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Background	
  
•  High penetration of the wind energy in certain grids 
•  Variable and partly unpredictible wind resource 
•  Technical (power system balance) and economical difficulties 

(higher cost of WT integration in the grid) in grids with high 
wind penetration 

•  Future WPPs need to behave similar to the conventional 
generation units... 

•  ... and be ready for the future more stringent grid codes 
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Virtual	
  Power	
  Plant	
  concept	
  
•  High wind penetration in the grid will require higher flexibility 

from the wind industry and better production accuracy 
•  Energy Storage System (ESS) as a controllable energy buffer 
•  Virtual Power Plant (VPP)- Wind Power Plant (WPP) with a high 

control capability 
•  VPP has a behaviour and capability similar to the conventional 

generation units  
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Li-­‐ion	
  Ba>eries	
  +	
  Services	
  

 
•  Wind	
  power	
  forecast	
  accuracy	
  improvement	
  
•  WT/WPP	
  output	
  power	
  gradient	
  reducVon	
  
•  InerVa	
  emulaVon	
  
•  Grid	
  frequency	
  support	
  
•  Voltage	
  control	
  support	
  

 
 
 

Services	
  that	
  supports	
  WT/WPP	
  

Ancillary	
  services	
  
 

•  Black	
  start	
  
•  Energy	
  arbitrage	
  
•  Peak	
  shaving	
  
•  Load	
  following	
  
•  Transmission	
  enhancment	
  deferring	
  
•  Spinning	
  reserve	
  
•  Power	
  quality	
  

 
 
 

Li-­‐ion	
  ba5eries:	
  
	
  
	
  
•  long	
  cycle	
  and	
  calendar	
  lifeVme	
  
•  the	
  highest	
  electrical	
  round-­‐trip	
  efficiency	
  
•  fast	
  reacVon	
  Vme	
  
•  low	
  self-­‐discharge	
  
•  low	
  O&M	
  cost	
  
•  rapid	
  development	
  and	
  high	
  potenVal	
  for	
  
the	
  product	
  improvement	
  
•  relaVvely	
  mature	
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Need	
  for	
  ESS	
  performance	
  and	
  lifeVme	
  models	
  

ü  Important	
   for	
   investment	
   profitability	
  

calculaVons.	
  

ü  Performance	
  is	
  lifeVme	
  dependent.	
  

ü  Accurate	
  reliability	
  design	
  

ü  Complex	
   process	
   of	
   cell	
   degradaVon.	
  

Lot	
  of	
  factors	
  influencing	
  life	
  Vme.	
  

ü  DifficulVes	
   in	
  predicVng	
   lifeVme	
  under	
  

complex	
   cycling	
   profile	
   which	
   are	
  

characterisVc	
  for	
  VPP	
  services.	
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Methodology	
  

Laboratory	
  experiments	
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Li-­‐ion	
  BESS	
  for	
  staVonary	
  applicaVons	
  

•  Many	
  Li-­‐ion	
  ba>ery	
  chemistries	
  
are	
  currently	
  available	
  and	
  each	
  
of	
  them	
  has	
  its	
  own	
  
characterisVcs	
  and	
  limitaVons	
  

	
  
•  The	
  most	
  important	
  parameters	
  

for	
  considered	
  services	
  are	
  low	
  
cost	
  per	
  cycle,	
  fast	
  response,	
  low	
  
self-­‐discharge	
  and	
  safety	
  

	
  
•  LFP	
  and	
  LTO	
  are	
  promising	
  

cathode/anode	
  materials	
  for	
  the	
  
staVonary	
  applicaVons	
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Ba>ery	
  Test	
  StaVon	
  

Cylindrical	
  (type	
  1)	
  

Pouch	
  (type	
  2)	
  

PrismaVc	
  (type	
  3)	
  

Li-­‐ion	
  cells	
  under	
  test	
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Li-­‐ion	
  ba>eries	
  performance	
  modelling	
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Electrochemical	
  Impedance	
  Spectroscopy	
  

Electrochemical	
  Impedance	
  Spectroscopy	
  
determinaVon	
   of	
   the	
   ba>ery	
   cell	
   Nyquist	
   characterisVcs	
   by	
   means	
   of	
   small	
   signal	
   AC	
  
impedance	
  measurements	
  at	
  certain	
  temperatures	
  and	
  SOCs	
  

•  non-­‐destrucVve	
  measurement	
  

EIS	
  measurements	
  can	
  be	
  used	
  for:	
  
	
  
• 	
  Model	
  parameterizaVon.	
  
• 	
  Non-­‐destrucVve	
  idenVficaVon	
  of	
  the	
  
ba>ery	
  cells	
  lifeVme	
  degradaVon.	
  
• 	
  IdenVficaVon	
  of	
  the	
  differences	
  
between	
  the	
  cells.	
  
• 	
  It	
  can	
  be	
  used	
  also	
  for	
  losses	
  
calculaVon	
  and	
  heat	
  generaVon	
  of	
  the	
  
ba>ery	
  cells.	
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Li-­‐ion	
  ba>eries	
  performance	
  modelling	
  

Butler	
  Volmer	
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Li-­‐ion	
  ba>ery	
  ageing	
  

•  Lithium-­‐ion	
  ba>eries	
  are	
  complex	
  systems	
  and	
  the	
  processes	
  of	
  their	
  ageing	
  are	
  even	
  more	
  
complicated	
  

•  Capacity	
  decrease	
  and	
  power	
  fading	
  do	
  not	
  originate	
  from	
  one	
  single	
  cause	
  but	
  from	
  a	
  
number	
  of	
  various	
  processes	
  and	
  their	
  interacVons	
  

•  It	
  does	
  not	
  exist	
  general	
  set	
  of	
  phenomena	
  which	
  is	
  valid	
  for	
  all	
  lithium	
  ion	
  cells	
  and	
  many	
  
ageing	
  phenomena	
  are	
  chemistry	
  dependent	
  

•  In	
  general	
  ageing	
  of	
  lithium	
  ion	
  cells	
  is	
  caused	
  by	
  Vme	
  (calendar)	
  and	
  use	
  (cycle)	
  
•  Ageing	
  is	
  caused	
  by	
  side	
  reacVons	
  which	
  could	
  be	
  accelerated	
  by	
  certain	
  stress	
  factors	
  (like	
  

temperature,	
  DOD,	
  etc.)	
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Accelerated	
  calendar	
  lifeVme	
  tests	
  (Stage	
  II)	
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Accelerated	
  cyclling	
  lifeVme	
  tests	
  (Stage	
  III)	
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Accelerated	
  cyclling	
  lifeVme	
  tests	
  (Stage	
  III)	
  

Influence	
  of	
  the	
  cycle	
  depth	
  on	
  the	
  LFP/C	
  ba5ery	
  cycle	
  ageing	
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Li-­‐ion	
  ba>ery	
  ageing	
  model	
  

•  The	
  lifeVme	
  model	
  receives	
  informaVon	
  about	
  the	
  stresses	
  which	
  are	
  coming	
  from	
  the	
  
cycle	
  and	
  calendar	
  ageing	
  of	
  the	
  ba>ery;	
  

•  The	
  lifeVme	
  model	
  performs	
  incremental	
  ageing	
  calculaVons,	
  accumulates	
  the	
  stresses	
  
from	
  the	
  cycling	
  and	
  the	
  calendar	
  ageing,	
  and	
  determines	
  the	
  correcVon	
  factors	
  for	
  the	
  
EEC	
  parameters	
  of	
  the	
  ba>ery	
  and	
  for	
  the	
  capacity	
  correcVon	
  factor.	
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Li-­‐ion	
  ba>ery	
  ageing	
  model	
  
Rainflow	
  cycle	
  counVng	
   Cycle	
  lifeVme	
  

Calendar	
  
lifeVme	
  

	
  ~17,75	
  years	
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Economical	
  invesVgaVons	
  

System	
  under	
  study	
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Wind	
  power	
  forecast	
  accuracy	
  improvement	
  service	
  
•  The	
  influence	
  of	
  the	
  Li-­‐ion	
  BESS	
  size	
  on	
  the	
  NMAE	
  and	
  NPV	
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Primary	
  frequency	
  regulaVon	
  

•  Li-­‐ion	
  BESS	
  is	
  providing	
  PFR	
  service	
  with	
  a	
  droop	
  
•  Market	
  prices	
  for	
  PFR	
  for	
  West	
  Denmark	
  for	
  the	
  year	
  2010	
  
•  Elbas	
  (upward	
  and	
  downward)	
  balancing	
  market	
  prices	
  for	
  West	
  Denmark	
  

for	
  the	
  year	
  2010	
  
•  AssumpVon:	
  all	
  bids	
  are	
  won	
  (all	
  6	
  blocks	
  per	
  day)	
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LifeVme	
  predicVons	
  –	
  system	
  level 
	
  

Slides	
  are	
  not	
  publically	
  available	
  because	
  of	
  the	
  non-­‐disclosure	
  
agreement	
  between	
  Maciej	
  Swierczynski	
  and	
  Vestas	
  A/S	
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Conclusions	
  
•  The	
  grid	
  codes	
  for	
  the	
  future	
  WPPs	
  will	
  be	
  more	
  stringent	
  on	
  the	
  electricity	
  markets	
  with	
  the	
  high	
  wind	
  power	
  

penetraVon.	
  The	
  future	
  WTs	
  will	
  need	
  to	
  have	
  a	
  generaVon	
  characterisVcs,	
  which	
  are	
  similar	
  or	
  the	
  same	
  as	
  the	
  
CGUs	
  in	
  order	
  to	
  be	
  interconnected	
  into	
  the	
  grid.	
  Moreover,	
  it	
  is	
  expected	
  that	
  the	
  large	
  WPPs	
  will	
  be	
  in	
  the	
  future	
  
replacing	
  the	
  CGUs	
  and	
  they	
  will	
  need	
  to	
  take	
  the	
  responsibility	
  for	
  the	
  grid	
  and	
  provide	
  the	
  more	
  predictable	
  
power;	
  

•  LiFePO4/C	
  and	
  LMO2/Li4Ti5O12	
  chemistries	
  are	
  very	
  promising	
  for	
  the	
  integraVon	
  with	
  the	
  VPP	
  (long	
  lifeVme	
  at	
  
parVal	
  DOD	
  (especially	
  low	
  cycle	
  cost),	
  low	
  self-­‐discharge,	
  high-­‐efficiency,	
  low	
  O&M	
  costs	
  and	
  safety);	
  

•  Accurate	
  lifeVme	
  models	
  are	
  very	
  important	
  for	
  the	
  ba>ery	
  sizing,	
  energy	
  management	
  strategy	
  and	
  for	
  the	
  
development	
  of	
  the	
  accurate	
  business	
  model	
  

•  The	
  lifeVme	
  for	
  the	
  considered	
  Li-­‐ion	
  ba>ery	
  cell	
  strongly	
  depends	
  on	
  the	
  ba>ery	
  temperature	
  and	
  the	
  cycle	
  
depth;	
  

•  Calendar	
  ageing	
  dependence	
  on	
  the	
  temperature	
  is	
  following	
  closely	
  the	
  Arrhenius	
  equaVon	
  while	
  for	
  the	
  cycle	
  
ageing	
  the	
  Arrhenius	
  relaVonship	
  does	
  not	
  hold;	
  

•  For	
  the	
  considered	
  services,	
  the	
  focus	
  capacity	
  fade	
  is	
  the	
  most	
  important	
  degradaVon	
  process,	
  which	
  has	
  the	
  
highest	
  influence	
  on	
  the	
  revenues	
  from	
  the	
  services;	
  thus	
  SOH	
  should	
  be	
  related	
  with	
  the	
  capacity	
  fade	
  for	
  the	
  
both	
  considered	
  services;	
  

•  The	
  developed	
  lifeVme	
  model	
  is	
  based	
  on	
  the	
  incremental	
  ageing	
  calculaVon	
  and	
  it	
  is	
  able	
  to	
  predict	
  the	
  ba>ery	
  
SOH,	
  RUL	
  at	
  different	
  ba>ery	
  cell	
  ages;	
  

•  Proposed	
  benchmark	
  allows	
  for	
  studying	
  different	
  Li-­‐ion	
  BESS	
  sizes,	
  parameters,	
  SOC	
  operaVon	
  intervals,	
  energy	
  
management	
  strategies	
  and	
  their	
  influence	
  on	
  the	
  Li-­‐ion	
  BESS	
  lifeVme	
  and	
  investment	
  NPV.	
  It	
  can	
  be	
  used	
  as	
  a	
  tool	
  
for	
  sizing	
  the	
  BESS	
  for	
  a	
  specific	
  service	
  and	
  determinaVon	
  of	
  the	
  opVmal	
  BESS	
  energy	
  management	
  strategy,	
  
which	
  assures	
  the	
  highest	
  NPVs;	
  

•  At	
  present	
  on	
  the	
  Danish	
  market	
  the	
  wind	
  power	
  forecast	
  accuracy	
  improvement	
  service	
  is	
  not	
  profitable	
  with	
  the	
  
Li-­‐ion	
  BESS,	
  while	
  the	
  PFR	
  service	
  with	
  the	
  Li-­‐ion	
  BESS	
  is	
  very	
  profitable	
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Industrial	
  PhD	
  course	
  in	
  Storage	
  Systems	
  based	
  on	
  Li+ion	
  
Ba>eries	
  for	
  StaVonary	
  ApplicaVons	
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