 billion shilling cha_rs'gl industry
, .
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Delivered costs in 2004 ¢/kWh

Comparison to Projections

6 M Capital Cost [JInterest Cost
Waste disposal "
P ] Total O&M []Inc. Cap. Additions
5 . L
Decomm M Reserve margin [ 1Decommissioning
Reserve margin —F=== :
\Inc cap addn ‘ I Fuel costs [ Waste disposal
4 -
[Total 0&M] [
 E—
3 =
Interest [E—
===
= L
2 4
Capital Cost
1
0 .
- [\ ~ o =0 © = e L c
“= IS 2
© 3 S S = 8 = S8 2%
o) c s 2 o = © Eo
o g o = o = EL O
O — (@] @) o 4 g
< Q = o L B
R/_/ 2 £ = e >
— = o ©
s = < D

lowest cost US reactors

Modified from Hultman, Koomey, and Kammen, 2007
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