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!" The	  US	  grid	  is	  diverse	  in	  its	  carbon	  intensity.	  

2	  

Using	  average	  emissions	  factors	  	  
can	  be	  masking	  important	  Rme-‐related	  effects.	  
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3	  
Figures	  from	  Azevedo	  –	  this	  is	  a	  schemaRc	  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	  intervenRons,	  

Rme	  of	  the	  day,	  region	  in	  the	  US,	  etc...	  
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Then	  we	  have	  esRmates	  of	  marginal	  
damages	  ($/MWh)	  for	  each	  demand	  bin	  
as	  funcRon	  of	  gross	  generaRon	  for	  each	  
pollutant	  5	  

4	  

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

For	  1400	  plants:	  locaRon,	  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	  
generaRon	  bins:	  
	  
Dh+1-‐Dh	  =	  β(Gh+1-‐Gt)	  +	  ε	  
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Data	  from:	  CEMS	  
(2009-‐2011),	  eGRID	  
(2009),	  NEI	  (2005)	  

EsRmaRng	  environmental	  and	  health	  benefits	  
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For	  each	  wind	  &	  solar	  site	  and	  for	  each	  hour	  
of	  the	  year,	  we	  match	  wind/solar	  generaRon	  
with	  the	  gross	  generaRon	  that	  it	  is	  displaced.	  
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$/MWh	   We	  finally	  add	  all	  damages	  
avoided	  for	  each	  site	  for	  all	  
hours	  of	  the	  year	  and	  	  
divide	  by	  the	  total	  
generaRon	  or	  capacity	  
installed	  from	  wind/solar	  in	  
each	  eGRID	  sub-‐region,	  
finding	  the	  weighted	  
marginal	  damages	  for	  each	  
site	  

8	  
We	  then	  IdenRfy	  the	  
damages	  associated	  
with	  gross	  generaRon.	  
For	  each	  hour,	  we	  
mulRply	  the	  associated	  
damages	  ($/MWh)	  by	  
the	  wind/solar	  output.	  

7	  

EsRmaRng	  environmental	  and	  health	  benefits	  
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6	  

Results	  for	  solar	  
Energy	  Performance	   Avoided	  CO2	  per	  kW	  (kg	  &	  $)	  

XXXX	  Health	  and	  environmental	  benefits	  



!"	  
Are	  we	  reducing	  emissions	  by	  increasing	  storage	  
around	  the	  country?	  

7	  



!" Is	  storage	  “green”?	  
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•  The	  environmental	  effects	  depend	  on	  how	  storage	  is	  operated,	  
and	  what	  effect	  that	  operaRon	  has	  on	  other	  generaRon.	  	  

•  Despite	  possible	  emissions	  increases,	  proposed	  legislaRon	  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,	  direcRng	  the	  California	  
Public	  URliRes	  Commission	  (CPUC)	  to	  determine	  appropriate	  
requirements	  for	  grid	  energy	  storage.	  

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



!" Why	  will	  storage	  potenRally	  increase	  emissions	  

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

between	  storage	  charging	  and	  discharging	  Rmes.	  	  

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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!" Data	  &	  Methods	  

•  Storage	  is	  operated	  only	  as	  a	  bulk	  energy	  Rme-‐
shiting	  device,	  a	  service	  oten	  referred	  to	  as	  
energy	  arbitrage.	  	  
– This	  is	  what	  pumped	  hydro	  storage	  does	  nowadays	  

•  Other	  services	  that	  a	  storage	  plant	  could	  
provide,	  such	  as	  frequency	  regulaRon,	  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.	  	   10	  



!" Data	  &	  Methods	  

•  The	  energy	  storage	  device	  is	  not	  Red	  to	  a	  parRcular	  technology	  
but	  has	  avributes	  of	  exisRng	  or	  likely	  bulk	  storage	  technologies:	  
pumped	  hydro,	  CAES,	  and	  some	  bavery	  technologies.	  
–  20	  storage	  sites	  around	  the	  conRnental	  U.S.	  

•  Assume	  revenue-‐maximizing	  operaRon	  of	  storage.	  	  
– We	  consider	  2	  scenarios:	  perfect	  and	  imperfect	  informaRon	  
about	  future	  electricity	  prices	  	  

– We	  use	  hourly	  LMP	  for	  locaRons	  within	  an	  Independent	  
System	  Operator	  (ISO)	  	  

•  We	  use	  hourly	  average	  Marginal	  Emissions	  Factors	  (MEFs)	  to	  
determine	  the	  effecRve	  net	  CO2,	  SO2,	  and	  NOx	  emissions	  
related	  to	  storage	  plant	  operaRon.	  

•  Round	  trip	  efficiency	  of	  75%,	  with	  the	  inefficiency	  divided	  
equally	  between	  the	  charge	  and	  discharge	  porRons	  of	  the	  cycle.	  	  
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!" Revenue	  
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Perfect	  InformaRon	   Imperfect	  InformaRon	  

•  Large	  large	  potenRal	  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)	  
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!" SensiRvity	  Analysis	  
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