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Service	
  to	
  Secretary	
  of	
  State	
  Clinton	
  and	
  Kerry,	
  2010	
  -­‐	
  present	
  



	
  

Policy	
  AcGons	
   Business	
  and	
  Program	
  
Partnerships	
  and	
  Spinoffs	
  

FERC	
  RPS	
  facilita%on	
  
	
  
AB32	
  –	
  California	
  
	
  
The	
  California	
  Low	
  Carbon	
  Fuel	
  
Standard	
  
(S-­‐1-­‐07)	
  
	
  
Property	
  Assessed	
  Clean	
  Energy	
  	
  
(PACE)	
  
	
  
SB375	
  
	
  
CA	
  storage	
  mandate	
  

NaGonal	
  Geographic/Shell	
  
Great	
  Energy	
  Challenge	
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•  Renewable	
  Energy,	
  including	
  Micro-­‐Grid	
  
InnovaGons	
  

•  Social	
  and	
  Behavioral	
  AdaptaGon	
  to	
  
Climate	
  Change	
  

• Measuring	
  Climate	
  Change	
  and	
  its	
  Impact	
  
(Metrics	
  and	
  Standards)	
  

•  Climate	
  Change	
  and	
  Biodiversity	
  
•  Climate	
  Change	
  and	
  Food	
  and	
  Water	
  
Security	
  

Program Themes, 2014 - 2016 



UN	
  General	
  Assembly	
  resolu%on	
  65/151	
  rael.berkeley.edu	
  October	
  2011	
  

Energy	
  Poverty:	
  Forecasts	
  of	
  Failure	
  
There	
  are	
  	
  1.4	
  billion	
  people	
  lacking	
  access	
  to	
  electricity	
  today	
  
Based	
  on	
  current	
  trends,	
  1.2	
  billion	
  people	
  will	
  sGll	
  lack	
  access	
  in	
  2030	
  	
  
Another	
  1+	
  billion	
  have	
  intermiXent/unreliable	
  access	
  

	
   	
   	
   	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  InternaGonal	
  Energy	
  Agency,	
  2010	
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United	
  NaGons	
  Secretary	
  General’s	
  High	
  Level	
  Commission	
  on	
  Sustainable	
  Energy	
  for	
  All	
  	
  

(SE4All,	
  hXp://www.sustainableenergyforall.org/)	
  

● Universal	
  Access	
  to	
  Modern	
  Energy	
  Services	
  

● Doubling	
  the	
  Rate	
  of	
  Improvement	
  in	
  Energy	
  

Efficiency	
  

● Doubling	
  the	
  Share	
  of	
  Renewable	
  Energy	
  in	
  Global	
  
Energy	
  Mix	
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East	
  Africa	
  Hydropower	
  PotenGal	
  



UN	
  General	
  Assembly	
  resolu%on	
  65/151	
  

Energy	
  systems	
  and	
  peace-­‐building:	
  	
  
On-­‐and	
  off-­‐grid	
  energy	
  services	
  in	
  South	
  Sudan	
  

Photos	
  by	
  Daniel	
  Kammen	
  New	
  housing	
  developments	
  in	
  Juba,	
  South	
  Sudan	
  

Charcoal	
  vendor:	
  Nimule	
  airstrip	
  
Fula	
  Rapids	
  	
  Mini-­‐hydropower	
  site,	
  Nimule,	
  South	
  Sudan	
  



FA
R	
  

FAR	
  -­‐	
  1st	
  IPCC	
  Assessment	
  (1990):	
  
unequivocal	
  detecGon	
  of	
  	
  human	
  
impact	
  not	
  likely	
  
for	
  a	
  decade	
  	
  

SA
R	
  

SAR	
  -­‐	
  2nd	
  (1995):	
  balance	
  of	
  
evidence	
  suggests	
  discernible	
  
human	
  influence	
  

TA
R	
  

TAR	
  -­‐	
  3rd	
  (2001):	
  most	
  of	
  the	
  	
  
warming	
  in	
  the	
  last	
  50	
  years	
  
is	
  likely	
  (>66%)	
  due	
  to	
  human	
  
acGviGes	
  

AR
4	
  

AR4	
  -­‐	
  4th	
  (2007):	
  most	
  of	
  the	
  
warming	
  very	
  likely	
  	
  	
  (>	
  90%)	
  
due	
  human	
  acGvity;	
  
warming	
  will	
  most	
  strongly	
  and	
  
quickly	
  impact	
  	
  
the	
  global	
  poor	
  
	
  

SRREN	
  (2011):	
  	
  80%	
  clean	
  by	
  
2050	
  possible,	
  if	
  …	
  

AR5	
  (2013)	
  -­‐	
  	
  warming	
  is	
  
human	
  caused	
  (95%	
  
confidence)	
  

AR
5	
  



WECC	
  

East	
  
Africa	
  

China	
  

India	
  

Chile	
  

Current	
  (blue);	
  under	
  development	
  (green);	
  planned	
  (red)	
  

High-Resolution Energy System Modeling Efforts: 
Solar, wind, integrated with transmission and 

conventional generation (SWITCH)  

New	
  profiles	
  can	
  be	
  built	
  to	
  analyze	
  region-­‐specific	
  challenges	
  
.	
  

Kosovo	
  

Mexico	
  &	
  
Nicaragua	
  

East	
  
Malaysia	
  



CA	
  Peak	
  Power:	
  TesGmony	
  by	
  Goldstein	
  and	
  Rosenfeld	
  (Dec.	
  1974)	
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Kammen, “September 27, 2006 – A day to remember”, San Francisco Chronicle, September 27,  

IPCC	
  Science,	
  state	
  and	
  naGonal	
  targets	
  

EU Copenhagen plan	





Carbon	
  cap:	
  86	
  %	
  below	
  1990	
  levels	
  in	
  2050	
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•  Decarboniza%on	
  of	
  electricity	
  easier	
  than	
  for	
  other	
  sectors	
  



From:	
  California’s	
  Energy	
  Future	
  –	
  The	
  View	
  to	
  2050,	
  California	
  Council	
  on	
  Science	
  and	
  Technology,	
  2011	
   16	
  

Four	
  ac%ons	
  to	
  reduce	
  emissions	
  



17	
  From:	
  California’s	
  Energy	
  Future	
  –	
  The	
  View	
  to	
  2050,	
  California	
  Council	
  on	
  Science	
  and	
  Technology,	
  2011	
  

1.	
  Efficiency	
  



•  Not	
  enough	
  low	
  or	
  zero	
  carbon	
  fuel	
  to	
  go	
  around	
  

18	
  From:	
  California’s	
  Energy	
  Future	
  –	
  The	
  View	
  to	
  2050,	
  California	
  Council	
  on	
  Science	
  and	
  Technology,	
  2011	
  

2.	
  Electrifica%on	
  



19	
  From:	
  California’s	
  Energy	
  Future	
  –	
  The	
  View	
  to	
  2050,	
  California	
  Council	
  on	
  Science	
  and	
  Technology,	
  2011	
  

3	
  +	
  4	
  “Low-­‐Carb”	
  Biofuels	
  +	
  Electricity	
  



20	
  From:	
  California’s	
  Energy	
  Future	
  –	
  The	
  View	
  to	
  2050,	
  California	
  Council	
  on	
  Science	
  and	
  Technology,	
  2011	
  

Summary	
  



The	
  Many	
  Values	
  of	
  Efficiency:	
  	
  
$400,000	
  saved	
  per	
  year	
  with	
  new	
  lights	
  
(a	
  lesson	
  renewables	
  must	
  learn	
  from	
  fossil	
  fuels)	
  

       

Old Incandescent 
Lights New T-5 Lights 

BeXer,	
  Cheaper	
  LighGng	
  –	
  SF	
  ConvenGon	
  Center	
  



August 15, 2003:  8:15 PM	



Moscone	
  Center,	
  San	
  Francisco,	
  CA:	
  675,000	
  W	
  
Energy	
  efficiency	
  and	
  renewable	
  energy	
  together	
  



• All new residential construction in California 
will be zero net energy by 2020. 

Residential New Construction  
 

Energy	
  Efficiency	
  Strategies	
  



• All new commercial construction in California will be 
zero net energy by 2030. 

• Leverage opportunities from emerging technologies 
initiatives, incentive programs, and local initiatives 
targeting commercial building/ property developers. 

Commercial New Construction  

Energy	
  Efficiency	
  Strategies	
  



	
  	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  The	
  World’s	
  Largest	
  Solar	
  Thermal	
  Power	
  Plant	
  

	
  

Ivanpah	
  Solar	
  Thermal	
  Project	
  –	
  370	
  MW	
  -­‐	
  San	
  Bernardino	
  County,	
  CA	
  
(official	
  opening	
  tomorrow)	
  
	
  



���
	



	
  
Desert	
  Sunlight	
  Solar	
  Project	
  -­‐	
  550	
  MW	
  -­‐	
  Riverside	
  County,	
  CA	
  
	
  

World’s	
  Largest	
  Thin	
  Film	
  Solar	
  PV	
  Project…	
  



World’s Largest Wind Project	



Alta	
  Wind	
  Energy	
  Center	
  –	
  1550	
  MW	
  -­‐	
  Kern	
  County	





CA	
  Leads	
  in	
  New	
  Solar	
  Home	
  ConstrucGon	
  
and	
  solar	
  retrofits:	
  goal	
  1	
  million	
  solar	
  roofs	
  

Rocklin	
  Zero	
  Energy	
  Community	
  

Million	
  solar	
  roofs	
  by	
  
2020:	
  we	
  are	
  behind	
  
schedule,	
  but	
  are	
  over	
  
100,000	
  so	
  far	
  



Largest Manufacturing Operation in 
CA is now Electric Vehicles	



Over	
  3,000	
  
workers	
  now	
  
working	
  at	
  the	
  
Tesla	
  Factory	
  	
  

Tesla	
  Factory	
  -­‐	
  Fremont,	
  CA	
  

AutomaGon	
  is	
  allowing	
  
“on-­‐shoring”	
  of	
  
manufacturing	
  processes	
  
back	
  from	
  Asia	
  



30	
  

	
  
	
  

	
  	
  
	
  
	
  

	
  

Almost	
  80%	
  of	
  the	
  California	
  RPS	
  is	
  	
  
Projected	
  to	
  Be	
  Met	
  by	
  Solar	
  &	
  Wind	
  by	
  2020	
  
	
  	
  

Source:	
  CPUC	
  RPS	
  Report	
  





Solar Creates Jobs 

7x more jobs 
than coal 

Average	
  Total	
  Jobs/MegawaAs	
  

 Kammen,  M et al, 2004, Report of the Renewable and Appropriate Energy Lab, Putting Renewables to Work: How Many Jobs Can the Clean Energy 
Industry Create?, Energy Resources Group, Goldman School of Public Policy, University of California, Berkeley. 

Wei, Max, Patadia, Shana, and Daniel Kammen, 2010, Putting Renewables to Work: How Many Jobs Can the Clean Energy Industry Create?, Energy 
Resources Group, Goldman School of Public Policy and the Haas School of Business, University of California, Berkeley, in Energy Policy, 38(20, 2010. 

 



Solar PV Uses Far Less Water than Other Power Sources 

Source: Adapted from DOE 2010, Table 8.3 

 or Tower (wetcooled) 

Added water if gas source is Fracking 





The	
  SWITCH	
  Model	
  

•  Need	
  to	
  merge	
  the	
  capabili%es	
  of	
  capacity-­‐expansion	
  and	
  unit-­‐
commitment	
  models	
  to	
  more	
  accurately	
  evaluate	
  renewables	
  

•  SWITCH	
  co-­‐op%mizes	
  capacity	
  investment	
  and	
  hourly	
  system	
  dispatch	
  
•  SWITCH	
  was	
  developed	
  in	
  RAEL	
  (first	
  student:	
  Prof.	
  MaAhias	
  Fripp)	
  and	
  is	
  

free	
  and	
  open-­‐access	
  somware	
  that	
  can	
  be	
  redistributed	
  and	
  modified	
  
under	
  the	
  terms	
  of	
  the	
  GNU	
  General	
  Public	
  License	
  version	
  3	
  (see	
  
hAp://www.switch-­‐model.org)	
  

•  Documenta%on	
  for	
  the	
  WECC	
  version	
  of	
  the	
  model	
  that	
  is	
  being	
  developed	
  
and	
  maintained	
  at	
  the	
  Renewable	
  and	
  Appropriate	
  Energy	
  Laboratory	
  at	
  
U.C.	
  Berkeley	
  is	
  available	
  at	
  hAp://rael.berkeley.edu/switch	
  

•  Support	
  provided	
  by:	
  

35	
  

The	
  Karsten	
  Family	
  
FoundaGon	
  

SWITCH	
  



Planning	
  for	
  Genera%on	
  and	
  Transmission	
  
•  Electricity	
  planning	
  processes	
  usually	
  involves	
  the	
  crea%on	
  of	
  

“candidate	
  pornolios”	
  that	
  are	
  compared	
  on	
  cost	
  and	
  risk	
  
–  Sophis%cated	
  produc%on	
  simula%on	
  models	
  used	
  to	
  evaluate	
  the	
  
candidate	
  pornolios,	
  but	
  the	
  process	
  of	
  crea)ng	
  the	
  pornolios	
  is	
  
much	
  less	
  detailed2,	
  3	
  

•  Renewables	
  integra%on	
  research	
  has	
  focused	
  on	
  evalua%ng	
  pre-­‐
specified	
  deployments	
  levels	
  and	
  loca%ons	
  of	
  renewable	
  
resources	
  
–  Considerable	
  cost-­‐reduc%on	
  exists	
  through	
  the	
  op%miza%on	
  of	
  the	
  
full	
  power	
  system	
  –	
  genera%on,	
  transmission,	
  storage,	
  demand	
  
response,	
  efficiency,	
  etc.	
  

•  Need	
  to	
  merge	
  the	
  capabili%es	
  of	
  planning	
  and	
  unit-­‐commitment	
  
models	
  to	
  more	
  accurately	
  evaluate	
  renewables	
  

2Mills,	
  A.,	
  Wiser,	
  R.,	
  2012.	
  An	
  evalua%on	
  of	
  solar	
  valua%on	
  methods	
  used	
  in	
  u%lity	
  planning	
  and	
  procurement	
  processes.	
  Ernest	
  Orlando	
  
Lawrence	
  Berkeley	
  Na%onal	
  Laboratory,	
  LBNL-­‐5933E,	
  December	
  2012.	
  
3Mai,	
  T.,	
  et	
  al.,	
  2013.	
  Resource	
  Planning	
  Model:	
  an	
  integrated	
  resource	
  planning	
  and	
  dispatch	
  tool	
  for	
  regional	
  electric	
  systems.	
  Na%onal	
  
Renewable	
  Energy	
  Laboratory,	
  NREL/TP-­‐6A20-­‐56723,	
  January	
  2013.	
  

Mo%va%on	
  for	
  new	
  planning	
  model	
  framework	
  

36	
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Infinite	
  possible	
  combina%ons	
  of	
  genera%on,	
  transmission,	
  
storage,	
  efficiency,	
  demand	
  response,	
  electrifica%on….	
  

Compressed	
  Air	
  Sodium	
  Sulfur	
  BaXery	
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Planning	
  for	
  Genera%on	
  and	
  Transmission	
  
•  SWITCH	
  is	
  not	
  a	
  forecas%ng	
  or	
  projec%on	
  tool	
  
•  SWITCH	
  co-­‐op%mizes	
  capacity	
  investment	
  and	
  hourly	
  dispatch	
  
•  System-­‐wide	
  approach	
  is	
  key	
  	
  

–  Geographic	
  diversity	
  reduces	
  overall	
  variability	
  of	
  demand	
  and	
  
renewable	
  output	
  

–  Sharing	
  of	
  flexibility	
  
	
  	
  	
  	
  resources	
  

SWITCH-­‐WECC:	
  
A	
  planning	
  tool	
  for	
  the	
  electric	
  power	
  system	
  

•  Hourly	
  demand	
  and	
  
renewable	
  output	
  
profiles	
  are	
  used	
  
–  Goal	
  is	
  to	
  capture	
  the	
  
temporal	
  rela%onship	
  
between	
  demand	
  and	
  
renewable	
  power	
  

38	
  



SWITCH-­‐WECC	
  

•  Main	
  constraints:	
  demand,	
  reliability,	
  and	
  policy	
  
•  Meet	
  projected	
  electricity	
  demand	
  in	
  every	
  hour	
  
•  Maintain	
  a	
  planning	
  reserve	
  margin	
  in	
  every	
  hour	
  
•  Maintain	
  opera%ng	
  reserves	
  (spinning	
  and	
  quickstart)	
  in	
  every	
  hour	
  
•  Meet	
  renewable	
  pornolio	
  standard	
  (RPS)	
  and	
  distributed	
  genera%on	
  goals	
  
•  Meet	
  carbon	
  emission	
  cap	
  

•  Main	
  variables:	
  investment	
  and	
  (linearized)	
  unit	
  commitment	
  
•  Invest	
  in	
  new	
  genera%on,	
  transmission,	
  and	
  storage	
  capacity	
  in	
  each	
  

“investment	
  period”	
  
•  All	
  investment	
  periods	
  are	
  op%mized	
  simultaneously	
  

•  Operate	
  or	
  re%re	
  exis%ng	
  genera%on	
  capacity	
  in	
  each	
  investment	
  period	
  
•  Linearized	
  unit	
  commitment	
  for	
  representa%ve	
  hourly	
  %mepoints	
  

•  Six	
  categories	
  of	
  generators	
  with	
  different	
  levels	
  of	
  flexibility	
  (baseload,	
  flexible	
  
baseload,	
  intermediate,	
  peaker,	
  hydropower,	
  and	
  storage)	
  

•  Transmission,	
  storage,	
  demand	
  response	
  
•  Renewable	
  energy	
  cer%ficates	
  

SWITCH-­‐WECC:	
  
Minimize	
  future	
  power	
  system	
  cost	
  while	
  mee%ng	
  

demand,	
  reliability,	
  and	
  policy	
  constraints	
  

39	
  



The SWITCH-WECC Model 

! Op@miza@on	
  and	
  data	
  framework	
  of	
  the	
  western	
  North	
  American	
  SWITCH	
  model.	
  
	
  
hXp://rael.berkeley.edu/switch	
  	
  	
  
	
  



Linear Program Around Least Cost 

!



Figure	
  3	
  

!

Figure	
  3:	
  Annual	
  overnight	
  cost	
  declina)on	
  rates	
  and	
  overnight	
  capital	
  costs	
  by	
  investment	
  period	
  in	
  the	
  Base	
  Cost	
  scenario	
  
for	
  each	
  generator	
  and	
  storage	
  technology.	
  Costs	
  for	
  technologies	
  not	
  available	
  for	
  installa)on	
  in	
  2014	
  are	
  not	
  shown.	
  CSP	
  
denotes	
  concentra)ng	
  solar	
  power	
  (solar	
  thermal).	
  Many	
  of	
  these	
  values	
  are	
  varied	
  in	
  generator	
  cost	
  sensi)vity	
  scenarios	
  
described	
  in	
  Sec)on	
  3.	
  Overnight	
  capital	
  costs	
  do	
  not	
  include	
  regional	
  capital	
  cost	
  mul)pliers,	
  interest	
  during	
  construc)on,	
  
grid	
  connec)on	
  costs,	
  local	
  grid	
  upgrade	
  costs,	
  and	
  opera)ons	
  and	
  maintenance	
  costs,	
  though	
  these	
  costs	
  are	
  included	
  in	
  
each	
  op)miza)on.	
  See	
  the	
  Online	
  Supplemental	
  Informa)on	
  for	
  more	
  informa)on.	
  	
  
	
  



2012	
  es%mate:	
  already	
  too	
  high	
  on	
  solar	
  costs	
  

!

Figure	
  5.	
  Base	
  Cost	
  scenario	
  cumula)ve	
  new	
  capacity	
  addi)ons	
  (A)	
  and	
  yearly	
  average	
  system	
  costs	
  (B)	
  by	
  investment	
  period	
  at	
  
$70/tCO2	
  carbon	
  price	
  adder.	
  Nonfuel	
  costs	
  include	
  capital,	
  opera)ons,	
  and	
  maintenance	
  costs.	
  
	
  



!

Average	
  genera)on	
  by	
  
fuel	
  within	
  each	
  load	
  area	
  
and	
  average	
  transmission	
  
flow	
  between	
  load	
  areas	
  
in	
  2026-­‐2029	
  at	
  54%	
  of	
  
1990	
  emissions	
  for	
  the	
  
Base	
  Cost	
  scenario.	
  This	
  
scenario	
  corresponds	
  to	
  a	
  
$70/tCO2	
  carbon	
  price	
  
adder.	
  Transmission	
  lines	
  
are	
  modeled	
  along	
  
exis)ng	
  transmission	
  
paths,	
  but	
  are	
  depicted	
  
here	
  as	
  straight	
  lines	
  for	
  
clarity.	
  The	
  Rocky	
  
Mountains	
  run	
  along	
  the	
  
eastern	
  edge	
  of	
  the	
  map,	
  
whereas	
  the	
  Desert	
  
Southwest	
  is	
  located	
  in	
  
the	
  south	
  of	
  the	
  map.	
  
	
  

The SWITCH-WECC Model (Energy Policy, 2012) 



0%!

50%!

100%!

150%!

200%!

$0! $10! $20! $30! $40! $50! $60! $70! $80! $90! $100!

C
O

2
 E

m
is

s
io

n
s

 (
v

s
 1

9
9

0
) 
!

Carbon Price Adder ($2007/tCO2)!

A!

450 ppm!

HIGH	
  SPATIAL	
  AND	
  TEMPORATL	
  
RESOLUTION	
  MODEL	
  OF	
  THE	
  REGIONAL	
  
POWER	
  GRID	
  (WESTERN	
  NORTH	
  AMERICA)	
  
	
  
LEAST-­‐COST	
  LINEAR	
  PROGRAM	
  MODEL	
  
FOR	
  WESTERN	
  NORTH	
  AMERICA:	
  
	
  
-­‐  TOP:	
  CO2	
  emissions	
  relaGve	
  to	
  1990	
  

-­‐  BOTTOM:	
  power	
  generaGon	
  by	
  fuel	
  in	
  
2022029	
  as	
  a	
  funcGon	
  of	
  carbon	
  price	
  
adder	
  	
  

-­‐  Climate	
  stabilizaGon	
  target	
  of	
  450	
  ppm	
  
is	
  reached	
  at	
  a	
  carbon	
  price	
  adder	
  of	
  ~
$70/tCO2.	
  

hXp://rael.berkeley.edu	
  
	
  
	
  

High-Resolution Modeling of Clean Energy Futures 



Figure	
  9	
  
!

Figure	
  9.	
  Average	
  cost	
  of	
  power	
  in	
  2026-­‐2029	
  as	
  a	
  func)on	
  of	
  carbon	
  emissions	
  for	
  all	
  scenarios.	
  Each	
  point	
  represents	
  an	
  op)miza)on	
  
performed	
  at	
  a	
  dis)nct	
  carbon	
  price	
  adder,	
  with	
  the	
  rightmost	
  and	
  leZmost	
  points	
  on	
  each	
  line	
  represen)ng	
  op)miza)ons	
  at	
  $0/tCO2	
  
and	
  $100/tCO2	
  respec)vely.	
  Intermediate	
  points	
  range	
  between	
  these	
  values	
  in	
  steps	
  of	
  $10/tCO2.	
  The	
  broken	
  y-­‐axis	
  allows	
  for	
  ease	
  of	
  
comparison	
  of	
  the	
  cost	
  of	
  power	
  between	
  scenarios	
  but	
  visually	
  overstates	
  the	
  magnitude	
  of	
  power	
  cost	
  differences.	
  For	
  example,	
  the	
  
Base	
  Cost	
  scenario	
  power	
  cost	
  increases	
  by	
  only	
  18%	
  when	
  moving	
  from	
  the	
  far	
  right	
  of	
  this	
  plot	
  to	
  the	
  450	
  ppm	
  target	
  line.	
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Power cost uncertain but not limiting post-2030 

•  System flexibility crucial to cost containment by 2050 
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•  Storage	
  almost	
  exclusively	
  moves	
  solar	
  to	
  the	
  night	
  
•  Geothermal	
  only	
  remaining	
  substan%al	
  baseload	
  

Dispatch in 2050: 
Flexibility and variable renewables dominate 
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•   Scenarios to meet 80% decarbonization (450 ppmv equivalent) 

Drastic emission reductions possible 
even without nuclear, CCS, large-scale bioelectricity 
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Mee%ng	
  California’s	
  2050	
  GHG	
  reduc%on	
  target	
  

0"

100"

200"

300"

400"

500"

600"

700"

GH
G#
Em

is
si
on

s#[
M
t#C

O
2e
q]
#

Increased)Efficiency:"por&olio"of"measures"in""
buildings,"transporta5on,"and"industry;""
electricity"decoupling"

Low1GHG)Electricity:"low:GHG"loading"
order,"renewable"energy,"fossil"fuels"with""
carbon"capture"and"storage,"nuclear"

Hea6ng)Electrifica6on:"water"and""space"
hea5ng"in"buildings,"some"industrial"processes"

Vehicle)Electrifica6on:"plug:in"hybrid"and"ba>ery""
electric"vehicles,"including"cars,"trucks,"buses"and"trains"

Low)1GHG)Biofuels:"cellulosic"ethanol"
and"advanced"biofuels"
"

Conserva6on:"less"driving,"
"more"reuse"and"recycling"

2050##
Reference##

Case#

2050##
Compliant##

Case#

############Policy#Landscape#
"""""""Long"term"targets"needed"
""""""Long"term"targets"and""
""""""accelerated"implementa:on""
""""""needed"
""""""No"enabling"policy"framework"
"""""""

43%"

27%"

16%"

36%"

35%"
16%"



Explora%on	
  of	
  Solar	
  Targets	
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Among Global Energy Sources 
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Solar 
40,000  
TW-yrs per year 

Solar is by Far the Most Abundant 

6 

World Energy Use 
15 TW-yrs per year 

Coal 

Uranium 

900 
Total 

reserve 

220 

Petroleum 

170 

Natural Gas 

70 Wind 

0.5  
 
 
Waves 

23 

OTEC 

Biomass 

11 

Hydro 

4 

0.3  
 
Tides 

Geothermal 

2 

15 

© Richard Perez – Used With Permission 



US Solar Resource Dwarfs Other Markets 

SPAIN 

GERMANY 

Map Source: National Renewable Energy Laboratory for the U.S. Department of Energy 

     Enough land area to power  
     the whole country 
      
     Sufficient urban area to power    
     the country 
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The	
  Evolving	
  Solar	
  Energy	
  Economy	
  





The	
  Evolving	
  Solar	
  Energy	
  Economy	
  



Microinverters: A device-level subtle revolution 

Traditional Inverter System 

Enphase Microinverter System 

Traditional 
Central 
Inverter 

Utility 

Web-based 
Management 

Communication 
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ALL-ELECTRIC Vehicles (EVs) Entering the Marketplace	



BMW Mini E	


Coda from China	

Roadster $109k	



Smart $24k	



Nissan Leaf, 100 mi	


          $32k	



Ford	


Focus	


100 mi	



Model S  $56k+	


160-300mi	



Coda	


$20k	





The	
  Evolving	
  Solar	
  Energy	
  Economy	
  



Electricity	
  demand	
  increases	
  despite	
  dras%c	
  efficiency	
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•  California	
  demand	
  with	
  dras%c	
  efficiency	
  and	
  electrifica%on	
  of	
  
vehicles	
  and	
  hea%ng	
  (green	
  curve)	
  increases	
  ~70	
  %	
  rela%ve	
  to	
  
current	
  electricity	
  demand	
  
–  Extra	
  services	
  (transport	
  and	
  hea%ng)	
  provided	
  
–  Electrifica%on	
  creates	
  winter	
  night	
  peak	
  demand	
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Electrifica%on	
  Creates	
  Winter	
  Nighwme	
  Peak	
  Demand	
  

Wei,	
  M.,	
  Nelson,	
  J.,	
  GreenblaA,	
  J.,	
  Mileva,	
  A.,	
  Johnston,	
  J.,	
  Ting,	
  M.,	
  Yang,	
  C.,	
  Jones,	
  C.,	
  McMahon,	
  J.,	
  Kammen,	
  D.,	
  2013.	
  Deep	
  carbon	
  
reduc%ons	
  in	
  California	
  requires	
  electrifica%on	
  and	
  integra%on	
  across	
  economic	
  sectors.	
  Environmental	
  Research	
  Leaers	
  8	
  (1),	
  014038.	
   64	
  

Business-­‐As-­‐Usual	
  baseline	
  
	
  

Base	
  demand	
  post-­‐efficiency	
  
Electric	
  vehicles	
  
	
  

Electric	
  hea%ng	
  
	
  

Input	
  demand	
  profile	
  into	
  SWITCH	
  





Dras%c	
  power	
  system	
  emission	
  reduc%ons	
  by	
  2050	
  
are	
  feasible	
  under	
  a	
  wide	
  range	
  of	
  possible	
  futures	
  	
  
•  Power	
  cost	
  to	
  meet	
  2030	
  

emissions	
  target:	
  
–  Similar	
  to	
  present	
  day	
  

•  Power	
  cost	
  to	
  meet	
  2050	
  
emissions	
  target:	
  
–  21	
  %	
  to	
  88	
  %	
  increase	
  from	
  
Business-­‐As-­‐Usual	
  

–  39	
  %	
  to	
  115	
  %	
  increase	
  
from	
  present	
  day	
  

•  Cost	
  increase	
  is	
  in	
  the	
  
context	
  of	
  increasing	
  total	
  
demand	
  

•  LiAle	
  technological	
  progress	
  
assumed	
  
–  Cost	
  es%mates	
  likely	
  
represent	
  an	
  upper	
  bound	
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Power	
  cost	
  uncertain	
  but	
  not	
  limi%ng	
  post-­‐2030	
  
•  System	
  flexibility	
  crucial	
  to	
  cost	
  containment	
  by	
  2050	
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Power	
  system	
  cost	
  increasingly	
  dominated	
  by	
  
flexibility	
  rather	
  than	
  energy	
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•  Alloca%on	
  of	
  carbon	
  revenues	
  also	
  increasingly	
  important	
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•  Energy	
  efficiency	
  and	
  re%rement	
  of	
  coal	
  creates	
  flexibility	
  in	
  
exis%ng	
  power	
  system	
  to	
  integrate	
  wind	
  and	
  solar	
  
–  LiAle	
  new	
  transmission	
  or	
  storage	
  built	
  

•  Coal	
  is	
  replaced	
  with	
  gas	
  and	
  renewables	
  
–  Gas	
  is	
  a	
  source	
  of	
  system	
  flexibility	
  

•  Wind	
  and	
  solar	
  deployment	
  driven	
  first	
  by	
  renewable	
  policy	
  
targets,	
  then	
  carbon	
  cap	
  post-­‐2020	
  

Present	
  day	
  to	
  2030:	
  efficiency,	
  RPS,	
  coal	
  re%rements	
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•  Wind	
  and	
  solar	
  key	
  elements	
  in	
  decarboniza%on	
  	
  
–  37	
  –	
  56	
  %	
  and	
  17	
  –	
  32	
  %	
  of	
  energy	
  respec%vely	
  across	
  WECC	
  
–  Some	
  curtailment	
  –	
  who	
  pays?	
  

•  Gas	
  installed	
  capacity	
  rela%vely	
  constant	
  
–  Capacity	
  factor	
  of	
  non-­‐CCS	
  gas	
  drops	
  precipitously	
  by	
  2050	
  
–  CCS	
  added	
  to	
  some	
  gas	
  capacity,	
  especially	
  in	
  California	
  

•  Used	
  to	
  integrate	
  variable	
  renewables	
  
•  Gas	
  CCS	
  NOT	
  operated	
  in	
  baseload	
  mode	
  

2030	
  to	
  2050:	
  renewables,	
  transmission,	
  storage,	
  gas	
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Wind	
  in	
  the	
  east,	
  solar	
  in	
  the	
  south	
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Electricity)Generated)
(Average)GW))

Hydro)

Gas)

Nuclear)

Wind)

Geothermal)

Solar)

Coal) Biopower)

0)C)0.5)GW)
0.5)C)1)GW)
1)C)3)))))GW)
3)C)5)))))GW)
5)C)10)))GW)
10)C)20)GW)

Gas)CCS)

20)10)2) 5)

2050$

•  Gas	
  CCS	
  deployed	
  mostly	
  in	
  California	
  
•  Pacific	
  Northwest	
  hydro	
  not	
  readily	
  available	
  to	
  California	
  
•  Wind	
  sent	
  westward	
  towards	
  coast	
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New$Transmission$Capacity$
Built$Cumula5vely$
Through$2050$
(GW,$Thermal)$

0$A$1$$$$$GW$
1$A$3$$$$$GW$
3$A$5$$$$$GW$
5$A$10$$$GW$
10$A$20$GW$
20$A$30$GW$
30$A$43$GW$

2050$

Transmission	
  built	
  to	
  bring	
  renewables	
  toward	
  coast	
  
•  Remote	
  wind	
  is	
  a	
  key	
  driver	
  
•  Long	
  distances	
  and	
  high	
  power	
  à	
  DC	
  lines?	
  

72	
  



How	
  Leakage	
  Impacts	
  the	
  Role	
  of	
  
Natural	
  Gas	
  in	
  a	
  Low-­‐Carbon	
  Grid	
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Mo%va%on	
  
•  Climate	
  change	
  threatens	
  human	
  society	
  

–  Impacts	
  water,	
  food,	
  jobs,	
  conflict,	
  ecosystem	
  
services,	
  sea	
  level,	
  …	
  

IPCC	
  2007	
  IPCC	
  2007	
  

Global	
  GHG	
  emissions	
  by	
  sector,	
  2004	
  

•  Lower	
  emissions	
  cri%cal	
  
•  Electricity	
  is	
  biggest	
  slice	
  
•  Natural	
  gas	
  can	
  enable	
  

clean	
  energy,	
  but	
  leakage	
  
could	
  overwhelm	
  
benefits	
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Natural	
  Gas	
  Roles	
  

•  Flexibility	
  can	
  compensate	
  for	
  variability	
  and	
  
uncertainty	
  of	
  renewable	
  energy	
  

•  Replacement	
  for	
  coal	
  with	
  less	
  than	
  ~½	
  the	
  
CO2	
  emissions	
  

-­‐	
  However	
  -­‐	
  
•  Leakage	
  of	
  CH4	
  ranges	
  from	
  1.7-­‐7.9%,	
  enough	
  
to	
  change	
  the	
  story…	
  

75	
  



Natural	
  Gas	
  Leakage	
  
•  Es%mates	
  vary	
  

– 1.7-­‐7.9%	
  boAom-­‐up	
  
es%mates.	
  Howarth,	
  
2010.	
  	
  

– 2.3-­‐7.7%	
  overall	
  
atmospheric	
  
measurements,	
  
Pétron,	
  2012.	
  

– 1.5%.	
  EPA,	
  2012	
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  processing	
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  unloading	
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  site	
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Fracking	
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  2010.	
  	
  



Methodology	
  
•  Assign	
  emissions	
  from	
  supply-­‐chain	
  leakage	
  to	
  electric	
  

genera%on	
  in	
  SWITCH	
  
•  Run	
  scenarios	
  with	
  a	
  range	
  of	
  leakage	
  values	
  to	
  understand	
  

dynamics	
  and	
  trade-­‐offs	
  
•  Sensi%vity:	
  Change	
  key	
  factors	
  &	
  repeat,	
  see	
  how	
  dynamics	
  

shim	
  
–  Low-­‐carbon	
  baseload	
  (CCS)	
  
–  Cheap,	
  low-­‐carbon	
  flexibility	
  
–  Cheap	
  renewables	
  
–  Altered	
  emissions	
  cap	
  

•  Es%mate	
  value	
  of	
  installing	
  leak	
  control	
  equipment	
  based	
  
on	
  system	
  cost	
  reduc%on	
  of	
  lower	
  leakage	
  rate.	
  Compare	
  
to	
  cost	
  of	
  leak	
  control	
  equipment	
  (if	
  costs	
  are	
  available).	
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Brief	
  review	
  of	
  genera%on	
  roles	
  
•  Baseload	
  –	
  reduces	
  magnitude	
  of	
  remainder	
  
•  IntermiAent	
  –	
  Use	
  it	
  or	
  lose	
  it	
  
•  Flexible	
  –	
  sa%sfy	
  remainder	
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Base	
  Results:	
  2030	
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  Results:	
  2050	
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Low-­‐Emission	
  baseload	
  sensi%vity:	
  
CCS	
  Results:	
  2030	
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Low-­‐Emission	
  baseload	
  sensi%vity:	
  
CCS	
  Results:	
  2050	
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New	
  transmission	
  highly	
  dependent	
  on	
  assump%ons	
  
•  Planning	
  under	
  uncertainty	
  important	
  
•  Expensive	
  transmission	
  increases	
  storage	
  and	
  gas	
  CCS	
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•  Storage	
  almost	
  exclusively	
  moves	
  solar	
  to	
  the	
  night	
  
•  Geothermal	
  only	
  remaining	
  substan%al	
  baseload	
  

Dispatch	
  in	
  2050:	
  
Flexibility	
  and	
  variable	
  renewables	
  dominate	
  

!50$

0$

50$

100$

150$

200$

250$

300$

19$ 3$ 11$18$ 2$ 10$19$ 3$ 11$18$ 2$ 10$19$ 3$ 11$18$ 2$ 10$17$ 1$ 9$ 18$ 2$ 10$17$ 1$ 9$ 18$ 2$ 10$18$ 2$ 10$17$ 1$ 9$ 18$ 2$ 10$17$ 1$ 9$ 18$ 2$ 10$17$ 1$ 9$ 17$ 1$ 9$ 18$ 2$ 10$18$ 2$ 10$17$ 1$ 9$ 19$ 3$ 11$18$ 2$ 10$18$ 2$ 10$19$ 3$ 11$W
EC

C$
Ele

ct
ric

ity
$D
isp

at
ch
$in
$20

50
$(G

W
)$

Hour$of$Day$(PST)$

Nuclear$ Geothermal$ Biopower$ Coal$
Coal$CCS$ Gas$(baseload)$ Gas$CCS$ Gas$(intermediate)$
Gas$(peaker)$ Storage$(discharging)$ Hydro$(non!pumped)$ Solar$
Wind$ Storage$(charging)$ Demand$

$Jan$$$$$Feb$$$$$$Mar$$$$Apr$$$$$May$$$$$Jun$$$$$$Jul$$$$$$Aug$$$$$Sep$$$$$Oct$$$$$$Nov$$$$Dec$

85	
  



0	
  
20	
  
40	
  
60	
  
80	
  
100	
  
120	
  
140	
  
160	
  
180	
  
200	
  
220	
  
240	
  

Ba
se
	
  S
ce
na
rio

	
  

N
o	
  
CC

S	
  

Sm
al
l	
  B
al
an
ci
ng
	
  A
re
as
	
  

Li
m
ite

d	
  
Hy

dr
o	
  

Ex
pe

ns
iv
e	
  
Tr
an
sm

iss
io
n	
  

De
m
an
d	
  
Re

sp
on

se
	
  

12
GW

	
  D
ist
rib

ut
ed

	
  P
V	
  

Ca
lif
or
ni
a	
  
50
%
	
  R
PS
	
  

Su
ns
ho

t	
  S
ol
ar
	
  

Lo
w
	
  G
as
	
  P
ric
e	
  

N
ew

	
  N
uc
le
ar
	
  

-­‐2
0%

	
  C
ar
bo

n	
  
Ca
p	
  
/	
  B

io
CC

S	
  

-­‐4
0%

	
  C
ar
bo

n	
  
Ca
p	
  
/	
  B

io
CC

S	
  

Re
du

ce
d	
  
Effi

ci
en

cy
	
  

Im
pl
em

en
ta
%o

n	
  

Ag
gr
es
siv

e	
  
El
ec
tr
ifi
ca
%o

n	
  

Bu
sin

es
s	
  A

s	
  U
su
al
	
  

20
50
	
  W

EC
C	
  
G
en

er
aG

on
	
  M

ix
	
  

(A
ve
ra
ge
	
  G
W
)	
  

Solar	
  
Wind	
  
Biopower	
  
Biopower	
  CCS	
  
Gas	
  
Gas	
  CCS	
  
Nuclear	
  
Geothermal	
  
Coal	
  CCS	
  
Coal	
  
Hydro	
  
Demand	
  

•  >	
  70	
  %	
  of	
  energy	
  from	
  wind	
  and	
  solar	
  
–  Balancing	
  and	
  planning	
  fundamental	
  to	
  keep	
  costs	
  reasonable	
  

Dras%c	
  emission	
  reduc%ons	
  possible	
  
without	
  nuclear,	
  CCS,	
  or	
  bioelectricity	
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•  Out-­‐of	
  state-­‐nuclear	
  economical	
  at	
  $6.4/W	
  ($2013)	
  
–  Economics	
  not	
  the	
  only	
  factor	
  for	
  nuclear	
  
–  Frac%on	
  of	
  imported	
  power	
  in	
  California	
  >	
  50	
  %	
  

Nuclear	
  Imports?	
  	
  Economical	
  but…	
  

87	
  Almost	
  all	
  California	
  imports	
  are	
  nuclear	
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•  Integra%on	
  costs	
  dominate	
  at	
  large	
  frac%ons	
  of	
  solar	
  
–  Inexpensive	
  storage	
  (not	
  inves%gated	
  here)	
  would	
  likely	
  incen%vize	
  solar	
  

Demand	
  response	
  incen%vizes	
  solar…	
  
more	
  than	
  inexpensive	
  solar	
  capital	
  costs!	
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•  Solar	
  and	
  wind	
  increased	
  to	
  meet	
  carbon	
  cap	
  

Genera%on	
  mix	
  composi%on	
  rela%vely	
  insensi%ve	
  to	
  
demand	
  magnitude	
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•  BioCCS	
  increases	
  allowable	
  emissions	
  in	
  the	
  electric	
  power	
  
sector	
  and/or	
  other	
  sectors	
  of	
  the	
  economy	
  

•  Electric	
  sector	
  cost	
  of	
  reaching	
  -­‐40%	
  emissions	
  is	
  moderate	
  

Biomass	
  CCS	
  can	
  provide	
  net	
  nega%ve	
  emissions	
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  Power	
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DR	
  Poten%al	
  Assump%ons	
  

•  Poten%als	
  es%mated	
  based	
  on	
  above	
  DR	
  penetra%on	
  levels	
  applied	
  to	
  Itron	
  
hourly	
  load	
  projec%ons	
  by	
  end-­‐use	
  for	
  California	
  
•  Rest	
  of	
  WECC	
  assumed	
  to	
  be	
  at	
  same	
  levels	
  a	
  decade	
  amer	
  California	
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Sector	
   End	
  Use	
   %	
  Shivable	
  	
  
2020	
  

%	
  Shivable	
  	
  
2030	
  

%	
  Shivable	
  
2040	
  

%	
  Shivable	
  
2050	
  

Residen%al	
   Space	
  hea%ng	
   2%	
   20%	
   40%	
   60%	
  

Water	
  hea%ng	
   20%	
   40%	
   60%	
   80%	
  

Cooling	
   2%	
   20%	
   40%	
   60%	
  

Dryer	
   2%	
   20%	
   60%	
   80%	
  

Commercial	
   Space	
  hea%ng	
   2%	
   20%	
   40%	
   60%	
  

Water	
  hea%ng	
   20%	
   40%	
   60%	
   80%	
  

Cooling	
   2%	
   20%	
   40%	
   60%	
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SWITCH-­‐WECC	
  Capabili%es	
  
Category! Currently,-SWITCH-can:! Currently,-SWITCH-cannot:! Planned-capability:!
Model&uses! Create!long+term!investment!plans!that!meet!load,!

reliability!requirements,!operational!constraints,!
and!policy!goals!using!projected!technology!costs.!A!
simplified!hourly!dispatch!algorithm!within!the!
investment!framework!captures!aspects!of!wind!and!
solar!variability!and!mitigation!measures!for!such!
variability!

Perform!detailed!unit!commitment!and!
economic!dispatch!to!simulate!day+to+
day!grid!operations!

Check!feasibility!and!performance!of!
investment!plans!with!an!industry!standard!
security+constrained!unit!commitment!and!
economic!dispatch!model!such!as!PLEXOS!

Geographic&extent&
and&resolution!

Model!the!Western!Electricity!Coordinating!Council!
(WECC):!California,!Oregon,!Washington,!Idaho,!
Montana,!Utah,!Wyoming,!Nevada,!Colorado,!
Arizona,!New!Mexico,!Baja!Mexico!Norte,!British!
Columbia,!Alberta!

! Expand!to!the!electric!power!system!of!the!
entire!continental!United!States!and!Canada!!

Model!50!load!areas!or!“zones”!in!the!WECC!within!
which!demand!must!be!met!and!between!which!
power!is!sent!

Perform!bus!or!substation!level!analysis! !

Technology&
options!

Operate!the!existing!generation!within!operational!
lifetimes!

! !

Retire!existing!generation!infrastructure! ! !
Install!and!operate!conventional!and!renewable!
generation!capacity!using!projected!fuel!and!
technology!costs.!Natural!gas!fuel!costs!can!be!
modeled!with!price!elasticity!

Determine!economy+wide!fuel!prices! !

Install!and!operate!storage!technologies!with!
multiple!hours!of!storage!duration!for!power!
management!services!

! Install!and!operate!storage!technologies!
with!shorter!storage!duration!

Use!supply!curve!for!biomass!to!deploy!bioelectricity!
plants!

Determine!the!optimal!ratio!of!biomass!
allocation!between!electricity!and!other!
end!uses!

Determine!the!optimal!ratio!of!biomass!
allocation!between!electricity!and!
transportation!

Transmission&
network!

Install!new!transmission!lines!and!operate!them!as!a!
transportation!network!subject!to!transmission!path!
limits!

Enforce!AC!power!flow,!stability,!and!N+1!
contingency!constraints!for!the!
transmission!network!in!the!investment!
optimization!

Enforce!DC!power!flow,!stability,!and!N+1!
contingency!constraints!in!PLEXOS!
!

Operate!existing!transmission!lines!subject!to!
transmission!path!limits!

! Enforce!DC!power!flow!for!the!existing!
transmission!network!and!limit!power!flow!of!
existing!network!via!phase!angle!in!the!
investment!optimization!

&&Demand! Detailed!hourly!demand!forecasts!for!50!load!area!
throughout!WECC!through!2050,!including!energy!
efficiency,!electric!vehicles,!and!heating!electrification!!

Evaluate!optimal!energy!efficiency!
installation!or!electrification!decisions!

!



SWITCH-­‐WECC	
  Capabili%es	
  

Does	
  not	
  model	
  markets	
  –	
  but	
  could	
  design	
  markets	
  around	
  these	
  results	
  



The Ecological Footprint: 

coolclimate.berkeley.edu 

CARBON footprint 

hXp://coolclimate.berkeley.edu/maps	
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Greenhouse gas and sustainability 
calculators: 

 
http://coolclimate.berkeley.edu 

http://coolclimate.berkeley.edu/maps 
& 

http://www.coolcalifornia.org  
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Carbon footprint of average U.S. household 
50 metric tons carbon dioxide equivalents (CO2e) per year 

source: coolclimate.berkeley.edu 
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Previous studies: 
•  Fuel processing 
•  Fuel transport/storage 
•  Power plant construction 
Our study: 
•  Procurement 
•  Full supply chain LCA 
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Carbon footprint of average California household 
47 metric tons CO2e per year 

source: coolclimate.berkeley.edu 



hAp://coolclimate.berkeley.edu/maps	
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   Transporta%on	
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   Total	
  

Household	
  GHG	
  emissions	
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  New	
  York	
  Metro	
  Region	
  





New	
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Bay	
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Chicago	
  

Total	
  

Household	
  GHG	
  emissions	
  in	
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  metro	
  regions	
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offset&remaining&carbon&footrpint&

reduce&air&travel&by&1,000&miles&

walk,&bike&20&miles&per&week&
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!(500)! !&!!!! !500!! !1,000!! !1,500!! !2,000!! !2,500!! !3,000!! !3,500!! !4,000!! !4,500!!

Cool!roof!
Switch!to!gas!dryer!
Unplug!appliances!

Central!air!condiAoner!
Refrigerator!
Dishwasher!

Turn!off!lights!
Clothes!washer!
Duct!InsulaAon!

Turn!down!water!heater!
Slab!insulaAon!

Raise!thermostat!in!summer!
Gas!water!heater!
Line!dry!clothing!

Windows!
Lower!thermostat!in!winter!

Indoor!lights!
Wall!insulaAon!

Air!sealing!(25%)!
Duct!Sealing!
Gas!furnace!

ANc!insulaAon!(r&11!to!r&39)!
Air!sealing!(50%)!

Programmable!thermostat!
Photovoltaic!system!

Energy!upgrade!opAons!for!typical!Davis!CA!home!

lbs!CO2!saved!
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City of Davis
Percent of Work Commutes by Car

Percent Car Travel
21.173469 - 34.311224

34.311225 - 47.448980

47.448981 - 60.586735
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City of Davis
Avg. Commute Length & Number of Vehicles per Household
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Sou	
  

Source:	
  CoolClimate.Berkeley.edu	
  





Greenhouse gas and 
sustainability calculators: 

 
http://coolclimate.berkeley.edu 

& 
http://www.coolcalifornia.org  



Four Grids in Chile 

•  Production Mix for 2011 

Source:	
  hAp://www.investchile.cl/opportuni%es/
renewable_energy/renewable_energy/
regional_distribu%on_of_the_sector	
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SWITCH-Chile: hard policy decisions 

Source:	
  hAp://www.democra%cunderground.com/110819602	
  
Source:	
  hAp://
www.elciudadano.cl	
  



… supports existing policy choices … 



Emerging economies drive global energy 
demand 

•  Growth	
  in	
  primary	
  energy	
  demand	
  	
  

•  Global	
  energy	
  demand	
  increases	
  by	
  one-­‐third	
  from	
  2010	
  to	
  2035,	
  
with	
  China	
  &	
  India	
  accoun%ng	
  for	
  50%	
  of	
  the	
  growth	
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Source:	
  IEA	
  WEO	
  2011	
  



Beijing and northern China hit hazardous air 
pollution in mid Jan 2013 

Source:	
  hAp://earthobservatory.nasa.gov/IOTD/view.php?id=80152	
  



Data	
  Source:	
  Gang	
  He	
  and	
  Daniel	
  M.	
  Kammen,	
  
	
  China	
  Sta%s%c	
  Yearbook;	
  CEC;	
  Chinese	
  Renewable	
  Energy	
  Industry	
  Associa%on.	
  2020	
  targets	
  	
  
proposed	
  by	
  Chinese	
  planners	
  

Engaging	
  China	
  on	
  Clean	
  Economic	
  Growth	
  

Western	
  North	
  America	
  

California	
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A energy and development strategy 
for the next decade	




A energy and development strategy for 
the next decade	
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Dense Networsk: Systems Science  

and California’s Greenhouse Gas and 
Local Environmental Goals 

1979 	
  	
  	
  	
  	
  Decades	
  of	
  sustained	
  energy	
  efficiency	
  investments	
  
1980 	
  	
  	
  	
  	
  Decoupling	
  electricity	
  revenues	
  and	
  sales	
  
1996 	
  	
  	
  	
  	
  Electricity	
  de-­‐regula%on	
  (a	
  mess)	
  &	
  re-­‐regula%on	
  
2000	
  	
  	
  	
  	
  Electricity	
  loading	
  order	
  (EE	
  /	
  RE	
  /	
  fossil)	
  
2006	
  	
  	
  	
  	
  2050	
  target	
  of	
  80%	
  less	
  greenhouse	
  gas	
  emissions	
  
2006	
  	
  	
  	
  	
  Global	
  warming	
  solu%ons	
  act	
  (25%	
  reduc%on	
  by	
  2020	
  
2007 	
  	
  	
  Low-­‐Carbon	
  fuel	
  standard	
  (1%	
  less	
  CO2/mile/year)	
  
2010 	
  	
  	
  	
  	
  Increase	
  RPS	
  to	
  33%	
  of	
  electricity	
  from	
  RE	
  by	
  2020	
  
2012	
  	
  	
  	
  	
  Electric	
  vehicle	
  mandate	
  (1	
  million	
  EVs	
  in	
  2020	
  years)	
  
2012 	
  	
  	
  12	
  GW	
  DG	
  Mandate	
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Wei	
  M,	
  Nelson,	
  J.H,	
  GreenblaA,	
  J.B.,	
  Mileva,	
  A.,	
  Johnston,	
  J.,Ting,	
  M.,	
  Jones,	
  C.M.,	
  Yang,	
  C.,	
  McMahon,	
  J.E.,	
  Kammen,	
  D.M.,	
  
Deep	
  carbon	
  reduc)ons	
  in	
  California	
  require	
  electrifica)on	
  and	
  integra)on	
  across	
  economic	
  sectors.	
  Environmental	
  Research	
  
LeAers	
  (8)	
  014038	
  

Mee%ng	
  California’s	
  2050	
  GHG	
  reduc%on	
  target	
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Scenarios	
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•  Reference	
  Scenario:	
  
–  Carbon	
  cap	
  across	
  the	
  WECC:	
  1990	
  emissions	
  levels	
  by	
  2020,	
  86%	
  below	
  1990	
  

levels	
  by	
  2050	
  
–  No	
  technological	
  cost-­‐reduc%ons	
  assumed	
  with	
  the	
  excep%on	
  of	
  solar	
  and	
  

baAery	
  technologies	
  
–  Natural	
  gas	
  price	
  from	
  EIA	
  AEO	
  2012	
  Reference	
  Case	
  
–  No	
  new	
  nuclear	
  and	
  CCS	
  plants	
  allowed	
  
–  Renewable	
  Pornolio	
  Standards	
  and	
  distributed	
  genera%on	
  targets	
  enforced	
  

•  Parameters	
  varied:	
  
–  Cost	
  of	
  solar	
  technologies	
  
–  Cost	
  of	
  baAeries	
  
–  Price	
  of	
  natural	
  gas	
  
–  Availability	
  of	
  nuclear	
  and	
  CCS	
  
–  Cost	
  of	
  transmission	
  
–  Combina%ons	
  thereof	
  



Capital	
  Cost	
  of	
  Solar	
  Technologies	
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Natural	
  Gas	
  Average	
  Wellhead	
  Price	
  Forecast	
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Source:	
  Energy	
  Informa%on	
  Administra%on,	
  Annual	
  Energy	
  Outlook	
  2012,	
  
Reference	
  and	
  Low	
  Es%mated	
  Ul%mate	
  Recovery	
  Scenarios	
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Capital	
  Cost	
  of	
  BaAery	
  Technologies	
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Source:	
   	
  Black	
  &	
  Veatch	
  (Reference)	
  
	
  Department	
  of	
  Energy	
  ARPA-­‐E	
  Program	
  (Low-­‐Cost	
  BaAeries)	
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WECC	
  Storage	
  Deployment	
  through	
  2050	
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