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Overview	  

DirecVons	  for	  improving	  soJware	  for	  ISO	  
markets:	  
– dispatch/pricing	  via	  OPF	  with	  AC	  network	  models	  
–  improved	  handling	  of	  increased	  uncertainty	  
through	  stochasVc	  opVmizaVon	  

– dispatch	  of	  storage,	  Vme-‐flexible	  demand	  
– endogenous	  reserve	  requirements	  

–  ramping	  products	  
– move	  to	  receding	  horizon	  
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Two	  Stages	  

•  stage	  1	  –	  day-‐ahead	  /	  hour-‐ahead	  
– mulVperiod	  –	  determines	  contracts	  for	  energy,	  
reserve/ramping	  capacity	  and	  unit	  commitment	  

•  stage	  2	  –	  real-‐Vme	  /	  balancing	  
– determines	  balancing	  energy,	  real-‐Vme	  prices	  

This	  paper	  focuses	  on	  the	  problem	  formulaVon	  for	  the	  first	  
stage,	  presenVng	  a	  secure,	  stochas#c,	  unit-‐commitment/
mulV-‐period	  AC	  OPF,	  with	  storage,	  flexible	  demand,	  and	  
endogenous	  conVngency	  and	  load-‐following	  reserve	  
requirements	  for	  use	  in	  a	  receding	  horizon	  context.	  
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Receding	  Horizon	  
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Traditional Approach – Stage 1 runs once-per-
day, finds hourly solution for full day; stage 2 
runs intra-hour, finds single period solution 
subject to day-ahead contracts.  

Receding Horizon Approach – Stage 1 runs 
hourly, finds solution for first hour with hourly full-
day look-ahead; stage 2 runs intra-hour, finds 
single period solution subject to hour-ahead 
contracts.  



Focus	  

•  handling	  uncertainty	  in	  mulV-‐period	  planning	  

•  load	  following	  ramping	  reserves	  

•  storage	  and	  Vme-‐flexible	  demand	  
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Handling	  Uncertainty	  

Begin	  with	  single	  period	  problem,	  that	  is,	  making	  the	  
OPF	  stochasVc	  and	  secure.	  

•  two	  types	  of	  uncertainty	  
–  wind,	  load	  (conVnuous,	  distribuVon)	  
–  conVngencies	  (discrete,	  low	  probability)	  

•  both	  handled	  by	  selecVng	  sets	  of	  individual	  
probability	  weighted	  scenarios,	  so	  that:	  
-  overall	  stochasVc	  cost	  is	  approximated	  adequately,	  

-  credible,	  low	  probability,	  high	  impact	  events	  are	  included	  to	  ensure	  
security,	  

-  number	  of	  scenarios	  is	  minimized	  to	  keep	  computaVonal	  cost	  
reasonable.	  
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Problem	  Structure	  –	  ConVngencies	  
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Problem	  Structure	  –	  Wind	  
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Reserves	  
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Extending	  to	  MulVple	  Periods	  

•  number	  of	  possible	  states	  explodes	  due	  to	  
path	  dependence	  

•  treaVng	  each	  trajectory	  as	  a	  scenario	  requires	  
too	  many	  trajectories	  to	  capture	  the	  range	  of	  
possible	  outcomes	  in	  each	  period	  

•  our	  approach	  –	  enforce	  feasibility	  of	  a	  central	  
path,	  the	  high	  probability	  path	  defined	  by	  the	  
set	  of	  base	  scenarios	  
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Ramping	  
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Ramping	  –	  Load	  Following	  Reserve	  
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Storage	  
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Storage	  
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NotaVon	  
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NotaVon	  
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ObjecVve	  FuncVon	  

18	  

(1)	  acVve	  power	  
dispatch	  and	  	  

re-‐dispatch	  costs	  

(2)	  conVngency	  
reserve	  
costs	  

(3)	  ramping	  
wear	  &	  tear	  

costs	  

(4)	  load	  following	  
ramp	  reserve	  

costs	  

(5)	  cost/value	  of	  
leJover	  stored	  

energy	  in	  terminal	  
states	  

(6)	  startup	  and	  
shutdown	  
costs	  



ObjecVve	  FuncVon	  (1)-‐(3)	  

(1)	  cost	  of	  acVve	  power	  dispatch	  and	  re-‐dispatch	  

(2)	  cost	  of	  conVngency	  reserves	  

(3)	  cost	  of	  load-‐following	  ramping	  (wear	  &	  tear)	  
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ObjecVve	  FuncVon	  (4)-‐(6)	  

(4)	  cost	  of	  load-‐following	  ramp	  reserves	  

(5)	  cost	  (or	  value,	  since	  it	  is	  negaVve)	  of	  
expected	  leJover	  stored	  energy	  in	  terminal	  
states	  

(6)	  startup	  and	  shutdown	  costs	  
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Standard	  OPF	  Constraints	  

•  nonlinear	  AC	  power	  balance	  equaVons	  

•  nonlinear	  transmission	  flow	  limits,	  voltage	  
limits,	  any	  other	  OPF	  inequality	  constraints	  
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ConVngency	  Constraints	  

•  reserve,	  redispatch	  and	  contract	  variables	  

•  ramping	  limits	  on	  transiVons	  from	  base	  to	  
conVngency	  cases	  
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Intertemporal	  Constraints	  

•  load	  following	  ramping	  limits	  and	  reserves	  
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Intertemporal	  Constraints	  

•  storage	  
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Unit	  Commitment	  

•  injecVon	  limits	  and	  commitments	  

•  startup	  and	  shutdown	  events	  

•  minimum	  up	  and	  down	  Vmes	  
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DecomposiVon	  of	  ConVnuous	  Sub-‐problem	  
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Slow	  Convergence	  
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DC	  Network	  Example	  
number	  of	  …	  

buses	   118	  

convenVonal	  generators	   37	  

wind	  farms	   11	  

grid-‐level	  storage	  units	   4	  

curtailable	  loads	   99	  

periods	  in	  horizon,	  |T|	   24	  

scenarios	  per	  period,	  |Jt|	   4	  

conVngencies	  per	  scenario,	  |Ktj|	  –	  1	   7	  

variables	  in	  resulVng	  QP	   462,686	  

constraints	  in	  resulVng	  QP	   819,812	  

28	  

Roughly equivalent to a 90,000 bus OPF + additional vars/constraints. 
Solves in under 20 minutes on a Mac Pro (no special tuning). 



Storage	  Usage	  Tradeoff	  Example	  

•  Vme	  arbitrage	  vs.	  uncertainty	  miVgaVon	  
•  based	  on	  example	  system	  with:	  

– convenVonal	  gen	  with	  quadraVc	  cost	  
– constant	  determinisVc	  demand	  
– 100%	  efficient	  grid	  level	  storage	  unit	  (e.g.	  bamery)	  
– normally	  distributed	  wind	  generaVon	  with	  2	  
parameters	  that	  are	  varied	  over	  a	  range	  (0-‐100%):	  
•  uncertainty	  –	  variance	  of	  distribuVon	  
•  variability	  –	  change	  in	  mean	  of	  distribuVon	  from	  period	  
to	  period	  
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QuesVons?	  
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