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Energy	
  services	
  are	
  responsible	
  for	
  the	
  bulk	
  of	
  CO2	
  
emissions	
  in	
  the	
  United	
  States.	
  	
  

,	
  2003	
  

Source:	
  hIp://www.wri.org/chart/us-­‐greenhouse-­‐gas-­‐emissions-­‐flow-­‐chart	
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US	
  fleet	
  is	
  old	
  and	
  dirty.	
  

AIribu8on:	
  Created	
  by	
  Evan	
  Sherwin	
  using	
  data	
  from	
  EIA	
  form	
  860	
  for	
  operable	
  US	
  power	
  plants	
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The	
  US	
  grid	
  is	
  diverse	
  in	
  its	
  carbon	
  intensity.	
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Damages	
  from	
  criteria	
  air	
  pollutants	
  vary	
  
tremendously	
  across	
  the	
  country.	
  	
  	
  widely	
  

Srouce:	
  Based	
  on	
  APEEP.	
  	
  

$1000/ton	
  SO2	
  

$15,000/ton	
  SO2	
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When	
  interven8ons	
  are	
  pursued,	
  the	
  “co-­‐benefits”	
  
from	
  reducing	
  health	
  and	
  environmental	
  damages	
  
may	
  actually	
  be	
  the	
  largest	
  benefits.	
  	
  

$1000/ton	
  SO2	
  

$15,000/ton	
  SO2	
  

Srouce:	
  Based	
  on	
  APEEP.	
  	
  



•  When	
  we	
  pursued	
  interven8ons	
  in	
  the	
  grid,	
  such	
  as	
  increasing	
  
renewables,	
  storage,	
  enhancing	
  the	
  adop8on	
  of	
  electric	
  vehicles,	
  
increasing	
  the	
  stringency	
  of	
  building	
  codes,	
  etc,	
  what	
  are	
  the	
  
emissions	
  (of	
  greenhouse	
  gases	
  and	
  of	
  criteria	
  air	
  pollutants)	
  that	
  we	
  
are	
  avoiding	
  (or	
  adding)	
  to	
  our	
  energy	
  system?	
  

	
  
•  What	
  are	
  the	
  mone8zed	
  benefits	
  or	
  costs	
  of	
  those	
  emissions	
  

changes?	
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Ques8on: 	
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8	
  
Figures	
  from	
  Azevedo	
  –	
  this	
  is	
  a	
  schema8c	
  only,	
  it	
  does	
  not	
  represent	
  a	
  real	
  system	
  

Using	
  average	
  emissions	
  factors	
  is	
  not	
  the	
  best	
  approach	
  because	
  
we	
  are	
  displacing	
  the	
  marginal	
  generator/source	
  of	
  energy.	
  

	
  
The	
  bias	
  introduced	
  by	
  using	
  average	
  instead	
  of	
  marginal	
  is	
  hard	
  to	
  
predict:	
  both	
  sign	
  and	
  magnitude	
  vary	
  with	
  type	
  of	
  interven8ons,	
  

8me	
  of	
  the	
  day,	
  region	
  in	
  the	
  US,	
  etc...	
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Wind	
  

Solar	
  

IntervenJons	
  in	
  
the	
  system	
  

Storage	
  

Electrified	
  
vehicles	
  

Building	
  
codes	
  

Efficient	
  	
  
LighJng	
  	
  
strategies	
  

Temporal	
  
profile	
  

Match	
  with	
  the	
  generaJon	
  that	
  
is	
  displaced	
  by	
  intervenJons	
  

MoneJzed	
  
values	
  



•  We	
  do!	
  
– The	
  Environmental	
  Protec8on	
  Agency	
  (EPA)	
  in	
  the	
  
United	
  States	
  collects	
  measured	
  data	
  for	
  every	
  single	
  
fossil	
  fuel	
  power	
  plant	
  (larger	
  than	
  25	
  MW)	
  genera8on	
  
and	
  emissions	
  of	
  CO2,	
  SO2	
  and	
  NOx	
  on	
  an	
  hourly	
  basis.	
  

– We	
  can	
  find	
  actual	
  or	
  simulated	
  data	
  for	
  the	
  hourly	
  
profiles	
  of	
  these	
  interven8ons	
  

– And	
  so	
  we	
  have	
  a	
  way	
  to	
  es8mate	
  the	
  CO2	
  emissions	
  
savings,	
  the	
  “co-­‐benefits”	
  from	
  criteria	
  air	
  pollutant	
  
savings	
  and	
  their	
  mone8zed	
  value.	
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Wouldn’t	
  it	
  be	
  great	
  if	
  we	
  had	
  data	
  to	
  do	
  this?	
  



How	
  does	
  the	
  performance	
  of	
  wind	
  and	
  solar	
  vary	
  regionally?	
  

Three	
  measures	
  of	
  
performance:	
  

•  Energy	
  produc8on	
  

•  Climate	
  benefits	
  from	
  
displaced	
  CO2	
  emissions	
  

•  Health	
  and	
  environmental	
  
benefits	
  from	
  displaced	
  criteria	
  
pollutants:	
  SO2,	
  NOx,	
  PM2.5	
  	
  

11	
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$1000/ton	
  SO2	
  

$15,000/ton	
  SO2	
  
	
  

For	
  each	
  county:	
  damages	
  ($/ton)	
  
by	
  stack	
  height	
  for	
  each	
  pollutant	
  
(CO2,	
  SO2,	
  NOx,	
  PM2.5)	
  
	
  
Data	
  from:	
  APEEP	
  

1	
  

Es8ma8ng	
  environmental	
  and	
  health	
  benefits	
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For	
  each	
  county:	
  damages	
  ($/ton)	
  
by	
  stack	
  height	
  for	
  each	
  pollutant	
  
(SO2,	
  NOx,	
  PM2.5)	
  
	
  
Data	
  from:	
  APEEP	
  

1	
   Air	
  PolluJon	
  Emissions	
  Experiments	
  and	
  Policy	
  
analysis	
  model	
  (APEEP)	
  

	
  
•  Es8mate	
  the	
  dispersion	
  of	
  pollutants	
  and	
  the	
  

resul8ng	
  concentra8ons	
  in	
  all	
  US	
  coun8es	
  

•  Use	
  dose-­‐response	
  func8on	
  to	
  es8mate	
  
physical	
  impacts:	
  
	
  -­‐	
  Health	
  effects,	
  reduced	
  crop	
  and	
  8mber	
  	
  	
  	
  
	
  	
  	
  yield,	
  degrada8on	
  of	
  materials,	
  reduced	
  	
  
	
  	
  	
  visibility,	
  etc…	
  
	
  

•  Mone8ze	
  impacts:	
  
	
  	
  -­‐	
  Value	
  of	
  a	
  sta8s8cal	
  life	
  ($6M),	
  market	
  	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  value	
  of	
  lost	
  commodi8es,	
  etc…	
  	
  

Similar	
  framework	
  to	
  the	
  
NRC	
  report	
  on	
  	
  

“Hidden	
  Costs	
  of	
  Energy”	
  

Es8ma8ng	
  environmental	
  and	
  health	
  benefits	
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For	
  each	
  county:	
  damages	
  ($/ton)	
  
by	
  stack	
  height	
  for	
  each	
  pollutant	
  
(SO2,	
  NOx,	
  PM2.5)	
  
	
  
Data	
  from:	
  APEEP	
  

1	
  

Results	
  from	
  the	
  APEEP	
  model	
  provide	
  average	
  county	
  
dollar-­‐per-­‐ton	
  damages	
  for	
  each	
  pollutant	
  (SO2,	
  NOx,	
  
PM2.5)	
  emiIed	
  by	
  point	
  sources	
  

For	
  CO2,	
  we	
  use	
  $20/tonCO2	
  
	
  

US	
  Interagency	
  Working	
  Group	
  on	
  Social	
  Cost	
  of	
  
Carbon	
  (2010):	
  four	
  values	
  for	
  SCC	
  in	
  2010	
  ($2007):	
  $5,	
  

$21,	
  $35	
  and	
  $65	
  per	
  ton	
  CO2	
  

Es8ma8ng	
  environmental	
  and	
  health	
  benefits	
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For	
  each	
  county:	
  damages	
  ($/ton)	
  
by	
  stack	
  height	
  for	
  each	
  pollutant	
  
(SO2,	
  NOx,	
  PM2.5)	
  
	
  
Data	
  from:	
  APEEP	
  

For	
  1400	
  plants:	
  loca8on,	
  fuel	
  type,	
  
stack	
  height	
  and	
  hourly	
  emissions	
  of	
  
CO2,	
  SO2,	
  NOx,	
  PM2.5	
  

1	
  

2	
  

Data	
  from:	
  CEMS	
  
(2009-­‐2011),	
  eGRID	
  
(2009),	
  NEI	
  (2005)	
  

ConJnuous	
  Emissions	
  Monitoring	
  System	
  
(CEMS)	
  (2009-­‐2011)	
  

	
  
•  Hourly	
  SO2,	
  NOx,	
  CO2,	
  and	
  gross	
  power	
  

output	
  for	
  1400	
  fossil	
  fuel	
  power	
  plants	
  

NaJonal	
  Emissions	
  Inventory	
  (NEI)	
  (2005)	
  
	
  

•  Annual	
  PM2.5	
  emissions,	
  stack	
  heights	
  of	
  
generators	
  

	
  
Emissions	
  &	
  GeneraJon	
  Resource	
  Integrated	
  

Database	
  (eGRID)	
  (2009)	
  
	
  

•  Plant	
  loca8ons,	
  fuel	
  type	
  

Es8ma8ng	
  environmental	
  and	
  health	
  benefits	
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For	
  each	
  county:	
  damages	
  ($/ton)	
  
by	
  stack	
  height	
  for	
  each	
  pollutant	
  
(SO2,	
  NOx,	
  PM2.5)	
  
	
  
Data	
  from:	
  APEEP	
  

For	
  1400	
  plants:	
  loca8on,	
  fuel	
  type,	
  
stack	
  height	
  and	
  hourly	
  emissions	
  of	
  
CO2,	
  SO2,	
  NOx,	
  PM2.5	
  

1	
  

2	
  

For	
  each	
  eGRID	
  sub-­‐region	
  
and	
  each	
  pollutant:	
  
	
  	
  
hourly damages ($/h) = 
damages ($/ton) x hourly 
emissions (ton pollutant/h)   

3	
  

Data	
  from:	
  CEMS	
  
(2009-­‐2011),	
  eGRID	
  
(2009),	
  NEI	
  (2005)	
  

Es8ma8ng	
  environmental	
  and	
  health	
  benefits	
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For	
  each	
  county:	
  damages	
  ($/ton)	
  
by	
  stack	
  height	
  for	
  each	
  pollutant	
  
(SO2,	
  NOx,	
  PM2.5)	
  
	
  
Data	
  from:	
  APEEP	
  

For	
  1400	
  plants:	
  loca8on,	
  fuel	
  type,	
  
stack	
  height	
  and	
  hourly	
  emissions	
  of	
  
CO2,	
  SO2,	
  NOx,	
  PM2.5	
  

1	
  

2	
  

For	
  each	
  eGRID	
  sub-­‐region	
  
and	
  each	
  pollutant:	
  
	
  	
  
hourly damages ($/h) = 
damages ($/ton) x hourly 
emissions (ton pollutant/h)  	
  	
  	
  

3	
  

For	
  each	
  eGRID	
  sub-­‐region	
  
and	
  pollutant,	
  for	
  20	
  gross	
  
genera8on	
  bins:	
  
	
  
Dh+1-Dh = β(Gh+1-Gt) + ε 
 

4	
   ERCOT,	
  SO2	
  

Data	
  from:	
  CEMS	
  
(2009-­‐2011),	
  eGRID	
  
(2009),	
  NEI	
  (2005)	
  

ERCOT	
  -­‐	
  	
  SO2	
  

Es8ma8ng	
  environmental	
  and	
  health	
  benefits	
  



Then	
  we	
  have	
  es8mates	
  of	
  marginal	
  
damages	
  ($/MWh)	
  for	
  each	
  demand	
  bin	
  
as	
  func8on	
  of	
  gross	
  genera8on	
  for	
  each	
  
pollutant	
  5	
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For	
  each	
  county:	
  damages	
  ($/ton)	
  
by	
  stack	
  height	
  for	
  each	
  pollutant	
  
(SO2,	
  NOx,	
  PM2.5)	
  
	
  
Data	
  from:	
  APEEP	
  

For	
  1400	
  plants:	
  loca8on,	
  fuel	
  type,	
  
stack	
  height	
  and	
  hourly	
  emissions	
  of	
  
CO2,	
  SO2,	
  NOx,	
  PM2.5	
  

1	
  

2	
  

For	
  each	
  eGRID	
  sub-­‐region	
  
and	
  each	
  pollutant:	
  
	
  	
  
hourly	
  damages	
  ($/h)	
  =	
  
damages	
  ($/ton)	
  x	
  hourly	
  
emissions	
  (ton	
  pollutant/h)	
  	
  	
  

3	
  

For	
  each	
  eGRID	
  sub-­‐region	
  
and	
  pollutant,	
  for	
  20	
  gross	
  
genera8on	
  bins:	
  
	
  
Dh+1-­‐Dh	
  =	
  β(Gh+1-­‐Gt)	
  +	
  ε	
  
	
  

4	
   SO2	
  

M
ar
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W
h)
	
  (=

β)
	
  

Data	
  from:	
  CEMS	
  
(2009-­‐2011),	
  eGRID	
  
(2009),	
  NEI	
  (2005)	
  

Es8ma8ng	
  environmental	
  and	
  health	
  benefits	
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20	
  

6	
  

33,000	
  sites	
  
Eastern	
  Wind	
  IntegraJon	
  and	
  
Transmissions	
  Study	
  (EWITS)	
  	
  

	
  
Western	
  Wind	
  and	
  Solar	
  
IntegraJon	
  Study	
  (WWSIS)	
  

	
  
Hourly	
  wind	
  power	
  output	
  

WIND	
  

Es8ma8ng	
  environmental	
  and	
  health	
  benefits	
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6	
  

33,000	
  sites	
  

NaJonal	
  Solar	
  RadiaJon	
  
Database	
  

900	
  sites	
  
Eastern	
  Wind	
  IntegraJon	
  and	
  
Transmissions	
  Study	
  (EWITS)	
  	
  

	
  
Western	
  Wind	
  and	
  Solar	
  
IntegraJon	
  Study	
  (WWSIS)	
  

	
  
Hourly	
  wind	
  power	
  output	
  

WIND	
   SOLAR	
  

Es8ma8ng	
  environmental	
  and	
  health	
  benefits	
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CF
	
  

Hour	
  

For	
  each	
  wind	
  &	
  solar	
  site	
  and	
  for	
  each	
  hour	
  
of	
  the	
  year,	
  we	
  match	
  wind/solar	
  genera8on	
  
with	
  the	
  gross	
  genera8on	
  that	
  it	
  is	
  displaced.	
  

6	
  

Es8ma8ng	
  environmental	
  and	
  health	
  benefits	
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Es8ma8ng	
  environmental	
  and	
  health	
  benefits	
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CF
	
  

Hour	
  

For	
  each	
  wind	
  &	
  solar	
  site	
  and	
  for	
  each	
  hour	
  
of	
  the	
  year,	
  we	
  match	
  wind/solar	
  genera8on	
  
with	
  the	
  gross	
  genera8on	
  that	
  it	
  is	
  displaced.	
  

6	
  

0

20

40
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100

PM2.5	
  

SO2	
  

CO2	
  

$/MWh	
   We	
  finally	
  add	
  all	
  damages	
  
avoided	
  for	
  each	
  site	
  for	
  all	
  
hours	
  of	
  the	
  year	
  and	
  	
  
divide	
  by	
  the	
  total	
  
genera8on	
  or	
  capacity	
  
installed	
  from	
  wind/solar	
  in	
  
each	
  eGRID	
  sub-­‐region,	
  
finding	
  the	
  weighted	
  
marginal	
  damages	
  for	
  each	
  
site	
  

8	
  
We	
  then	
  Iden8fy	
  the	
  
damages	
  associated	
  
with	
  gross	
  genera8on.	
  
For	
  each	
  hour,	
  we	
  
mul8ply	
  the	
  associated	
  
damages	
  ($/MWh)	
  by	
  
the	
  wind/solar	
  output.	
  

7	
  

Es8ma8ng	
  environmental	
  and	
  health	
  benefits	
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Solar	
  PV:	
  the	
  locaJons	
  that	
  provide	
  the	
  largest	
  electricity	
  output	
  are	
  not	
  the	
  ones	
  
that	
  have	
  the	
  largest	
  climate,	
  health,	
  and	
  environmental	
  benefits.	
  	
  

Energy	
  Performance	
  

XXXX	
  

45%	
  

This	
  is	
  exactly	
  what	
  we	
  expect:	
  solar	
  
performs	
  best	
  in	
  places	
  like	
  Arizona,	
  New	
  
Mexico	
  and	
  southern	
  California.	
  	
  

A	
  solar	
  panel	
  in	
  Arizona	
  will	
  produce	
  about	
  
45%	
  more	
  energy	
  than	
  a	
  panel	
  in	
  Maine.	
  	
  

References:	
  (1)	
  Siler-­‐Evans,	
  K.,	
  Azevedo,	
  I.	
  L.,	
  Morgan,	
  M.G,	
  Apt,	
  J.	
  (2013).	
  Regional	
  varia8ons	
  in	
  the	
  health,	
  environmental,	
  and	
  climate	
  benefits	
  from	
  wind	
  and	
  solar	
  
genera8on,	
  Proceedings	
  of	
  the	
  Na1onal	
  Academy	
  of	
  Sciences,	
  110	
  (29),	
  11768-­‐11773;	
  (2)	
  Siler-­‐Evans.	
  K.,	
  Azevedo,	
  I.L.,	
  Morgan,	
  M.G.,	
  (2012).	
  Marginal	
  emissions	
  
factors	
  for	
  the	
  US	
  electricity	
  system.	
  Environmental	
  Science	
  &	
  Technology,	
  46	
  (9):	
  4742–4748.	
  



26	
  

Energy	
  Performance	
   Avoided	
  CO2	
  per	
  kW	
  (kg	
  &	
  $)	
  

XXXX	
  

…moderate	
  solar	
  resources,	
  
but	
  you’re	
  primarily	
  displacing	
  
carbon-­‐intensive	
  coal	
  plants.	
  	
  

Best	
  regions:	
  
Kansas,	
  Nebraska,	
  
or	
  the	
  Dakotas	
  

In	
  California	
  or	
  Arizona,	
  gas-­‐fired	
  
generators	
  are	
  predominantly	
  on	
  the	
  
margin	
  and	
  as	
  a	
  result,	
  solar	
  panels	
  
displace	
  rela8vely	
  liIle	
  CO2	
  emissions.	
  	
  

Solar	
  PV:	
  the	
  locaJons	
  that	
  provide	
  the	
  largest	
  electricity	
  output	
  are	
  not	
  the	
  ones	
  
that	
  have	
  the	
  largest	
  climate,	
  health,	
  and	
  environmental	
  benefits.	
  	
  

References:	
  (1)	
  Siler-­‐Evans,	
  K.,	
  Azevedo,	
  I.	
  L.,	
  Morgan,	
  M.G,	
  Apt,	
  J.	
  (2013).	
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  and	
  environmental	
  benefits	
  
17	
  ×	
  

A	
  PV	
  in	
  Ohio	
  offers	
  17x	
  more	
  health	
  and	
  
environmental	
  benefits	
  than	
  a	
  solar	
  panel	
  in	
  
Arizona…	
  Even	
  though	
  a	
  solar	
  panel	
  in	
  Ohio	
  
produces	
  30%	
  less	
  energy.	
  

The	
  reason	
  for	
  this	
  is	
  simple:	
  there	
  are	
  lots	
  of	
  
really	
  old,	
  dirty	
  coal	
  plants	
  in	
  these	
  areas	
  and	
  
they	
  are	
  upwind	
  of	
  major	
  popula8on	
  centers.	
  
Anything	
  you	
  do	
  to	
  displace	
  them	
  —	
  be	
  it	
  wind	
  
or	
  solar	
  —	
  yields	
  significant	
  health	
  benefits.	
  	
  

Solar	
  PV:	
  the	
  locaJons	
  that	
  provide	
  the	
  largest	
  electricity	
  output	
  are	
  not	
  the	
  ones	
  
that	
  have	
  the	
  largest	
  climate,	
  health,	
  and	
  environmental	
  benefits.	
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XXXX	
  Health	
  and	
  environmental	
  benefits	
  

From	
  an	
  energy	
  standpoint,	
  Arizona	
  is	
  the	
  best	
  
place	
  for	
  a	
  solar	
  panel.	
  But	
  from	
  an	
  air	
  quality	
  
and	
  human	
  health	
  perspec8ve,	
  Arizona	
  is	
  the	
  
worst	
  place	
  for	
  a	
  solar	
  panel.	
  	
  

Solar	
  PV:	
  the	
  locaJons	
  that	
  provide	
  the	
  largest	
  electricity	
  output	
  are	
  not	
  the	
  ones	
  
that	
  have	
  the	
  largest	
  climate,	
  health,	
  and	
  environmental	
  benefits.	
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From	
  an	
  energy	
  
standpoint,	
  wind	
  turbines	
  
perform	
  best	
  in	
  the	
  Great	
  
Plains	
  through	
  West	
  Texas,	
  
where	
  capacity	
  factors	
  can	
  
reach	
  40%.	
  	
  

Wind:	
  the	
  locaJons	
  that	
  provide	
  the	
  largest	
  electricity	
  output	
  align	
  with	
  the	
  
locaJons	
  that	
  provide	
  the	
  largest	
  CO2	
  savings,	
  but	
  not	
  criteria	
  air	
  pollutant	
  savings.	
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Avoided	
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  per	
  kW	
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  &	
  $)	
  

Wind	
  turbines	
  are	
  most	
  effec8ve	
  at	
  
displacing	
  CO2	
  emissions	
  when	
  located	
  in	
  
Midwest,	
  where	
  the	
  wind	
  resource	
  is	
  
excellent	
  and	
  wind	
  energy	
  primarily	
  
displaces	
  coal-­‐fired	
  generators.	
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Wind:	
  the	
  locaJons	
  that	
  provide	
  the	
  largest	
  electricity	
  output	
  align	
  with	
  the	
  
locaJons	
  that	
  provide	
  the	
  largest	
  CO2	
  savings,	
  but	
  not	
  criteria	
  air	
  pollutant	
  savings.	
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7	
  Oklahoma	
  

West	
  	
  
Virginia	
  

A	
  wind	
  turbine	
  in	
  West	
  Virginia	
  displaces	
  
$230	
  in	
  health	
  and	
  environmental	
  damages	
  
per	
  kilowaI	
  per	
  year	
  ($82/MWh)	
  —7x	
  
more	
  than	
  a	
  wind	
  turbine	
  in	
  Oklahoma	
  and	
  
27x	
  more	
  than	
  a	
  wind	
  turbine	
  in	
  California.	
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Wind:	
  the	
  locaJons	
  that	
  provide	
  the	
  largest	
  electricity	
  output	
  align	
  with	
  the	
  
locaJons	
  that	
  provide	
  the	
  largest	
  CO2	
  savings,	
  but	
  not	
  criteria	
  air	
  pollutant	
  savings.	
  	
  



Are	
  we	
  reducing	
  emissions	
  by	
  increase	
  storage	
  
around	
  the	
  country?	
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  Eric	
  Hiznger	
  



Bulk	
  Energy	
  Storage	
  (BES)	
  

•  BES	
  is	
  generally	
  considered	
  an	
  important	
  contributor	
  for	
  the	
  
transi8on	
  toward	
  a	
  more	
  flexible	
  and	
  sustainableelectricity	
  system.	
  	
  
	
   	
   	
  ….	
  But,	
  is	
  it?	
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Policy	
  QuesJon:	
  	
  
Should	
  policies	
  incenJvize	
  an	
  increase	
  in	
  the	
  share	
  
of	
  storage	
  in	
  our	
  electric	
  grid?	
  	
  



Is	
  storage	
  “green”?	
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•  The	
  environmental	
  effects	
  depend	
  on	
  how	
  storage	
  is	
  operated,	
  and	
  
what	
  effect	
  that	
  opera8on	
  has	
  on	
  other	
  genera8on.	
  	
  

•  Despite	
  possible	
  emissions	
  increases,	
  proposed	
  legisla8on	
  has	
  
pushed	
  for	
  increased	
  deployment	
  of	
  storage.	
  	
  
–  the	
  Storage	
  Technology	
  for	
  Renewable	
  and	
  Green	
  Energy	
  Act	
  
(STORAGE)	
  in	
  2013	
  proposed	
  changes	
  in	
  the	
  Internal	
  Revenue	
  
Code	
  of	
  1986,	
  so	
  that	
  an	
  energy	
  investment	
  credit	
  would	
  be	
  
provided	
  for	
  energy	
  storage	
  connected	
  to	
  the	
  grid.	
  

–  2010:	
  The	
  CA	
  Senate	
  passed	
  AB2514,	
  direc8ng	
  the	
  California	
  
Public	
  U8li8es	
  Commission	
  (CPUC)	
  to	
  determine	
  appropriate	
  
requirements	
  for	
  grid	
  energy	
  storage.	
  

–  2013.	
  CPUC	
  mandated	
  that	
  the	
  3	
  major	
  investor-­‐owned	
  u8li8es	
  in	
  
California	
  must	
  collec8vely	
  add	
  1.3	
  GW	
  of	
  storage	
  by	
  2020.	
  



Why	
  will	
  storage	
  poten8ally	
  increase	
  emissions	
  

1.  Storage	
  tends	
  to	
  charge	
  at	
  night	
  during	
  off-­‐peak	
  hours	
  
(coal	
  at	
  the	
  margin)	
  and	
  discharge	
  during	
  peak	
  a{ernoon	
  
or	
  evening	
  periods	
  (natural	
  gas	
  at	
  the	
  margin).	
  	
  
–  Using	
  average	
  emissions	
  factors	
  implies	
  no	
  difference	
  between	
  

storage	
  charging	
  and	
  discharging	
  8mes.	
  	
  

2.  Second,	
  all	
  storage	
  technologies	
  experience	
  energy	
  losses	
  
as	
  they	
  store	
  and	
  recover	
  energy.	
  	
  
–  This	
  inefficiency	
  means	
  the	
  system	
  needs	
  to	
  generate	
  extra	
  
electricity	
  and	
  emissions	
  to	
  account	
  for	
  these	
  losses.	
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Framework	
  

Let’s	
  assess	
  the	
  trade-­‐offs	
  in	
  storage	
  deployment	
  
across	
  the	
  country:	
  	
  

– How	
  does	
  the	
  economics	
  look	
  like?	
  
• We	
  es8mate	
  the	
  annualized	
  profits	
  	
  

– What	
  do	
  the	
  emissions	
  look	
  like?	
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Two	
  scenarios	
  for	
  storage	
  opera8on:	
  perfect	
  and	
  imperfect	
  
informa8on	
  about	
  future	
  electricity	
  prices.	
  



Using	
  Simula8on	
  and	
  Op8miza8on	
  	
  

Storage	
  Opera8on:	
  	
  
1.  We	
  consider	
  20	
  sites	
  around	
  the	
  con8nental	
  U.S.	
  
2.  We	
  determine	
  the	
  revenue-­‐maximizing	
  opera8on	
  of	
  

storage	
  by	
  using	
  the	
  nearest	
  available	
  hourly	
  electricity	
  
market	
  clearing	
  prices.	
  	
  

3.  We	
  consider	
  2	
  scenarios:	
  perfect	
  and	
  imperfect	
  
informa8on	
  	
  

4.  We	
  use	
  Marginal	
  Emissions	
  Factors	
  (MEFs)	
  the	
  hourly	
  
energy	
  8me	
  series	
  to	
  determine	
  the	
  effec8ve	
  net	
  CO2,	
  
SO2,	
  and	
  NOx	
  emissions	
  related	
  to	
  storage	
  plant	
  opera8on.	
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Price	
  data	
  

• We	
  use	
  hourly	
  LMP	
  for	
  loca8ons	
  within	
  an	
  
Independent	
  System	
  Operator	
  (ISO)	
  	
  
– The	
  nearest	
  node	
  to	
  the	
  loca8on	
  is	
  used	
  for	
  the	
  
hourly	
  price	
  data,	
  acquired	
  from	
  the	
  grid	
  
operator	
  for	
  that	
  region.	
  	
  

– For	
  sites	
  located	
  in	
  regions	
  without	
  an	
  hourly	
  
electricity	
  market,	
  we	
  use	
  the	
  price	
  data	
  from	
  the	
  
nearest	
  node	
  in	
  the	
  most	
  closely	
  linked	
  electricity	
  
market.	
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Modelling	
  Storage	
  

•  The	
  base-­‐case	
  modeling	
  of	
  the	
  energy	
  storage	
  device	
  is	
  not	
  8ed	
  to	
  a	
  
par8cular	
  technology	
  but	
  has	
  aIributes	
  of	
  exis8ng	
  or	
  likely	
  bulk	
  
storage	
  technologies:	
  pumped	
  hydro,	
  compressed	
  air	
  energy	
  storage,	
  
and	
  some	
  baIery	
  technologies.	
  

•  We	
  use	
  a	
  4	
  h	
  charge	
  rate	
  (i.e.,	
  it	
  takes	
  4	
  h	
  to	
  charge	
  or	
  discharge	
  the	
  
storage	
  unit	
  at	
  the	
  maximum	
  rate).	
  	
  

•  The	
  storage	
  is	
  modeled	
  as	
  a	
  20	
  MW/80	
  MWh	
  system	
  in	
  the	
  base	
  
case,	
  with	
  the	
  energy	
  capacity	
  of	
  the	
  storage	
  device	
  varied	
  in	
  
sensi8vity	
  analysis.	
  	
  

•  The	
  scale	
  of	
  storage	
  does	
  not	
  affect	
  the	
  results	
  because	
  there	
  are	
  no	
  
economies	
  of	
  scale	
  in	
  the	
  applied	
  storage	
  model.	
  	
  

•  Round	
  trip	
  efficiency	
  of	
  75%,	
  with	
  the	
  inefficiency	
  divided	
  equally	
  
between	
  the	
  charge	
  and	
  discharge	
  por8ons	
  of	
  the	
  cycle.	
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Storage	
  opera8ons	
  

•  Storage	
  is	
  operated	
  only	
  as	
  a	
  bulk	
  energy	
  8me-­‐
shi{ing	
  device,	
  a	
  service	
  o{en	
  referred	
  to	
  as	
  energy	
  
arbitrage.	
  	
  
– This	
  is	
  what	
  pumped	
  hydro	
  storage	
  does	
  nowadays	
  

•  Other	
  services	
  that	
  a	
  storage	
  plant	
  could	
  provide,	
  
such	
  as	
  frequency	
  regula8on,	
  are	
  not	
  included	
  in	
  
the	
  model.	
  	
  

•  We	
  assume	
  that	
  the	
  storage	
  system	
  is	
  small	
  enough	
  
that	
  it	
  displaces	
  only	
  the	
  marginal	
  generator	
  and	
  
has	
  no	
  effect	
  on	
  market	
  prices	
  or	
  marginal	
  system	
  
emissions.	
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•  The	
  opera8on	
  of	
  the	
  storage	
  plant	
  is	
  considered	
  under	
  
both	
  perfect	
  and	
  imperfect	
  informa8on	
  about	
  future	
  
electricity	
  prices.	
  	
  

•  In	
  either	
  case,	
  the	
  storage	
  owner	
  pursues	
  a	
  strategy	
  of	
  
maximizing	
  annual	
  revenue	
  from	
  the	
  storage	
  device.	
  	
  

•  The	
  perfect	
  and	
  imperfect	
  informa8on	
  cases	
  act	
  as	
  
bounds	
  to	
  the	
  actual	
  opera8on	
  and	
  revenue	
  of	
  energy	
  
storage	
  systems.	
  	
  

•  A	
  real	
  storage	
  plant	
  cannot	
  exceed	
  the	
  revenue	
  found	
  
in	
  the	
  perfect	
  informa8on	
  case,	
  but	
  should	
  be	
  able	
  to	
  
earn	
  more	
  revenue	
  than	
  the	
  simple	
  imperfect	
  
informa8on	
  model,	
  if	
  operated	
  with	
  a	
  reasonably	
  
sophis8cated	
  algorithm.	
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Scenarios	
  

Perfect	
  Informa8on	
  
•  The	
  perfect	
  informa8on	
  model	
  uses	
  a	
  linear	
  programming	
  

op8miza8on	
  to	
  maximize	
  revenue	
  within	
  the	
  limita8ons	
  of	
  storage	
  
opera8on.	
  	
  

•  We	
  use	
  an	
  hourly	
  8me	
  resolu8on	
  for	
  all	
  calcula8ons.	
  Prices	
  are	
  
exogenous,	
  and	
  we	
  assume	
  storage	
  to	
  be	
  a	
  price	
  taker.	
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Scenarios	
  

Imperfect	
  Informa8on	
  
•  The	
  imperfect	
  informa8on	
  model	
  uses	
  the	
  same	
  storage	
  constraints	
  

before,	
  but	
  applies	
  a	
  simple	
  “sell	
  above,	
  buy	
  below”	
  algorithm	
  to	
  
determine	
  when	
  to	
  charge	
  or	
  discharge.	
  	
  

•  Storage	
  is	
  charged	
  whenever	
  the	
  market	
  clearing	
  price	
  is	
  below	
  a	
  
fixed	
  “buy	
  price”,	
  and	
  discharged	
  whenever	
  the	
  energy	
  price	
  is	
  above	
  
a	
  fixed	
  “sell	
  price”.	
  	
  

•  Between	
  the	
  buy	
  and	
  sell	
  prices,	
  the	
  storage	
  unit	
  does	
  nothing.	
  	
  
•  This	
  algorithm	
  relies	
  on	
  neither	
  past	
  nor	
  future	
  electricity	
  prices	
  for	
  

opera8onal	
  decision	
  making.	
  
•  The	
  buy	
  and	
  sell	
  prices	
  are	
  determined	
  using	
  a	
  simulated	
  annealing	
  

op8miza8on	
  that	
  searches	
  for	
  revenue-­‐maximizing	
  values	
  of	
  buy	
  and	
  
sell	
  prices	
  (following	
  the	
  algorithm	
  from	
  Kirkpatrick	
  et	
  al.).	
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Revenue	
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Perfect	
  Informa8on	
   Imperfect	
  Informa8on	
  

•  Large	
  large	
  poten8al	
  market,	
  but	
  very	
  low	
  revenue	
  rates.	
  
•  Only	
  the	
  most	
  inexpensive	
  storage	
  technologies	
  could	
  produce	
  a	
  profit	
  in	
  this	
  market.	
  	
  

•  For	
  example,	
  assuming	
  a	
  15-­‐year	
  life	
  and	
  a	
  7%	
  cost	
  of	
  capital,	
  the	
  upfront	
  cost	
  of	
  the	
  
storage	
  device	
  would	
  have	
  to	
  be	
  less	
  than	
  $115/kWh	
  in	
  order	
  to	
  create	
  a	
  profit	
  from	
  
an	
  annual	
  revenue	
  of	
  $1	
  M	
  per	
  year.	
  	
  

•  For	
  the	
  annual	
  revenue	
  calculated	
  under	
  PI	
  ($0.6	
  to	
  $1.95	
  M),	
  the	
  breakeven	
  capital	
  
costs	
  of	
  storage	
  range	
  from	
  $70/kWh	
  to	
  $225/kWh	
  -­‐>	
  most	
  energy	
  storage	
  devices	
  
cost	
  more	
  (perhaps	
  large	
  pumped	
  hydro	
  or	
  compressed	
  air	
  systems	
  would	
  do)	
  



Revenue	
  under	
  imperfect	
  informa8on	
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Storage:	
  for	
  most	
  loca8ons	
  across	
  the	
  country,	
  using	
  storage	
  for	
  
energy	
  arbitrage	
  will	
  increase	
  emissions	
  of	
  CO2	
  and	
  of	
  criteria	
  air	
  
pollutants.	
  	
  	
  

Net	
  CO2	
  emissions	
  per	
  MWh	
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Storage:	
  for	
  most	
  loca8ons	
  across	
  the	
  country,	
  using	
  storage	
  for	
  
energy	
  arbitrage	
  will	
  increase	
  emissions	
  of	
  CO2	
  and	
  of	
  criteria	
  air	
  
pollutants.	
  	
  	
  

Net	
  NOx	
  emissions	
  per	
  MWh	
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Storage:	
  for	
  most	
  loca8ons	
  across	
  the	
  country,	
  using	
  storage	
  for	
  
energy	
  arbitrage	
  will	
  increase	
  emissions	
  of	
  CO2	
  and	
  of	
  criteria	
  air	
  
pollutants.	
  	
  	
  

Net	
  SO2	
  emissions	
  per	
  MWh	
  



Sensi8vity	
  Analysis	
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Electrified	
  vehicles:	
  

Reference:	
  Tamayao,	
  M.,	
  Michalek,	
  J.,	
  Hendrickson,	
  C.,	
  Azevedo	
  I.L.,	
  (2015).	
  Regional	
  variability	
  and	
  uncertainty	
  of	
  electric	
  
vehicle	
  life	
  cycle	
  CO2	
  emissions	
  across	
  the	
  United	
  States,	
  accepted	
  to	
  ES&T	
  in	
  May	
  2015;	
  	
  



Probability	
  that	
  CO2	
  emissions	
  from	
  
Nissan	
  Leaf	
  <	
  gasoline	
  vehicle	
  
(Toyota	
  Prius	
  Hybrid	
  or	
  sales-­‐

weighted	
  ICEV)	
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Electrified	
  vehicles:	
  there	
  is	
  no	
  one	
  size	
  fits	
  all:	
  the	
  Nissan	
  Leaf	
  has	
  
lower	
  CO2	
  emissions	
  than	
  gasoline	
  (ICEV	
  or	
  Toyota	
  Prius	
  hybrid)	
  in	
  
parts	
  of	
  the	
  country	
  (green)	
  where	
  in	
  other	
  parts,	
  the	
  Prius	
  or	
  ICEV	
  
have	
  lower	
  emissions	
  (red)	
  

Reference:	
  Tamayao,	
  M.,	
  Michalek,	
  J.,	
  Hendrickson,	
  C.,	
  Azevedo	
  I.L.,	
  (2015).	
  Regional	
  variability	
  and	
  uncertainty	
  of	
  electric	
  
vehicle	
  life	
  cycle	
  CO2	
  emissions	
  across	
  the	
  United	
  States,	
  accepted	
  to	
  ES&T	
  in	
  May	
  2015;	
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Building	
  codes:	
  moving	
  to	
  ASHRAE	
  90.1−2010	
  rela8ve	
  to	
  a	
  baseline	
  building	
  code	
  
ASHRAE	
  90.1−2007	
  have	
  very	
  different	
  implica8ons	
  in	
  terms	
  of	
  benefits	
  from	
  climate,	
  
health	
  and	
  environmental	
  damage	
  reduc8on.	
  	
  
	
  

Reference:	
  Gilbraith,	
  N.,	
  Azevedo,	
  I.L.,	
  Jaramillo,	
  P.,	
  (2014).	
  Regional	
  energy	
  and	
  GHG	
  savings	
  from	
  building	
  codes	
  across	
  the	
  
United	
  States,	
  Environmental	
  Science	
  &	
  Technology;	
  	
  



•  A	
  transi8on	
  to	
  low-­‐carbon,	
  environmentally	
  
sustainable,	
  and	
  socially	
  desirable	
  energy	
  systems	
  
will	
  require	
  a	
  major	
  transi8on	
  in	
  our	
  energy	
  system.	
  

•  During	
  this	
  transi8on,	
  we	
  want	
  to	
  focus	
  on	
  
strategies	
  and	
  interven8ons	
  that	
  provide	
  the	
  
intended	
  emissions	
  savings.	
  	
  

•  Focusing	
  on	
  both	
  greenhouse	
  gases	
  and	
  criteria	
  air	
  
pollutants	
  together	
  makes	
  sure	
  we	
  select	
  strategies	
  
that	
  have	
  the	
  largest	
  climate,	
  environmental	
  and	
  
health	
  benefits.	
  

•  Data	
  for	
  other	
  countries!	
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Final	
  notes	
  



•  With	
  a	
  group	
  of	
  6	
  PhD	
  students,	
  we	
  are	
  developing	
  a	
  tool	
  that	
  
downloads	
  the	
  most	
  recent	
  CEMS	
  data	
  and	
  transforms	
  it	
  in	
  a	
  usable	
  
dataset;	
  run	
  the	
  regressions	
  for	
  different	
  years,	
  seasons,	
  regions;	
  use	
  
different	
  assump8on	
  for	
  the	
  damages	
  
–  We	
  hope	
  to	
  make	
  this	
  publicly	
  available	
  online	
  some8me	
  this	
  Fall.	
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I	
  am	
  working	
  on	
  an	
  online	
  tool	
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This presentations & paper can be found at: 

 
https://www.dropbox.com/sh/9skgog59wdd3m4x/

AAAQzsPhamXaRmGOIOhyz7Dpa?dl=0 
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