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Wave	  energy	  is	  the	  combinaDon	  of	  kineDc	  and	  
potenDal	  energy	  in	  a	  propagaDng	  wave	  front	  
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KE	  from	  orbital	  
veloci*es	  	  

PE	  from	  height	  
changes	  

Relevant	  wave	  proper*es	  (e.g.	  
velocity,	  pressures,	  etc.)	  can	  be	  
derived	  using	  Stokes	  wave	  theory	  
	  
	  
The	  wave	  power	  per	  unit	  wave	  crest	  
in	  deep	  water	  is:	  
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Wave	  resource	  assessment:	  In	  the	  lower	  48	  states,	  the	  wave	  
resource	  is	  concentrated	  in	  the	  pacific	  northwest	  

Energy	  Density	  
(kW/m)	  

Region	   Total	  resource	  
(TW-‐hr/year)	  

Total	  US	   1851	  
L48	   780	  
West	   502	  
East	   277	  

For	  reference:	  2011	  US	  generaDon	  =	  4100	  TW-‐hr	  
Map	  available	  at:	  maps.nrel.gov/mhk_atlas	  
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Alaska	  and	  Hawaii	  have	  enough	  wave	  energy	  to	  saDsfy	  their	  
state	  electricity	  needs	  many	  Dmes	  over	  

ExporDng	  power	  to	  the	  L48	  would	  be	  very	  difficult	  	  transmission	  is	  prohibiDvely	  
expensive	  
	  
For	  reference:	  2011	  US	  generaDon	  =	  4100	  TW-‐hr	  
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Region	   Total	  resource	  
(TW-‐hr/year)	  

Total	  US	   1851	  
Alaska	   973	  
Hawaii	   98	  

Map	  available	  at:	  maps.nrel.gov/mhk_atlas	  



Wave	  energy	  has	  the	  potenDal	  to	  make	  significant	  
contribuDons	  to	  US	  electricity	  generaDon	  needs	  

Region	   Total	  resource	  
(TW-‐hr/year)	  

%	  of	  2050	  US	  
generaDon	  

Total	  US	   1851	   35.4%	  
L48	   780	   14.9%	  
West	   502	   9.6%	  
East	   277	   4.3%	  
Alaska	   973	   18.6%	  
Hawaii	   98	   1.9%	  

US	  Energy	  Informa*on	  Agency	  es*mates	  
that	  the	  2050	  US	  electricity	  genera*on	  will	  
be	  5225	  TW-‐hr	  
	  
	  
The	  wave	  resource	  of	  the	  lower	  48	  states	  
is	  equivalent	  to	  15%	  of	  an*cipated	  2050	  
genera*on	  

Wave	  energy	  resource	  at	  the	  100m	  depth	  contour	  

Region	   PracDcal	  resource	  (TW-‐hr/year)	  
%	  of	  2050	  US	  
generaDon	  

US	   1022	   19.6%	  
L48	   495	   9.5%	  
West	   350	   6.7%	  
East	   145	   2.8%	  
Alaska	   461	   8.8%	  
Hawaii	   66	   1.3%	  

Environmental	  concerns	  and	  wave	  energy	  density	  determines	  how	  
much	  energy	  can	  be	  prac*cally	  extracted	  

Green	  =	  marine	  sanctuary	  

PracDcally	  extractable	  wave	  energy	  



7	  

Wave	  energy	  converters	  (WECs)	  are	  divided	  into	  four	  
categories	  

Point	  
absorber	   Terminator	   A`enuator	   OscillaDng	  water	  

column	  	  

NREL’s	  numerical	  modeling	  focus	  



How	  do	  the	  current	  generaDon	  of	  WECs	  funcDon?	  
Point	  absorber	   Terminator	  

A`enuator	  



WECs	  are	  being	  developed	  by	  several	  companies	  

Design	  loads	  are	  not	  well	  understood:	  
•  High	  capital	  costs	  
•  Unexpected	  failures	  

Device	  configura*on	  for	  op*mal	  power/cost	  
ra*o	  is	  unknown	  
	  
	  
	  
	  
	  
WECs	  are	  not	  yet	  cost-‐compeDDve	  with	  
other	  renewable	  technologies	  
	  
NREL	  is	  developing	  numerical	  design	  and	  
analysis	  tools	  to	  help	  the	  industry	  

Removed	  proprietary	  data	  
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SimulaDng	  devices	  in	  operaDonal	  and	  extreme	  condiDons	  is	  
a	  criDcal	  step	  in	  the	  design	  process	  

Photos	  and	  videos	  provided	  by	  NREL	  partner	  Columbia	  Power	  Technologies	  

Removed	  proprietary	  data	  
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OperaDonal:	  fluid-‐structure	  interac*ons	  are	  linear	  

NREL	  is	  combining	  mulD-‐body	  simulaDon	  capabiliDes	  with	  potenDal	  flow	  
hydrodynamics	  to	  produce	  an	  open-‐source	  WEC	  design	  tool	  

Removed	  proprietary	  data	  
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A	  reduced	  order	  (i.e.	  linear)	  mathemaDcal	  model	  for	  WECs	  
in	  operaDonal	  condiDons	  

Key	  assumpDons:	  
•  Small	  amplitude	  

moDon	  
•  Linear	  waves	  only	  
•  No	  overtopping	  or	  

slamming	  
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WAMIT	  frequency	  domain	  potenDal	  flow	  
solver	  	  a	  preprocessing	  step	  to	  
determine:	  
•  Excita*on	  force	  
•  Radia*on	  damping	  force	  
•  Added	  mass	  
•  Hydrosta*c	  force	  

	  
	  

SimMechanics	  	  a	  Dme-‐domain	  mulD-‐
body	  dynamics	  solver	  implemented	  in	  
MATLAB	  
•  Block	  diagram	  format	  
•  Easy	  integra*on	  with	  Simulink	  for	  PTO	  

system	  simula*on	  and	  control	  

Numerical	  implementaDon	  of	  the	  mathemaDcal	  model	  
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Numerical	  results	  were	  compared	  to	  experimental	  wave	  
tank	  data	  provided	  by	  Columbia	  Power	  Technologies	  

Removed	  proprietary	  data	  
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Extreme/Survival:	  highly	  non-‐linear	  fluid-‐structure	  
interac*ons	  make	  numerical	  modeling	  difficult	  

NREL	  is	  exploring	  the	  possibility	  of	  using	  and	  developing	  Smooth	  ParDcle	  
Hydrodynamics	  (SPH)	  for	  extreme	  load	  predicDons	  

Removed	  proprietary	  data	  
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SPH	  models	  the	  Navier-‐Stokes	  equaDons	  using	  a	  set	  
of	  Lagrangian	  parDcles	  

Advantages	  of	  SPH:	  
•  WEC	  geometry	  easily	  resolved	  
•  Modeling	  large	  amplitude	  WEC	  mo*ons	  

and	  complex	  non-‐linear	  free-‐surface	  
phenomena	  is	  trivial	  

	  
	  
Exis*ng	  SPH	  methods	  cannot	  model	  
complex	  WEC	  devices	  because	  of	  mul*ply	  
connected	  bodies,	  moorings,	  PTO,	  etc.	  
	  
	  
UlDmate	  goal:	  integrate	  SPH	  and	  mulD-‐
body-‐dynamics	  solver	  to	  facilitate	  accurate	  
loads	  esDmates	  
	  
	  

www.dual.sphysics.org	  
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SPH	  formulaDon	  
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SPH	  is	  being	  used	  to	  simulate	  experiments	  NREL	  performed	  
at	  SCRIPPS/UCSD	  

Dimensions	  in	  meters	  
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First	  step:	  Simulate	  the	  wave	  maker	  and	  wave	  propagaDon	  
in	  the	  SCRIPPS	  wave	  tank	  

X=
5m

	  
X=

10
m
	  

X=
20
m
	  

X=
15
m
	  

Comparison	  of	  numerical	  results	  with	  1st	  order	  waves	  
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Conclusions	  

NREL,	  Sandia,	  and	  DOE	  are	  planning	  an	  experimental	  tes*ng	  campaign	  to	  provide	  open	  
source	  experimental	  data	  for	  code	  valida*on	   	  	  
	  
Development	  of	  open-‐source	  frequency	  domain	  hydrodynamics	  solver	  à	  crowd	  sourced	  
coding	  
	  
Further	  explora*on	  of	  SPH	  methods	  for	  extreme	  load	  predic*ons	  

Future	  work	  

The	  US	  has	  a	  substan*al	  wave	  energy	  resource	  that	  can	  contribute	  to	  future	  electricity	  
needs	  
	  
NREL	  is	  developing	  numerical	  design	  tools	  to	  assist	  in	  the	  design	  of	  the	  next	  genera*on	  
of	  WEC	  technologies	  à	  codes	  will	  be	  open-‐source	  and	  freely	  available	  to	  the	  WEC	  
research	  and	  design	  community	  


