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Outline	
  

•  The	
  SWITCH	
  model:	
  	
  	
  hMp://rael.berkeley.edu/switch	
  

•  Energy	
  operaAon	
  and	
  planning	
  decisions	
  to	
  2030	
  and	
  2050	
  



MoLvaLon	
  
•  It	
  is	
  difficult	
  to	
  project	
  what	
  the	
  economy	
  and	
  the	
  electricity	
  system	
  should	
  
look	
  like	
  under	
  stringent	
  decarbonizaAon	
  constraints	
  

High-­‐level	
  research	
  quesLons	
  
•  How	
  to	
  keep	
  costs	
  low?	
  
•  What	
  role	
  should	
  intermiMent	
  renewable	
  sources	
  play	
  relaAve	
  to	
  other	
  low-­‐
carbon	
  technologies?	
  

•  How	
  much	
  of	
  a	
  constraint	
  is	
  intermiMency	
  in	
  the	
  2050	
  Ameframe?	
  

A	
  “model	
  result	
  deserving	
  special	
  a2en3on	
  is	
  the	
  expanded	
  role	
  of	
  electricity,	
  
which	
  increases	
  from	
  15%	
  to	
  55%	
  of	
  end-­‐use	
  energy,	
  essen3ally	
  switching	
  
places	
  with	
  petroleum	
  products”	
  (Williams	
  et	
  al.,	
  2012).	
  

“Without	
  zero-­‐emissions	
  load	
  balancing	
  (ZELB),	
  a	
  100%	
  renewable	
  porHolio	
  
will	
  have	
  more	
  emissions	
  than	
  any	
  	
  other	
  	
  electricity	
  	
  porHolio,	
  	
  about	
  30%	
  	
  
more	
  	
  than	
  	
  a	
  	
  nuclear	
  	
  power	
  	
  porHolio.	
  Without	
  	
  ZELB,	
  natural	
  gas	
  or	
  even	
  
coal	
  plus	
  CCS	
  has	
  fewer	
  emissions	
  than	
  renewables”	
  (California’s	
  Energy	
  
Future,	
  2011).	
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a b s t r a c t

Decarbonizing electricity production is central to reducing greenhouse gas emissions. Exploiting
intermittent renewable energy resources demands power system planning models with high temporal
and spatial resolution. We use a mixed-integer linear programming model – SWITCH – to analyze least-
cost generation, storage, and transmission capacity expansion for western North America under various
policy and cost scenarios. Current renewable portfolio standards are shown to be insufficient to meet
emission reduction targets by 2030 without new policy. With stronger carbon policy consistent with a
450 ppm climate stabilization scenario, power sector emissions can be reduced to 54% of 1990 levels by
2030 using different portfolios of existing generation technologies. Under a range of resource cost
scenarios, most coal power plants would be replaced by solar, wind, gas, and/or nuclear generation,
with intermittent renewable sources providing at least 17% and as much as 29% of total power by 2030.
The carbon price to induce these deep carbon emission reductions is high, but, assuming carbon price
revenues are reinvested in the power sector, the cost of power is found to increase by at most 20%
relative to business-as-usual projections.

& 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Decarbonization of the electric power sector is critical to
achieving greenhouse gas reductions that are needed for a
sustainable future. In the United States, for example, the elec-
tricity sector accounts for 41% of U.S. carbon emissions (U.S.
Energy Information Administration, 2008). A number of low-
carbon power generation technologies are available today, but
many of them are less flexible than conventional generators.
Nuclear and geothermal must be run in baseload mode (steady
round-the-clock), while wind and photovoltaics have intermit-
tent, site-specific output. Consequently, it is unclear how these
resources should be combined in future power systems. The
literature on the cost-reduction potential of individual renewable
technologies is extensive, but less research has explored cost and
emission reductions achieved by leveraging synergies among a

wide range of technologies. Such analyses are needed to aid
climate policymaking and to preserve power system reliability
while achieving emission reductions at the lowest possible cost.

Existing electric power system models primarily address
either day-to-day operation or long-term capacity planning, but
not both. Multiple studies have been conducted examining the
impact of higher levels of intermittent generation on grid opera-
tions (e.g. EnerNex Corp, 2006, 2010; GE Energy, 2010). These
studies evaluate the daily grid operations and costs of specific,
predefined deployment levels of renewable energy, but provide
little information on how the grid should be developed to achieve
policy objectives at the lowest cost. Economic dispatch models
(Wood and Wollenberg, 1996) are used in these studies to
simulate the operation and production costs of a predefined fleet
of generators, transmission lines, and storage systems, but cannot
plan optimal capacity additions. In contrast, specialized capacity-
expansion models (Kagiannas et al., 2004; DeCarolis and Keith,
2006; U.S. Energy Information Administration, 2009; National
Renewable Energy Laboratory, 2010a; Chen et al., 2010) are used
to inform long-term planning of generation, storage, and trans-
mission projects, but these models have limited operational
resolution. Many models use statistical methods to represent
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SWITCH Modeling Objectives to Support 
California Energy Planning 

•  SWITCH is a CEC-supported modeling program 
•  Guido Franco & Joe O’Hagan – CEC Program Officers 

•  High-spatial and temporal resolution modeling of CA 
and WECC energy supply, T&D and end-use 
opportunities to meet cost, reliability and environmental 
objectives 

•  Next objectives include: 
•  High-solar energy scenarios (pending detailed natural gas 

supply curves, added complexity of storage options) 
•  Environmental impacts of energy siting and operation 
•  Scenarios under carbon quantity and cost constraints 
•  Inter-model comparisons and validation studies 

 



The	
  SWITCH	
  Model	
  

Credits:	
  
•  Fripp,	
  MaMhias,	
  OpAmal	
  investment	
  in	
  wind	
  and	
  solar	
  power	
  in	
  	
  California.	
  Doctoral	
  

DissertaAon,	
  University	
  of	
  California,	
  	
  Berkeley,	
  2008.	
  
•  Nelson,	
  James,	
  et	
  al.,	
  High-­‐resoluAon	
  modeling	
  of	
  the	
  western	
  North	
  	
  American	
  power	
  

system	
  demonstrates	
  low-­‐cost	
  and	
  low-­‐carbon	
  futures,	
  Energy	
  Policy,	
  Volume	
  43,	
  April	
  
2012,	
  Pages	
  	
  436-­‐447.	
  

•  Mixed-­‐integer	
  linear	
  program	
  
•  The	
  goal	
  is	
  to	
  ensure	
  :	
  

•  Reliability	
  
•  Policy	
  goals	
  
•  Low-­‐cost	
  

•  Can	
  choose	
  to	
  install	
  and	
  operate	
  
numerous	
  generaAon	
  and	
  storage	
  
technologies	
  as	
  well	
  as	
  transmission	
  lines	
  

•  Time-­‐synchronized	
  hourly	
  load	
  and	
  
generaAon	
  profiles	
  intermiMent	
  
renewables	
  

•  Generator,	
  transmission,	
  and	
  storage	
  
investment	
  every	
  4	
  or	
  10	
  years	
  

•  Generator,	
  transmission,	
  and	
  storage	
  
dispatch	
  hourly	
  
•  144	
  dispatch	
  hours	
  	
  per	
  investment	
  period	
  
•  576	
  dispatch	
  hours	
  per	
  model	
  run	
  

•  50	
  load	
  areas	
  in	
  the	
  WECC	
  
	
  

	
  
SWITCH	
  OpLmizaLon	
  

	
  
Minimize	
  power	
  cost	
  

using	
  generaAon,	
  storage,	
  and	
  transmission	
  
	
  

Subject	
  to:	
  
Ø  Serving	
  load	
  

Ø  Capacity	
  and	
  operaAng	
  reserve	
  margins	
  
Ø  OperaAng	
  constraints	
  

Ø  Policy	
  
	
  



The SWITCH-WECC Model (Energy Policy, 2012) 

! Figure 1. Optimization and data framework of the western North American SWITCH model.   
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New	
  GeneraLon	
  &	
  Storage	
  OpLons	
  in	
  SWITCH	
  

Carbon	
  Capture	
  and	
  SequestraLon	
  (CCS)	
  

Compressed	
  Air	
   Sodium	
  Sulfur	
  Ba<ery	
  

St
or
ag
e	
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Base Cost scenario CO2 emissions 
relative to 1990 emission levels (A) 
and yearly power generation by fuel 
(B) in 2026-2029 as a function of 
carbon price adder. As shown in 
panel A, the climate stabilization 
target of 450 ppm is reached at a 
carbon price adder of $70/tCO2. 
 

The SWITCH-WECC Model (Energy Policy, 2012) 

WECC: Western Electricity 
Coordinating Council 



!

Average generation 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 
existing 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) 
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Projects	
  

§  2030:	
  Aggressive	
  renewable	
  cost	
  scenarios	
  
§  2050:	
  The	
  role	
  of	
  hydropower	
  in	
  renewables	
  integraAon	
  	
  
§  2050:	
  The	
  role	
  of	
  load	
  response	
  in	
  renewables	
  integraAon	
  	
  
§  2050:	
  The	
  need	
  for	
  storage	
  
	
  
	
  



Preliminary	
  runs:	
  	
  Role	
  of	
  Hydropower:	
  2050,	
  80%	
  below	
  1990	
  carbon	
  emissions	
  
(Ana	
  Mileva)	
  

Power	
  
cost	
  

$90.16/MWh	
   $86.95/MWh	
   $86.46/MWh	
   $94.11/MWh	
  

Storage	
   24	
  GW	
   7	
  GW	
   6	
  GW	
   12	
  GW	
  



The	
  Role	
  of	
  Hydropower	
  in	
  IntegraLng	
  Intermi<ent	
  Renewables	
  

Research	
  QuesLon	
  
§ What	
  are	
  the	
  benefits	
  and	
  limitaAons	
  of	
  extensive	
  net-­‐load	
  balancing	
  
with	
  hydropower	
  in	
  the	
  WECC?	
  

More	
  Research	
  QuesLons	
  
•  How	
  does	
  taking	
  into	
  account	
  the	
  interannual	
  variability	
  in	
  hydrological	
  
condiAons	
  affect	
  the	
  opAmal	
  power	
  mix	
  (including	
  storage	
  deployment)	
  
and	
  the	
  cost	
  of	
  power?	
  

•  What	
  are	
  the	
  constraints	
  on	
  hydro	
  operaAon	
  and	
  how	
  does	
  that	
  affect	
  
the	
  ability	
  of	
  hydro	
  to	
  balance	
  intermiMent	
  renewable	
  generaAon?	
  

•  How	
  will	
  climate	
  change	
  affect	
  hydropower	
  and	
  its	
  uAlity	
  for	
  the	
  electric	
  
power	
  system?	
  

	
  

	
  

	
  
	
  



Aggressive	
  Solar	
  Scenarios	
  

Research	
  QuesLon	
  
§  How	
  would	
  the	
  availability	
  of	
  low-­‐cost	
  solar	
  PV	
  affect	
  the	
  opAmal	
  power	
  
system	
  by	
  2030?	
  

Exploratory	
  Results	
  AssumpLons	
  
§  $1/W	
  for	
  central-­‐staAon	
  solar	
  PV	
  by	
  2020	
  and	
  flat	
  thereamer	
  

§  (Default	
  central-­‐staAon	
  PV	
  costs	
  reach	
  ~$2.5/W	
  by	
  2020	
  and	
  ~$2.1/W	
  by	
  
2026,	
  the	
  last	
  investment	
  period)	
  

§  RPS	
  standards	
  enforced	
  
§  WECC-­‐wide	
  carbon	
  cap	
  (20%	
  below	
  1990	
  emissions	
  by	
  2030)	
  



Energy	
  Mix	
  in	
  the	
  US	
  West:	
  
Aggressive	
  Solar	
  Scenarios	
  Exploratory	
  Results:	
  Energy	
  Mix	
  by	
  2030	
  
Default	
  Solar	
  PV	
  Costs	
   Sunshot	
  Solar	
  PV	
  Costs	
  

§  About	
  58	
  GW	
  of	
  uAlity-­‐scale	
  PV	
  and	
  6	
  GW	
  of	
  distributed	
  commercial	
  PV	
  are	
  
installed	
  by	
  2030	
  

§  Power	
  costs	
  about	
  5%	
  less	
  in	
  the	
  Sunshot	
  case	
  



Aggressive	
  Solar	
  Scenarios:	
  System	
  Dispatch	
  by	
  2030	
  



Aggressive	
  Solar	
  Scenarios:	
  System	
  Dispatch	
  by	
  2030	
  



Aggressive	
  Solar	
  Scenarios	
  

More	
  Research	
  QuesLons	
  
§  How	
  does	
  the	
  price	
  of	
  natural	
  gas	
  affect	
  the	
  deployment	
  of	
  low-­‐cost	
  solar	
  
PV	
  in	
  the	
  2030	
  Ameframe?	
  

§  How	
  does	
  the	
  availability/cost	
  of	
  transmission	
  affect	
  the	
  deployment	
  of	
  
low-­‐cost	
  solar	
  PV?	
  

§  How	
  does	
  the	
  availability/cost	
  of	
  storage	
  affect	
  the	
  deployment	
  of	
  low-­‐cost	
  
solar	
  PV?	
  

§  Can	
  solar	
  PV	
  be	
  deployed	
  at	
  this	
  scale	
  within	
  this	
  Ameframe?	
  
	
  



Load	
  Response	
  

Research	
  QuesLon	
  
§  How	
  much	
  can	
  flexible	
  demand	
  reduce	
  system	
  cost	
  and	
  aid	
  in	
  load	
  
balancing?	
  

	
  

	
  
	
  


