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Introduc;on	
  

•  Mo;va;on:	
  climate	
  change	
  impacts	
  
– What	
  will	
  be	
  the	
  effects	
  on	
  renewables?	
  
–  (For	
  US	
  at	
  least)	
  Increasing	
  extremes	
  of	
  temperature	
  
and	
  humidity,	
  increasing	
  demand	
  for	
  summer	
  cooling	
  

– Will—and	
  if	
  so,	
  how—will	
  these	
  lead	
  effects	
  to	
  a	
  
change	
  in	
  load	
  shape?	
  

– Ul;mately,	
  will	
  future	
  increases	
  in	
  renewable	
  
penetra;on	
  be	
  able	
  to	
  provide	
  the	
  addi;onal	
  energy	
  
required,	
  when	
  needed,	
  without	
  increasing	
  GHG	
  
emissions?	
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Bo<om-­‐Up:	
  Electric	
  Power/Energy	
  System	
  
[Objec;ve:	
  min	
  pv	
  of	
  capacity	
  +	
  investment	
  +	
  variable	
  input	
  costs]	
  

​​min┬​#↓%,& , ​(↓),%,& , ​*↓ℓ,&  ⁠+=∑&↑▒​/↑& ∑%↑▒(​1↑2 [​4↓%,& ]+ ​1↑6 [​#↓%,& ]
+∑)↑▒∑ℓ↑▒∑7↑▒​​1 ↓7↑8 [​(↓),ℓ,7,%,& ]   )   	
  	
  	
  s.t.	
  

[Produc;on	
  func;on	
  based	
  on	
  parameters	
   ​​: ↓ℓ,7,% ]	
  
​;↓ℓ,%,& =<[ ​=↓),ℓ,7,%,& , ​4↓%,& ;​​: ↓ℓ,7,% ]	
  

[Demand	
  response	
  constraint	
  based	
  on	
  parameters	
  ​​> ↓ℓ ]	
  
​?↓& ≤@[​A↓ℓ,& ;​​> ↓ℓ ]	
  	
  

[Market	
  clearance	
  constraint	
  by	
  load	
  segment]	
  

​*↓ℓ,& ≤∑%↑▒​;↓ℓ,%,&  	
  	
  
[System	
  opera;on	
  feasibility	
  constraints	
  based	
  on	
  parameters	
  ​​B ↓ℓ,% ]	
  

C[​D↓ℓ,%,& ;​​B ↓ℓ,% ]=0	
  
[Capacity	
  equa;on	
  of	
  mo;on]	
  

​4↓%,&+1 ≤ ​#↓%,& +(1− ​E↓% ) ​4↓%,& 	
  
[Resource	
  poten;al]	
  

​​F ↓),ℓ,7 ≥∑%↑▒​(↓),ℓ,7,%,&  	
  	
  
[Exogenous	
  renewable	
  forcing	
  constraint]	
  

∑ℓ↑▒​;↓ℓ,"VRE",&  ≥∑ℓ↑▒∑%↑▒​;↓ℓ,%,&  ⋅ ​VRE  Target↓&  	
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Renewable	
  Modeling	
  Ini;a;ve	
  
•  Fundamental	
  intellectual	
  payoff	
  is	
  the	
  response	
  surface	
  
Δ+=Ω[VRE  Target, ​​: ↓ℓ,7,% , ​​> ↓ℓ , ​​B ↓ℓ,% , ​​F ↓),ℓ,7 ]	
  

	
  par;cularly	
  the	
  marginal	
  response/envelope	
  condi;ons	
  
​GΔ+/G​​: ↓ℓ,7,%  ,	
   ​GΔ+/G​​> ↓ℓ  ,	
   ​GΔ+/G​​B ↓ℓ,%  ,	
   ​​​GΔ+/G​​F ↓),ℓ,7  |↓VRE  

Target 	
  
•  Observa;ons	
  from	
  Monday’s	
  discussion	
  

–  Recovering	
  Ω	
  is	
  complicated	
  by	
  a	
  key	
  underdetermined	
  aspect	
  of	
  the	
  
model	
  intercomparison	
  exercise:	
  no	
  standardiza;on	
  over	
  connec;on	
  
between	
  resource	
  poten;als	
  and	
  supply	
  curves	
  ​​1 ↓7↑8 [​(↓),ℓ,7,%,& ]	
  

–  Should	
  the	
  en;re	
  system	
  cost	
  premium	
  Δ+	
  be	
  en;rely	
  loaded	
  back	
  onto	
  
the	
  VRE	
  when	
  the	
  la<er	
  is	
  being	
  forced	
  in	
  by	
  fiat?	
  

–  Alterna;vely,	
  if	
  not	
  forced—i.e.,	
  there	
  is	
  simply	
  a	
  change	
  in	
  technology	
  
or	
  availability	
  that	
  facilitates	
  increased	
  renewable	
  penetra;on—what	
  
will	
  Δ+	
  be?	
  

–  Economic	
  interpreta;on	
  of	
  envelope	
  condi;ons/	
  components	
  of	
  Δ+	
  
a<ributable	
  to	
  different	
  system	
  components	
  (cf	
  Falko	
  discussion)	
  

–  Envisage	
  using	
  Ω	
  to	
  parameterize	
  endogenous	
  markup	
  on	
  VREs	
  with	
  
increased	
  penetra;on	
  in	
  IAMs—right	
  idea	
  but	
  the	
  devil	
  is	
  in	
  the	
  details!	
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Top-­‐Down:	
  Computable	
  General	
  Equilibrium	
  
(1)	
  

•  Circular	
  flow	
  of	
  the	
  economy	
   ⇒	
  condi;ons	
  for	
  GE	
  to	
  hold	
  
–  Market	
  clearance	
  (MC):	
  supply	
  =	
  demand	
  for	
  each	
  reproducible	
  good	
  

(e.g.,	
  electricity)	
  or	
  primary	
  factor	
  of	
  produc;on	
  (e.g.,	
  labor)	
  
–  Zero	
  profit	
  (ZP):	
  each	
  firm’s	
  output	
  price	
  =	
  marginal	
  cost	
  of	
  produc;on	
  
–  Income	
  balance	
  (IB):	
  hholds’	
  factor	
  income	
  from	
  factor	
  returns	
  =	
  

expenditure	
  on	
  commodi;es	
  
•  A	
  CGE	
  model	
  is	
  merely	
  an	
  algebraic	
  expression	
  of	
  the	
  above	
  

–  Parameters	
  numerically	
  calibrated	
  on	
  input-­‐output	
  economic	
  accounts	
  
–  System	
  of	
  equa;ons	
  solved	
  for	
  a	
  set	
  of	
  goods	
  prices	
  (P),	
  factor	
  prices	
  

(W),	
  industry	
  ac;vity	
  levels	
  (A),	
  and	
  household	
  income	
  levels	
  (I)	
  
•  Key	
  is	
  to	
  assume	
  op;mizing	
  behavior	
  by	
  producers	
  and	
  hholds	
  

–  Households	
  minimize	
  expenditure ⇒	
  Final	
  commodity	
  demands(P,	
  I)	
  
–  Firms	
  minimize	
  costs	
  ⇒	
  Factor	
  demands(W,	
  A),	
  Intermediate	
  

commodity	
  demands(P,	
  A)	
  
•  A	
  CGE	
  model	
  combines	
  circular	
  flow	
  condi;ons	
  with	
  the	
  

demand	
  func;ons,	
  KKT	
  complementary	
  slackness	
  condi;ons	
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Top-­‐Down:	
  Computable	
  General	
  Equilibrium	
  
(2)	
  

•  CGE	
  model	
  in	
  a	
  nutshell	
  
MC: 	
  	
  Factor	
  endowment	
  =	
  ∑	
  Factor	
  demands(W,	
  A),	
  
	
   	
  	
  Goods	
  supply(A)	
  =	
  ∑	
  Intermediate	
  goods	
  demands(P	
  ,	
  A)	
  
	
   	
   	
   	
   	
  	
  +	
  ∑	
  Final	
  goods	
  demands(P	
  ,	
  I)	
  

ZP: 	
  Goods	
  price(P)	
  ×	
  Goods	
  supply(A)	
  =	
  
	
   	
  ∑	
  {Goods	
  prices(P)	
  ×	
  Intermediate	
  goods	
  demands(P,	
  A)}	
  
	
   	
  +	
  ∑	
  {Factor	
  prices(W)	
  ×	
  Factor	
  demands(W,	
  A)}	
  

IB: 	
  ∑	
  {Goods	
  prices(P)	
  ×	
  Final	
  goods	
  demands(P,	
  I)}	
  
	
   	
  =	
  ∑	
  {Factor	
  prices(W)	
  ×	
  Factor	
  endowments}	
  

•  Solve	
  for	
  prices	
  and	
  quan;;es	
  simultaneously	
  
–  Find	
  commodity/factor	
  prices	
  industry/household	
  ac;vity	
  levels	
  
which	
  sa;sfy	
  the	
  system	
  of	
  equa;ons	
  

MC	
  ⊥	
  (P,	
  W)	
  	
  	
  	
  	
  ZP	
  ⊥	
  A	
  	
  	
  	
  	
  IB	
  ⊥	
  I	
  
	
  
	
  where	
  “⊥”	
  indicates	
  complementary	
  slackness	
  



Two	
  Approaches	
  to	
  Integra;on	
  
•  Electric	
  power	
  sector	
  represented	
  by	
  smooth	
  func;ons,	
  key	
  issue:	
  

how	
  to	
  incorporate	
  wealth	
  of	
  technical	
  informa;on	
  embodied	
  in	
  
system	
  models	
  into	
  that	
  abstrac;on	
  

•  Decomposi;on	
  approach	
  
–  Couple	
  CGE	
  with	
  economic	
  dispatch/capacity	
  expansion,	
  itera;vely	
  

running	
  models	
  in	
  tandem	
  
–  CGE	
  model	
  uses	
  elec.	
  system	
  model	
  technology	
  genera;on	
  as	
  a	
  

commodity	
  endowment	
  vector,	
  computes	
  prices,	
  variable	
  input	
  
quan;;es	
  

–  Elec.	
  system	
  model	
  uses	
  supply/demand	
  curves	
  parameterized	
  based	
  
on	
  CGE	
  price	
  and	
  input/output	
  quan;;es,	
  computes	
  genera;on	
  
quan;;es	
  by	
  technology	
  

•  Integrated	
  approach	
  
–  Incorporate	
  genera;on	
  technologies	
  as	
  discrete	
  op;ons	
  directly	
  with	
  

CGE	
  models’	
  smooth	
  produc;on/cost	
  func;ons	
  (nested	
  CES)	
  
–  Calibra;on	
  requires	
  reconciling	
  incommensurate	
  input-­‐output	
  

economic	
  data	
  with	
  engineering	
  data	
  on	
  technical	
  characteris;cs	
  of	
  
genera;on	
  op;ons,	
  balance	
  of	
  system	
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Modeling	
  Investment	
  (1)	
  
•  Decomposi;on	
  
–  A	
  consistent	
  approach	
  would	
  couple	
  an	
  intertemporal	
  CGE	
  
model	
  with	
  a	
  detailed	
  intertemporal	
  system	
  model	
  (incl.	
  
min.	
  load	
  constraints,	
  ramp	
  rates,	
  security	
  constraints,	
  
etc.)	
  

–  Possible!	
  RTI/ADAGE	
  under	
  development	
  
–  Key	
  issues	
  to	
  be	
  addressed:	
  

•  Need	
  to	
  map	
  between	
  system	
  detail	
  and	
  coarse	
  spa;al/temporal	
  
resolu;on	
  required	
  to	
  solve	
  full	
  intertemporal	
  economic	
  
equilibrium	
  

•  Nuances	
  of	
  sesng	
  up	
  calibra;on	
  to	
  let	
  system	
  model	
  compute	
  
capacity	
  investment,	
  hand	
  off	
  to	
  CGE	
  model.	
  Avoids	
  having	
  to	
  
solve	
  the	
  computa;onally	
  intractable	
  m-­‐capital	
  stock	
  mul;sectoral	
  
Ramsey	
  model!	
  

•  Most	
  CGE	
  models	
  incorporate	
  myopic	
  dynamics—consistent	
  
linkages	
  to	
  intertemporal	
  system	
  models	
  based	
  on	
  rolling	
  capacity	
  
plans?	
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Modeling	
  Investment	
  (2)	
  
•  Integrated	
  
– Minimum	
  requirement:	
  avoid	
  implausible	
  “bang-­‐bang”	
  
technology	
  behavior,	
  achieve	
  via	
  imperfect	
  capacity	
  
subs;tu;on	
  in	
  short-­‐run	
  equilibrium	
  

–  Sue	
  Wing	
  (2006):	
  punt	
  on	
  investment	
  en;rely!	
  
•  Treat	
  capital	
  as	
  a	
  homogeneous	
  intersectorally	
  mobile	
  “jelly”	
  
factor	
  

•  Transform	
  capital	
  input	
  to	
  electric	
  power	
  sector	
  into	
  technology-­‐
specific	
  capital,	
  using	
  a	
  CET	
  func;on	
  with	
  low	
  elas;city	
  of	
  
tranforma;on	
  (~	
  0.5)	
  

–  Full	
  m-­‐capital	
  intertemporal	
  GE	
  problem	
  computa;onally	
  
intractable,	
  fallback	
  ⇒	
  myopic	
  dynamics	
  
•  BUT,	
  requires	
  specifica;on	
  of	
  an	
  ad-­‐hoc	
  investment	
  demand	
  
func;on	
  for	
  technology-­‐specific	
  capital	
  

•  Scope	
  for	
  doing	
  this	
  based	
  on	
  empirically	
  es;mated	
  rela;onships?	
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Modeling	
  Resources	
  
•  Decomposi;on	
  

–  Burden	
  falls	
  on	
  BU	
  model	
  per	
  Monday’s	
  discussion	
  
–  Need	
  to	
  work	
  out	
  economic	
  value	
  of	
  VRE	
  resource	
  
endowments,	
  and	
  a	
  way	
  to	
  represent	
  their	
  use,	
  given	
  that	
  the	
  
system	
  model	
  short-­‐circuits	
  the	
  connec;on	
  between	
  the	
  two	
  in	
  
the	
  top-­‐down	
  model	
  

•  Integrated	
  
–  Need	
  markups	
  of	
  technologies	
  inac;ve	
  in	
  the	
  benchmark	
  in	
  
terms	
  of	
  LCOG	
  +	
  BOS	
  costs	
  (cf	
  Falko/Robert	
  discussion)	
  

–  Need	
  representa;on	
  of	
  resources	
  and	
  their	
  use	
  that	
  is	
  
consistent	
  with	
  the	
  economic	
  logic	
  of	
  GE	
  
•  Extent	
  of	
  physical	
  resource	
  base	
  not	
  so	
  much	
  of	
  an	
  issue	
  for	
  CGE	
  
models	
  

•  Supply	
  curve	
  (cost)	
  parameteriza;on	
  would	
  appear	
  to	
  be	
  much	
  more	
  
important	
  

11	
  



An	
  Archetypical	
  Integrated	
  Approach	
  
Using	
  Nested	
  CES	
  Func;ons	
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Technology-­‐load	
  
mapping	
  

Complementarity	
  
between	
  total	
  power	
  

supply	
  and	
  transmission	
  

Resource	
  input	
  determined	
  
by	
  intersec;on	
  of	
  demand	
  

with	
  exogenous	
  supply	
  curve	
  

Quasi-­‐load	
  curve	
  



Differen;a;ng	
  Load,	
  
Matching	
  Technologies	
  (1)	
  

•  Key	
  weakness	
  of	
  the	
  integrated	
  approach	
  is	
  treatment	
  of	
  
electricity	
  as	
  a	
  homogeneous	
  good	
  on	
  the	
  demand	
  side	
  
–  Largely	
  unavoidable,	
  given	
  monolithic	
  character	
  of	
  I-­‐O	
  data,	
  lack	
  
of	
  informa;on	
  on	
  distribu;on	
  of	
  different	
  consumers’	
  electricity	
  
demand	
  among	
  different	
  load	
  classes	
  

–  Holy	
  grail	
  is	
  a	
  row	
  disaggrega;on	
  of	
  electricity	
  demand	
  in	
  I-­‐O	
  
table	
  into	
  load	
  segments,	
  but	
  this	
  is	
  possible	
  only	
  where	
  data	
  
are	
  available	
  (e.g.,	
  Dias	
  &	
  Linares,	
  2010;	
  EPRI???)	
  

–  In	
  any	
  case	
  need	
  a	
  procedure	
  to	
  divide	
  aggregate	
  load	
  into	
  
classes,	
  specify	
  load	
  class	
  demands	
  for	
  genera;on	
  technologies’	
  
outputs	
  

–  Data	
  constraints	
  mean	
  current	
  parameteriza;on	
  usually	
  based	
  
on	
  judgment	
  and	
  assump;ons	
  
•  Aggregate	
  load	
  =	
  CES1(Base	
  load,	
  Intermediate	
  load,	
  Peak	
  load)	
  
•  Base,	
  Intermediate	
  or	
  Peak	
  load	
  =	
  CES2(different	
  technology	
  outputs)	
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Differen;a;ng	
  Load,	
  
Matching	
  Technologies	
  (2)	
  

•  Aforemen;oned	
  procedure	
  makes	
  it	
  simple	
  to	
  introduce	
  
new	
  “backstop”	
  VRE	
  genera;on	
  technologies	
  that	
  do	
  not	
  
exist	
  in	
  benchmark	
  calibra;on	
  dataset	
  
–  A	
  key	
  issue	
  is	
  modeling	
  renewable	
  penetra;on	
  in	
  poorer	
  
developing	
  regions	
  

–  Two	
  basic	
  calibra;on	
  op;ons	
  
•  Recalibrate	
  CES1()	
  to	
  accommodate	
  addi;onal	
  inputs	
  
•  Retain	
  CES1()	
  but	
  specify	
  output	
  of	
  VRE	
  technology	
  as	
  a	
  perfect	
  
subs;tute	
  for	
  an	
  extant	
  conven;onal	
  technology	
  

–  In	
  either	
  case	
  compe;;on	
  between	
  VRE	
  and	
  conven;onal	
  
technology	
  op;ons	
  constrained	
  by	
  2	
  cri;cal	
  factors	
  which	
  
determine	
  penetra;on	
  rate/extent	
  
•  Resource	
  supply	
  schedule	
  
•  Markup	
  of	
  non-­‐extant	
  technology	
  over	
  average	
  cost	
  of	
  exis;ng	
  
alterna;ves	
  

–  Key	
  ques;ons	
  is	
  how	
  to	
  employ	
  something	
  like	
  Ω	
  here...	
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Discussion	
  of	
  
Poten;al	
  Ways	
  Forward?	
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