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Motivation:  The  global  energy  problem  and  the  
future  of  renewables	

Science,  331,  1510-‐‑1511,  2011  	

“[In  2050]  about  two  thirds  of  
our  energy  should  come  from  
renewable  sources…  Our  energy  
system  has  not  yet  been  designed  to  
deal  with  such  challenges…  Only  a  
new  energy  model  will  make  our  
system  secure,  competitive  and  
sustainable  in  the  long-‐‑run.”	

“By  2050,  we  could  get  all  the  energy  
we  need  from  renewable  sources  …  
such  a  transition  is  not  only  possible  
but  also  cost-‐‑effective...  The  
transition  will  present  significant  
challenges  ...  There  is  nothing  more  
important  to  our  ability  to  create  a  
sustainable  future”	

EC  Energy  
Roadmap,  2012  	

WWF  Energy  Report,  2011  	

“Outside  of  OPEC’s  vast  resources,  oil  
production  has  leveled  off,  and  it’s  
looking  like  it  may  never  rise  again.	
[]  …  even  planet-‐‑scale  resources  
have  their  limits.  And  that  when  you  
are  consuming  them  at  close  to  1000  
gallons  a  second,  the  limits  can  catch  
you  unaware.”  	
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Motivation:  Controversial  opinions  on  hydropower	

Science,  324,  172-‐‑175,  2009  	

“Everybody  agrees  that  tomorrow’s  
electrical  grid  must  incorporate  
wind  and  solar  power  seamlessly.  
But  solving  the  reliability  issue  
won’t  be  easy…  The  ideal  dance  
partner  is  hydroelectric  power.”	

Nature,  454,  816-‐‑823,  2008	

“The  easiest  way  to  cut  the  carbon  
released  by  electricity  generation  is  to  
increase  efficiency…  Hydroelectric  
systems  are  unique  among  
generating  systems  in  that  they  can  
…  store  the  energy  generated  
elsewhere.”	

“Hydropower  is  a  mature  technology  
with  a  significant  part  of  its  global  
resource  already  exploited.  There  is  
still  …  some  potential  left  …  for  new  
schemes  (especially  small  scale  run-‐‑
of-‐‑river  projects  with  liWle  or  no  
reservoir  impoundment)”	

Greenpeace  International  
&  European  Renewable  
Energy  Council,  2010  	
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Autonomy  through  renewables:  Fact  or  fiction?	
  The  fiction	

  A  fully  controllable  and  deterministically  manageable  energy  production  
via  renewables  is  feasible,  similarly  to  the  past  model  based  on  fossil  fuels.	

  A  major  shift  from  fossil  fuels  to  renewables  will  be  beneficial  for  both  the  
economy  and  the  environment.	

  The  facts	
  Fossil  fuels  are  limited  in  quantity.	
  Renewable  energy  sources  are  not  predictable  neither  controllable,  at  both  

the  short  and  long  run.	
  The  variability  of  the  renewable  energy  production  cannot  follow  the  

corresponding  demand.	
  Until  now,  the  experience  with  “green  development”,  in  terms  of  macro-‐‑

economic  results,  is  rather  disappointing.	
  Management  of  renewable  energy  sources  on  an  individual  project  basis  

results  in  considerable  over-‐‑sizing.  	
  Renewables  look  environmental-‐‑friendly  but  negative  impacts  are  

inevitable.	
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The  multiple  role  of  water  within  hybrid  systems	
  Water  as  energy  transformer  (producer  &  consumer)	

  Direct  producer,  as  the  means  for  hydroelectricity  generation;	
  Indirect  producer,  as  essential  element  of  the  biofuel  industry;	
  Consumer,  in  case  of  pumping.	

  Water  as  energy  buffer  (storage)	
  Pumping  water  to  an  upstream  location,  taking  advantage  of  the  excess  of  

energy  (e.g.  during  night  hours),  and  next  retrieving  this  water  to  generate  
hydropower,  is  the  unique  means  for  energy  storage  at  large  scale;	

  Pumped  storage  is  a  proven  technology  with  very  high  efficiency  (>90%,  for  
large  flows).	

  Hybrid  renewable  energy  systems  (HRES)	
  Generally,  hybrid  energy  systems  refer  to  the  mixing  of  different  sources  or  

technologies  that,  when  integrated,  overcome  limitations  inherent  in  either;  	
  Such  systems  are  well-‐‑tested  at  small  spatial  scales,  e.g.  to  serve  

autonomous  island  grids;	
  In  the  present  context,  HRES  refer  to  combined  schemes  of  wind/solar  and  

pumped  storage  plants.	



  Koutsoyiannis  &  Efstratiadis,  The  necessity  for  large-‐‑scale  hybrid  renewable  energy  systems 	 	 	 	      6	

The  scale  issue	
  Scale  refers  to  both  the  size  of  energy  
units  and  their  spatial  extent.	

  Efficiency,  in  terms  of  average  energy  
production  to  installed  capacity,  
increases  with  scale.  	

  Safety,  in  terms  of  fulfilling  energy  
demand,  increases  with  scale.	

  Cost,  in  terms  of  initial  investment  
and  maintenance  of  the  related  
infrastructures,  decreases  with  
increased  scale.	

Upper  panel:  Graphical  depiction  of  reservoir  
area  per  unit  power  vs.  number  of  plants  
required  to  make  a  total  of  7400  MW;  	
Lower  panel:  Partial  and  total  efficiency  of  a  
hypothetical  pumped-‐‑storage  plant  vs.  discharge  	
(Source  of  figures:  Koutsoyiannis,  2011)	
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Transferable  lessons  from  water  management:  
The  concept  of  sustainability	

  A  water  management  practice  is  characterized  sustainable  if  it  ensures  enough  
water  to  satisfy  the  various  demands  (by  means  of  uses  and  constraints),  not  
only  at  the  present  moment  but  on  a  long-‐‑term  horizon.	

  Water  is  sustainable  by  nature  (grace  to  the  eternal  hydrological  cycle),  yet  a  
water  management  policy  may  be  strongly  unsustainable.	

  In  this  context,  the  concept  of  sustainability  has  two  equally  important  aspects,  
the  availability  of  resources,  which  is  controlled  by  nature,  and  their  
management,  which  is  human-‐‑driven.	

  Renewable  energy  sources,  including  hydropower,  wind,  wave,  tidal  and  
biofuels,  are  all  based  on  solar  energy,  which  is  by  definition  sustainable.	

  Although  renewables  are  naturally  sustainable  (i.e.  energy  supply  never  stops),  
lack  of  a  regulating  mechanism  makes  them  strongly  unsustainable,  from  the  
real  time  energy-‐‑management  perspective.  	

  The  role  of  this  mechanism  should  be  assigned  to  large-‐‑scale  pumping-‐‑storage  
plants,  which  will  play  the  same  role  with  large-‐‑scale  reservoirs  in  water  
resources  management.	
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Transferable  lessons  from  water  management:  
The  concept  of  uncertainty	

  Uncertainty  is  intrinsic  in  both  the  water  and  renewable  energy  management,  
since  predictions  of  the  water  and  energy  production,  based  on  deterministic  
modelling  of  the  related  hydrometerological  processes,  are  impossible.	

  Hydrologists  are  familiar  with  uncertainty  concepts,  since  all  hydraulic  
structures  are  designed  for  a  specified  level  of  risk,  while  a  key  objective  in  
water  resources  management  is  the  minimization  of  risk  for  water  shortage.	

  A  stochastic-‐‑entropic  theory  of  processes  provides  a  powerful  framework  for  
the  quantification  of  uncertainty  within  the  water  and  energy  production.	

  A  key  issue  in  both  the  design  and  
management  of  HRES  is  the  
consistent  representation  of  the  
statistical  behaviour  of  the  related  
physical  processes  at  all  time  scales  
–  especially  at  the  large  scale  
(annual  and  over-‐‑annual),  in  which  
the  Hurst-‐‑Kolmogorov  behaviour  
dominates.	

Annual  time  series  of  mean  daily  wind  
velocity  at  Eelde  station,  Netherlands	
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Transferable  lessons  from  water  management:  
The  concept  of  reliability	

  The  reliability  of  a  system  is  generally  defined  as  the  probability  that  the  
system  will  perform  the  required  function  for  a  specific  period  of  time  under  
stated  conditions  (Koutsoyiannis,  2005).	

  Uncertainty  and  reliability  are  two  closely  related  concepts  in  water  and  energy  
management;  the  former  refers  to  the  randomly  varying  production,  while  the  
later  refers  to  the  regularly  varying  demand.  	

  Reliability  is  typically  expressed  either  as  an  external  constraint,  imposed  by  
the  system  “manager”,  or  an  objective  to  maximize.	

  The  amount  of  water  that  can  be  ensured  with  an  acceptable  reliability  level  is  
generally  called  safe  yield;  in  the  case  of  hydroelectric  reservoirs,  the  amount  
of  energy  that  is  generated  with  very  high  reliability  is  called  firm  energy.	

  The  same  concept  should  be  extended  to  large-‐‑scale  renewable  energy  systems,  
given  that  the  design  of  a  HRES  depends  on  the  uncertainty  of  inflows  and  the  
desirable  reliability  level  to  fulfil  the  energy  demand.	

  If  we  seek  full  autonomy  through  renewables,  an  almost  100%  reliability  
should  be  imposed,  which  may  be  infeasible  or  economically  inefficient.	
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Transferable  lessons  from  water  management:  
The  concept  of  optimality	

  In  water  resource  systems,  several  
optimization  problems  can  be  formulated,  
for  a  given  hydroclimatic  regime  and  a  
given  set  of  constraints:	
  Optimization  of  the  configuration  &  
sizing  of  the  system,  to  ensure  the  
desirable  reliability  with  minimal  cost;	

  Maximization  of  the  long-‐‑term  
performance  (in  terms  of  safe  yield,  
mean  economic  benefit,  firm  energy,  
etc.)  of  an  existing  hydrosystem;	

  Optimization  of  the  short-‐‑term  
operation  policy  of  the  system,  to  
fulfil  the  specific  uses  with  low  risk.	

  Similar  questions  are  applicable  to  HRES,  
the  design  and  management  of  which  
requires  a  systems-‐‑based  approach.	

Urban  area	Hydropower  
station	

Pumping  
station	

River	

Pump-‐‑
turbine	

Aquifer	

Reservoir	

Energy  
control	

Renewables	

Agricultural	
area	
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Transferable  lessons  from  water  management:  The  
parameterization-‐‑simulation-‐‑optimization  approach	
  Typical  drawbacks,  common  in  water  and  renewable  energy  modelling:	

  large  number  of  decision  variables  (i.e.  unknown  fluxes)  and  constraints;	
  nonlinearity  of  system  dynamics;	
  uncertainty  of  future  inflows  and  demands;	
  competitive  or  even  conflicting  objectives.	

  Key  concepts  within  the  parameterization-‐‑simulation-‐‑optimization  framework  
(Koutsoyiannis  &  Economou,  2003),  also  applicable  to  HRES:	
  generation  of  synthetic  inputs,  either  unconditional  or  conditioned  for  

prediction,  derived  through  multivariate  stochastic  models;  	
  low-‐‑dimensional  representation  of  the  main  system  controls,  through  
parsimonious  parameterizations  (e.g.  in  terms  of  operation  rules);	

  faithful  representation  of  system  dynamics,  accounting  for  the  physical  
constraints,  the  priorities  of  demands  and  the  operational  costs;	

  probabilistic  evaluation  of  all  water  and  energy  fluxes  and  quantification  of  
uncertainties,  through  Monte-‐‑Carlo  simulation;	

  use  of  multicriteria  optimization  to  provide  rational  results.	
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Combined  modelling  of  water  &  energy  resources	

Hydrometeorological  
inputs:  Synthetic  data  of  
runoff,  wind  velocity  and  
solar  radiation  (provided  
via  stochastic  simulation)	

Renewable  energy  
generation  plants:  	
(hydro,  wind,  solar)	

Hydraulic  structures:  
(reservoirs,  aqueducts,  

pumps,  turbines,  
boreholes)	

Physical  components:  (rivers,  
lakes,  aquifers,  lands,  

ecosystems)	

Energy  exchanges  
(production,  storage,  
consumption)	

Water  exchanges	

Parametric  
representation  of  

design  &  management	

Simulation  model  
of  combined  water-‐‑
energy  system	

Controls  for  energy  
components	

Controls  for  water  
components	

Performance  criteria:  Energy  
production,  costs,  benefits,  

reliability  (evaluated  through  
Monte  Carlo  analysis)  	

Simulation  outputs:  
Energy  and  water  fluxes	

Targets  &  constraints:  Energy  &  
water  demand,  constraints	

Optimization  model	

Multiobjective  function	

Control  
variables	
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A  toy-‐‑system  example	

Δ
z  
=  
20
0  
m
	η  =  0.85	

Synthetic  time  series  of  mean  
daily  sunshine  duration  and  
wind  velocity,  with  Hurst  
coefficients  Hs  and  Hw  
(Tsekouras,  2012)	

ns  solar  panels,  with  
known  characteristics  
(angle,  maximum  
power,  efficiency)	

Pumping-‐‑storage  system,  with  
known  efficiency,  comprising  
two  similar  tanks  of  capacity  k,  
at  given  elevations  	

Commercial  wind  
tower  of  significant  
capacity  (Enercon  
E-‐‑126,  7.5  MW)	

A  hypothetical  city  of  
population  P,  with  
known  energy  demand,  
for  a  control  period  of  500  
years  (182  500  days)	

Problem  statement,  for  various  
combinations  of  Hs,  Hw  and  P  
(Ioannou,  2012):	
minimize  cost  =  f(ns,  k)	
s.t.  failure  probability  <  100  
days  in  500  simulated  years	
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Conclusions	
  The  optimal  planning  and  management  of  renewable  energy  is  a  necessity  for  

ensuring  a  sustainable  future.	
  The  key  challenge  is  the  transformation  of  the  highly  varying  natural  sources  
of  energy,  which  are  associated  with  uncertain  and  unpredictable  
hydrometerological  processes,  into  regular  energy  outflows  that  satisfy  the  
corresponding  demands,  at  multiple  time  scales.	

  In  the  near  future  scene,  water  will  have  multiple  roles,  as  the  means  of  
producing,  consuming  and  storing  energy  within  large-‐‑scale  hybrid  
renewable  energy  systems.	

  Hydropower  and  pumping  will  be  the  common  components  of  combined  
water  and  the  energy  systems  (outputs  of  the  former,  inputs  of  the  lamer).	

  In  this  context,  advanced  modelling  concepts  and  tools  are  essential,  based  on  
the  broad  experience  from  water  management.	

  The  parameterization-‐‑simulation-‐‑optimization  framework  is  a  powerful  
approach  of  general  applicability,  which  recognizes  and  incorporates  the  key  
concepts  of  uncertainty,  reliability  and  optimality,  and  provides  rational  and  
sustainable  solutions  to  design  and  management  problems  of  high  complexity,  
with  reasonable  computational  effort.	
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A  rejection  story  on  funding  aTempts	
  March  2008:  Climate,  Hydrology,  Energy,  Water:  the  Conversion  of  Uncertainty  

Domination  and  Risk  Into  Sustainable  Evolution  (CHEWtheCUDandRISE)	
  Research  proposal  submimed  for  the  2008  ERC  grand	
  Outcome:  Rejection	
  Summary  published  as  opinion  paper  in  HESS  (Koutsoyiannis  et  al.,  2009)	

  March  2010:  WATer  pathways  towards  the  non-‐‑deterministic  future  of  renewable  
enERGY  (WATERGY)	
  Research  proposal  submimed  for  the  2010  ERC  grand	
  Outcome:  Rejection	

  September  2010:  Alternative  Robust  Energy  Technologies  for  Environmental  
Sustainability  (ARETES)	
  Research  proposal  submimed  for  the  ARISTEIA  I  grand	
  Outcome:  Rejection	

  June  2012:  Combined  REnewable  Systems  for  Sustainable  ENergy  DevelOpment  
(CRESSENDO)	
  Research  proposal  submimed  for  ARISTEIA  II  grand	
  Outcome:  Uncertain	



  Koutsoyiannis  &  Efstratiadis,  The  necessity  for  large-‐‑scale  hybrid  renewable  energy  systems 	 	 	 	      16	

References	
Charles,  D.,  Renewables  test  IQ  of  the  grid,  Science,  324,  172-‐‑175,  2009.	
European  Commission,  Energy  Roadmap  2050,  20  pp.,  ISBN  978-‐‑92-‐‑79-‐‑21798-‐‑2,  Luxemburg,  2012.	
Ioannou,  C.,  Stochastic  simulation  and  optimization  of  a  hybrid  renewable  energy  system,  Diploma  thesis,  Department  of  

Water  Resources  &  Environmental  Engineering,  NTUA,  2012.	
Greenpeace  International  &  European  Renewable  Energy  Council,  World  Energy  (R)evolution:  A  Sustainable  World  
Energy  Outlook,  2010.  	

Kerr,  R.A.,  Peak  oil  production  may  already  be  here,  Science,  331,  1510-‐‑1511,  2011.	
Koutsoyiannis,  D.,  &  A.  Economou,  Evaluation  of  the  parameterization-‐‑simulation-‐‑optimization  approach  for  the  

control  of  reservoir  systems,  Water  Resources  Research,  39(6),  1170,  doi:10.1029/2003WR002148,  2003.	
Koutsoyiannis,  D.,  C.  Makropoulos,  A.  Langousis,  S.  Baki,  A.  Efstratiadis,  A.  Christofides,  G.  Karavokiros,  &  N.  

Mamassis,  Climate,  hydrology,  energy,  water:  recognizing  uncertainty  and  seeking  sustainability,  Hydrology  and  
Earth  System  Sciences,  13,  247–257,  2009.	

Koutsoyiannis,  D.,  G.  Karavokiros,  A.  Efstratiadis,  N.  Mamassis,  A.  Koukouvinos,  &  A.  Christofides,  A  decision  
support  system  for  the  management  of  the  water  resource  system  of  Athens,  Physics  and  Chemistry  of  the  Earth,  28
(14-‐‑15),  599–609,  2003.	

Koutsoyiannis,  D.,  Reliability  concepts  in  reservoir  design,  Water  Encyclopedia,  Vol.  4,  Surface  and  Agricultural  
Water,  edited  by  J.  H.  Lehr  and  J.  Keeley,  259–265,  Wiley,  New  York,  2005.	

Koutsoyiannis,  D.,  Scale  of  water  resources  development  and  sustainability:  Small  is  beautiful,  large  is  great,  
Hydrological  Sciences  Journal,  56(4),  553–575,  2011.	

Schiermeier  ,  Q.,  J.  Tollefson,  T.  Scully,  A.  Wite,  &  O.  Morton,  Energy  alternatives:  Electricity  without  carbon,  
Nature,  454,  816-‐‑823,  2008.	

Tsekouras,  G.,  Stochastic  analysis  and  simulation  of  hydrometeorological  processes  associated  with  wind  and  solar  energy,  
Diploma  thesis,  Department  of  Water  Resources  &  Environmental  Engineering,  NTUA,  2012.	

WWF  International,  Ecofys  &  OMA,  The  Energy  Report,  2011.	



  Koutsoyiannis  &  Efstratiadis,  The  necessity  for  large-‐‑scale  hybrid  renewable  energy  systems 	 	 	 	      17	

This  presentation  is  available  on-‐‑line  at:	
hTp://www.itia.ntua.gr/en/docinfo/1295/	

Contact  info:  	
andreas@itia.ntua.gr;  dk@itia.ntua.gr	

You  are  kindly  invited  to  visit  poster  session  POWER	
A.  Efstratiadis,  D.  Bouziotas,  &  D.  Koutsoyiannis:	

“The  parameterization-‐‑simulation-‐‑optimization  framework  for  the  
management  of  hydroelectric  reservoir  systems”	


