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Assessment	
  of	
  Sustainable	
  Energy	
  Technology	
  
	
  
Introduction	
  
	
  
As	
  set	
  forth	
  in	
  the	
  Institute’s	
  recently	
  completed	
  Engineering	
  Development	
  Five-­‐year	
  Plan,	
  the	
  
implementation	
  of	
  sustainable	
  energy	
  technology	
  is	
  important	
  to	
  achieving	
  the	
  long-­‐term	
  goals	
  
of	
  seasteading.	
  Moreover,	
  the	
  recent	
  acquisition	
  of	
  a	
  275-­‐foot,	
  four-­‐deck	
  excursion	
  vessel	
  will	
  
allow	
  the	
  Institute	
  to	
  evaluate	
  alternative	
  energy	
  conversion	
  and	
  storage	
  technologies	
  within	
  
the	
  context	
  of	
  an	
  actual	
  on-­‐board	
  installation.	
  
	
  
The	
  vessel,	
  Seasteader	
  I,	
  has	
  an	
  expansive,	
  open-­‐air	
  upper-­‐deck	
  layout	
  conducive	
  to	
  installation	
  
of	
  a	
  large	
  (roughly	
  5,000	
  square-­‐foot	
  or	
  500	
  square-­‐meter)	
  solar	
  array.	
  This	
  area	
  could	
  easily	
  
accommodate	
  an	
  array	
  of	
  solar	
  panels	
  offering	
  about	
  60-­‐kilowatts	
  of	
  total	
  rated	
  capacity,	
  which	
  
could	
  be	
  mounted	
  on	
  existing	
  steel	
  support	
  structures.	
  In	
  addition,	
  there	
  are	
  open	
  areas	
  on	
  the	
  
foredeck	
  and	
  atop	
  the	
  pilothouse	
  that	
  could	
  accommodate	
  (perhaps)	
  four	
  to	
  six	
  wind-­‐powered	
  
generators	
  offering	
  as	
  much	
  as	
  30-­‐kilowatts	
  of	
  additional	
  capacity.	
  
	
  
It	
  is	
  proposed	
  to	
  install	
  an	
  array	
  of	
  solar	
  panels,	
  along	
  with	
  horizontal-­‐axis	
  and	
  vertical-­‐axis	
  wind	
  
power	
  generators,	
  and	
  to	
  test	
  these	
  devices	
  on	
  Seasteader	
  I.	
  One	
  objective	
  of	
  this	
  project	
  will	
  
be	
  to	
  demonstrate	
  the	
  degree	
  to	
  which	
  these	
  sustainable	
  energy	
  sources	
  can	
  reduce	
  the	
  
amount	
  of	
  energy	
  that	
  the	
  ship	
  must	
  produce	
  through	
  combustion	
  of	
  fossil	
  fuels.	
  
	
  
One	
  of	
  the	
  major	
  complications	
  associated	
  with	
  wind	
  and	
  solar	
  energy	
  systems	
  stems	
  from	
  the	
  
fact	
  that	
  energy	
  production	
  is	
  seldom	
  aligned	
  with	
  demand.	
  In	
  a	
  typical	
  solar-­‐	
  or	
  wind-­‐power	
  
installation	
  ashore,	
  the	
  problem	
  is	
  easily	
  solved	
  by	
  dumping	
  power	
  onto	
  the	
  grid.	
  However,	
  for	
  
a	
  seastead	
  located	
  in	
  the	
  open	
  sea,	
  it	
  will	
  be	
  necessary	
  to	
  have	
  an	
  efficient	
  means	
  of	
  storing	
  
energy	
  during	
  times	
  of	
  low	
  demand	
  and	
  recovering	
  that	
  energy	
  during	
  times	
  of	
  high	
  demand.	
  
	
  
Accordingly,	
  it	
  is	
  proposed	
  to	
  evaluate	
  a	
  variety	
  of	
  different	
  energy	
  storage	
  technologies	
  as	
  part	
  
of	
  this	
  project.	
  Batteries	
  (such	
  as	
  lithium-­‐ion	
  and/or	
  lead-­‐acid)	
  will	
  serve	
  as	
  a	
  baseline	
  for	
  cost	
  
and	
  performance,	
  to	
  be	
  compared	
  with	
  one	
  or	
  more	
  of	
  the	
  following	
  alternatives:	
  hydrogen,	
  
compressed	
  air,	
  and/or	
  pumped-­‐water	
  reservoirs.	
  
	
  
Information	
  obtained	
  from	
  the	
  proposed	
  pier-­‐side	
  tests	
  will	
  provide	
  valuable	
  insight	
  into	
  the	
  
expected	
  performance	
  and	
  efficacy	
  of	
  sustainable	
  energy	
  systems	
  in	
  a	
  shipboard	
  installation,	
  
while	
  eliminating	
  the	
  logistical	
  complications	
  attendant	
  to	
  testing	
  at	
  sea.	
  Once	
  Seasteader	
  I	
  is	
  
placed	
  into	
  service	
  it	
  is	
  anticipated	
  that	
  the	
  most	
  effective	
  elements	
  of	
  these	
  systems	
  will	
  be	
  
retained,	
  to	
  reduce	
  the	
  vessel’s	
  appetite	
  for	
  diesel	
  fuel	
  and	
  to	
  demonstrate	
  how	
  such	
  systems	
  
will	
  perform	
  in	
  actual	
  day-­‐to-­‐day	
  operation.	
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Purpose	
  
	
  
The	
  primary	
  goal	
  of	
  this	
  project	
  will	
  be	
  to	
  demonstrate	
  the	
  degree	
  to	
  which	
  sustainable	
  energy	
  
sources	
  can	
  reduce	
  the	
  amount	
  of	
  energy	
  Seasteader	
  I	
  must	
  produce	
  through	
  combustion	
  of	
  
fossil	
  fuels.	
  While	
  installation	
  and	
  initial	
  testing	
  will	
  likely	
  take	
  place	
  at	
  the	
  vessel’s	
  present	
  
berth	
  in	
  Fort	
  Pierce,	
  Florida,	
  it	
  is	
  expected	
  that	
  system	
  testing	
  will	
  continue	
  when	
  Seasteader	
  I	
  is	
  
placed	
  in	
  service.	
  This	
  project	
  is	
  intended	
  to	
  support	
  our	
  long-­‐term	
  goal	
  of	
  attaining	
  
sustainability	
  and	
  energy	
  independence	
  for	
  future	
  seastead	
  communities.	
  
	
  

Scope	
  
	
  
This	
  plan	
  focuses	
  on	
  the	
  following	
  engineering	
  activities:	
  
	
  

 Energy	
  Conversion	
  
 Solar	
  Panels	
  
 Wind	
  Power	
  Generators	
  

 Horizontal	
  Axis	
  
 Vertical	
  Axis	
  

	
  
 Energy	
  Storage	
  

 Batteries	
  (Baseline	
  for	
  Comparison)	
  
 Hydrogen	
  (H2)	
  generation	
  and	
  storage	
  
 Compressed	
  air	
  energy	
  storage	
  (CAES)	
  
 Pumped	
  hydro	
  (using	
  two	
  vertically	
  separated	
  reservoirs)	
  

	
  
 Data	
  Acquisition	
  

 Environmental	
  Conditions	
  
 Date	
  and	
  Time	
  of	
  Day	
  
 Solar	
  Radiation	
  
 Wind	
  Speed	
  and	
  Direction	
  

 Power	
  Produced	
  at	
  each	
  Energy	
  Conversion	
  Device	
  
 Date	
  and	
  Time	
  of	
  Day	
  
 Voltage	
  
 Current	
  

 Power	
  Extracted	
  from	
  each	
  Storage	
  Device	
  
 Date	
  and	
  Time	
  of	
  Day	
  
 Voltage	
  
 Current	
  

	
  
 Performance	
  Evaluation	
  

 Cost	
  per	
  Kilowatt-­‐Hour	
  of	
  Power	
  Produced	
  by	
  each	
  Energy	
  Conversion	
  Device	
  
 Efficiency	
  and	
  Losses	
  for	
  Storage	
  Devices,	
  Inverters	
  and	
  other	
  Controllers	
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Planned	
  Approach	
  and	
  Rationale	
  
	
  
Energy	
  Conversion	
  
	
  
As	
  sources	
  of	
  sustainable	
  energy,	
  solar	
  panels	
  and	
  wind	
  power	
  generators	
  share	
  one	
  singularly	
  
inescapable	
  characteristic:	
  the	
  output	
  of	
  each	
  depends	
  entirely	
  on	
  environmental	
  factors	
  that	
  
are	
  beyond	
  our	
  ability	
  to	
  control.	
  Moreover,	
  the	
  capacity	
  (output)	
  rating	
  of	
  these	
  devices	
  is	
  
typically	
  based	
  on	
  ‘optimum’	
  conditions	
  that	
  will	
  occur	
  during	
  only	
  a	
  limited	
  percentage	
  of	
  the	
  
time.	
  Therefore,	
  it	
  is	
  inevitable	
  that	
  the	
  average	
  output	
  from	
  these	
  systems	
  will	
  be	
  significantly	
  
less	
  than	
  their	
  rated	
  power.	
  
	
  
Solar	
  panels	
  are	
  typically	
  rated	
  for	
  conditions	
  of	
  full	
  sun,	
  directly	
  overhead.	
  It	
  is	
  self-­‐evident	
  
that	
  they	
  can	
  produce	
  power	
  only	
  during	
  daylight	
  hours,	
  so	
  at	
  best	
  solar	
  panels	
  will	
  operate	
  
only	
  about	
  half	
  the	
  time	
  over	
  the	
  course	
  of	
  a	
  year.	
  Even	
  during	
  daylight	
  hours,	
  their	
  output	
  
depends	
  on	
  the	
  angle	
  of	
  the	
  sun	
  relative	
  to	
  the	
  surface	
  of	
  the	
  panel,	
  so	
  output	
  can	
  vary	
  with	
  
latitude,	
  time	
  of	
  day,	
  and	
  season	
  of	
  the	
  year.	
  Not	
  to	
  mention	
  reduced	
  output	
  due	
  to	
  clouds,	
  
precipitation	
  and	
  other	
  factors.	
  
	
  
Wind	
  power	
  generators	
  have	
  similar	
  vagaries	
  influencing	
  their	
  output.	
  The	
  rated	
  power	
  output	
  
for	
  most	
  configurations	
  and/or	
  brands	
  is	
  based	
  on	
  a	
  wind	
  speed	
  of	
  10.0	
  to	
  11.0	
  meters/second	
  
(equal	
  to	
  about	
  20	
  to	
  22	
  knots,	
  or	
  22	
  to	
  24	
  miles	
  per	
  hour.)	
  There	
  are	
  few	
  locations	
  on	
  earth	
  
where	
  the	
  average	
  wind	
  speed	
  is	
  that	
  high;	
  more	
  typically,	
  average	
  wind	
  speeds	
  are	
  only	
  about	
  
half	
  that	
  speed.	
  At	
  those	
  speeds,	
  output	
  is	
  generally	
  only	
  about	
  20	
  to	
  25	
  percent	
  (or	
  less)	
  of	
  the	
  
nominal	
  rated	
  power.	
  Worse	
  yet,	
  most	
  require	
  at	
  least	
  6	
  to	
  7	
  knots	
  of	
  wind	
  just	
  to	
  produce	
  any	
  
output	
  at	
  all.	
  
	
  
Fortunately	
  for	
  prospective	
  seasteaders,	
  there	
  are	
  plenty	
  of	
  places	
  on	
  the	
  high	
  seas	
  with	
  lots	
  of	
  
wind	
  (most	
  of	
  the	
  time)	
  and	
  clear	
  sunny	
  skies.	
  When	
  Seasteader	
  I	
  is	
  not	
  out	
  in	
  the	
  open	
  ocean,	
  
she’ll	
  be	
  as	
  close	
  as	
  can	
  be	
  while	
  still	
  offering	
  easy	
  pier-­‐side	
  access	
  for	
  logistics.	
  More	
  
importantly,	
  data	
  available	
  from	
  nearby	
  buoys	
  will	
  facilitate	
  correlation	
  between	
  
measurements	
  onboard	
  and	
  simultaneous	
  conditions	
  in	
  the	
  open	
  waters	
  just	
  offshore.	
  
	
  
The	
  following	
  sections	
  provide	
  estimates	
  of	
  the	
  power	
  producing	
  potential	
  of	
  solar	
  panels	
  and	
  
wind	
  power	
  generators,	
  assuming	
  installation	
  on	
  Seasteader	
  I	
  docked	
  pier-­‐side	
  at	
  her	
  berth	
  in	
  
Fort	
  Pierce,	
  FL.	
  Depending	
  on	
  assumptions,	
  the	
  total	
  cost	
  for	
  solar	
  power	
  is	
  estimated	
  to	
  be	
  
between	
  $0.10	
  and	
  $0.20	
  per	
  kilowatt-­‐hour.	
  For	
  horizontal-­‐axis	
  wind	
  power	
  units,	
  the	
  total	
  
estimated	
  cost	
  is	
  about	
  the	
  same,	
  $0.10	
  and	
  $0.20	
  per	
  kilowatt	
  hour,	
  while	
  for	
  vertical-­‐axis	
  
units	
  the	
  estimated	
  cost	
  is	
  nearly	
  double,	
  about	
  $0.20	
  and	
  $0.40	
  per	
  kilowatt-­‐hour.	
  To	
  put	
  
these	
  energy	
  prices	
  in	
  context,	
  the	
  national	
  average	
  residential	
  rate	
  for	
  electricity	
  is	
  just	
  under	
  
$0.10	
  per	
  kilowatt-­‐hour.	
  As	
  a	
  baseline	
  for	
  a	
  seastead	
  using	
  a	
  diesel-­‐fueled	
  generator,	
  the	
  energy	
  
cost	
  is	
  estimated	
  to	
  be	
  nearly	
  five	
  times	
  that	
  amount	
  (about	
  $0.50	
  per	
  kilowatt-­‐hour)	
  assuming	
  
a	
  fuel	
  price	
  of	
  $5.00	
  per	
  gallon	
  delivered	
  offshore.	
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• Solar	
  Panels	
  
	
  

Size,	
  weight	
  and	
  ratings	
  from	
  more	
  than	
  a	
  dozen	
  different	
  solar	
  panel	
  manufacturers	
  are	
  
compared	
  in	
  Figure	
  1	
  below.	
  Although	
  there	
  is	
  some	
  scatter	
  in	
  the	
  data,	
  the	
  variation	
  is	
  
rather	
  small.	
  Based	
  on	
  this	
  information,	
  it	
  is	
  assumed	
  that	
  solar	
  panels	
  will	
  typically	
  weigh	
  
about	
  190	
  pounds	
  per	
  kilowatt	
  of	
  rated	
  output	
  (including	
  the	
  panel	
  frame,	
  but	
  excluding	
  the	
  
weight	
  of	
  any	
  supporting	
  structure.)	
  Similarly,	
  the	
  average	
  energy	
  density	
  has	
  an	
  average	
  
value	
  of	
  around	
  75	
  square	
  feet	
  (about	
  7.0	
  square	
  meters)	
  per	
  kilowatt.	
  
	
  

	
  
	
  

Figure	
  1	
  –	
  Comparison	
  of	
  Solar	
  Panel	
  Weight	
  and	
  Size	
  per	
  Kilowatt	
  of	
  Rated	
  Output	
  
	
  
The	
  upper	
  deck	
  of	
  Seasteader	
  I	
  is	
  comprised	
  of	
  two	
  sections;	
  the	
  ship’s	
  plans	
  indicate	
  a	
  
‘center’	
  section	
  (just	
  aft	
  of	
  the	
  pilothouse)	
  that	
  extends	
  about	
  28.8	
  meters	
  (94.5	
  feet)	
  in	
  the	
  
fore	
  and	
  aft	
  direction,	
  and	
  an	
  ‘aft’	
  section	
  (one	
  deck	
  down)	
  that	
  extends	
  another	
  8.4	
  meters	
  
(27.6	
  feet)	
  fore	
  and	
  aft.	
  Above	
  both	
  sections,	
  there	
  is	
  an	
  existing	
  steel	
  framework	
  extending	
  
across	
  the	
  full	
  width	
  of	
  the	
  deck,	
  about	
  10.8	
  meters	
  (35.4	
  feet)	
  in	
  the	
  transverse	
  direction.	
  
	
  
This	
  existing	
  framework	
  would	
  provide	
  about	
  4,325	
  square	
  feet	
  (402	
  square	
  meters)	
  of	
  area	
  
for	
  mounting	
  solar	
  panels.	
  To	
  maximize	
  the	
  available	
  mounting	
  surface,	
  panels	
  could	
  extend	
  
beyond	
  the	
  existing	
  framework	
  by	
  about	
  3	
  feet	
  on	
  either	
  side	
  without	
  protruding	
  beyond	
  
the	
  perimeter	
  of	
  the	
  hull	
  below.	
  This	
  would	
  boost	
  the	
  usable	
  area	
  to	
  about	
  5,125	
  square	
  
feet	
  (476	
  square	
  meters).	
  	
  
	
  
The	
  solar	
  energy	
  from	
  ‘full-­‐sun’	
  shining	
  directly	
  overhead	
  is	
  1-­‐kilowatt	
  per	
  square	
  meter.	
  
However,	
  conversion	
  efficiency	
  of	
  solar	
  panels	
  is	
  typically	
  in	
  the	
  range	
  of	
  12	
  to	
  18	
  percent,	
  
hence	
  our	
  proposal	
  for	
  covering	
  the	
  entire	
  available	
  area	
  on	
  the	
  upper	
  deck	
  of	
  Seasteader	
  I,	
  
(some	
  402	
  to	
  476	
  square	
  meters)	
  would	
  provide	
  an	
  array	
  having	
  about	
  58	
  to	
  68	
  kilowatts	
  of	
  
capacity,	
  rated	
  in	
  the	
  optimum	
  condition	
  of	
  ‘full-­‐sun’	
  directly	
  overhead.	
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However,	
  the	
  sun	
  is	
  rarely	
  (if	
  ever)	
  directly	
  overhead;	
  this	
  occurs	
  momentarily	
  at	
  noon	
  only	
  
a	
  few	
  times	
  each	
  year	
  at	
  latitudes	
  within	
  23.5	
  degrees	
  of	
  the	
  equator.	
  At	
  higher	
  latitudes,	
  
solar	
  panels	
  are	
  usually	
  tilted	
  to	
  match	
  the	
  sun’s	
  average	
  angle	
  of	
  elevation,	
  but	
  at	
  best	
  the	
  
sun	
  will	
  still	
  be	
  perpendicular	
  to	
  the	
  surface	
  of	
  a	
  fixed	
  panel	
  for	
  just	
  a	
  few	
  moments	
  during	
  
the	
  year.	
  While	
  some	
  installations	
  are	
  equipped	
  with	
  solar	
  trackers,	
  it	
  is	
  commonly	
  held	
  that	
  
the	
  cost	
  and	
  complexity	
  of	
  such	
  systems	
  is	
  difficult	
  to	
  justify.	
  
	
  
For	
  a	
  system	
  mounted	
  on	
  a	
  floating	
  vessel,	
  even	
  the	
  idea	
  of	
  tilting	
  panels	
  at	
  a	
  fixed	
  angle	
  is	
  
somewhat	
  problematic,	
  since	
  it	
  would	
  consequently	
  require	
  that	
  the	
  vessel	
  be	
  maintained	
  
at	
  a	
  fixed	
  heading.	
  This	
  would	
  require	
  a	
  costly	
  multi-­‐point	
  mooring	
  system	
  or	
  some	
  other	
  
means	
  of	
  dynamically	
  controlling	
  the	
  vessel’s	
  heading,	
  which	
  would	
  likely	
  consume	
  more	
  
energy	
  that	
  would	
  be	
  produced	
  by	
  the	
  increase	
  in	
  solar	
  panel	
  output.	
  Accordingly,	
  it	
  is	
  
assumed	
  in	
  this	
  analysis	
  that	
  solar	
  panels	
  are	
  mounted	
  horizontally;	
  although	
  the	
  existing	
  
support	
  frames	
  on	
  Seasteader	
  I	
  are	
  inclined	
  at	
  a	
  small	
  angle	
  (about	
  5o)	
  downward	
  to	
  either	
  
side	
  of	
  the	
  centerline,	
  this	
  would	
  have	
  only	
  a	
  small	
  impact	
  in	
  efficiency	
  while	
  offering	
  
drainage	
  of	
  rainwater	
  and	
  entrained	
  particulates	
  that	
  may	
  otherwise	
  settle	
  on	
  the	
  panels.	
  
	
  
The	
  key	
  question,	
  however,	
  is	
  how	
  much	
  electricity	
  can	
  a	
  notional	
  58-­‐	
  to	
  68-­‐kilowatt	
  solar	
  
array	
  actually	
  produce?	
  The	
  graph	
  shown	
  in	
  Figure	
  2,	
  below,	
  illustrates	
  the	
  hourly	
  variation	
  
in	
  the	
  fraction	
  of	
  ‘full-­‐sun’	
  acting	
  on	
  a	
  horizontal	
  solar	
  panel	
  throughout	
  a	
  24-­‐hour	
  period	
  on	
  
the	
  first	
  day	
  of	
  summer,	
  autumn,	
  winter	
  and	
  spring	
  in	
  Fort	
  Pierce,	
  FL,	
  located	
  at	
  latitude	
  
27.4644o	
  north.	
  Shown	
  in	
  the	
  Appendix,	
  Table	
  A-­‐1,	
  is	
  a	
  spreadsheet	
  indicating	
  this	
  same	
  
fraction	
  of	
  ‘full-­‐sun’	
  hour-­‐by-­‐hour	
  and	
  week-­‐by-­‐week,	
  year-­‐round.	
  
	
  

	
  
	
  

Figure	
  2	
  –	
  Hourly	
  Variation	
  in	
  Peak	
  Solar	
  Radiation	
  at	
  Fort	
  Pierce,	
  Florida	
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From	
  this	
  spreadsheet,	
  which	
  takes	
  into	
  account	
  the	
  hourly	
  variation	
  in	
  the	
  sun’s	
  elevation	
  
during	
  the	
  year,	
  it	
  has	
  been	
  determined	
  that	
  a	
  solar	
  panel	
  installation	
  of	
  normal	
  efficiency	
  
could	
  deliver	
  about	
  6.5	
  kilowatt-­‐hours	
  per	
  day	
  (roughly	
  2,400	
  kilowatt	
  hours	
  per	
  year)	
  for	
  
each	
  kilowatt	
  of	
  rated	
  capacity.	
  Other	
  environmental	
  factors	
  associated	
  with	
  each	
  specific	
  
installation	
  site	
  will	
  further	
  diminish	
  the	
  effective	
  solar	
  radiation	
  that	
  is	
  actually	
  available	
  to	
  
the	
  solar	
  panels.	
  
	
  
An	
  online	
  calculator	
  at	
  the	
  NREL/PV-­‐Watts	
  website	
  http://www.nrel.gov/rredc/pvwatts/	
  
indicates	
  that	
  the	
  average	
  solar	
  radiation	
  in	
  West	
  Palm	
  Beach,	
  FL	
  (about	
  60	
  miles	
  south	
  of	
  
Seasteader	
  I	
  in	
  Fort	
  Pierce)	
  is	
  only	
  about	
  0.719	
  watts	
  per	
  square	
  meter,	
  as	
  compared	
  to	
  a	
  
nominal	
  1.0	
  watts	
  per	
  square	
  meter	
  for	
  ‘full’	
  solar	
  radiation.	
  Thus,	
  taking	
  into	
  account	
  the	
  
reduced	
  solar	
  radiation	
  due	
  to	
  these	
  local	
  environmental	
  effects,	
  annual	
  output	
  would	
  be	
  
expected	
  to	
  be	
  about	
  (0.719*2,400=)	
  1,725	
  kilowatt	
  hours	
  per	
  year	
  for	
  each	
  kilowatt	
  of	
  
rated	
  capacity.	
  
	
  
Based	
  on	
  the	
  factors	
  presented	
  above,	
  for	
  a	
  solar	
  array	
  of	
  the	
  maximum	
  size	
  that	
  could	
  be	
  
accommodated	
  aboard	
  Seasteader	
  I	
  (with	
  a	
  rated	
  output	
  of	
  58	
  to	
  68	
  kilowatts),	
  the	
  energy	
  
produced	
  over	
  the	
  course	
  of	
  the	
  year	
  would	
  be	
  about	
  100,000	
  to	
  117,000	
  kilowatt-­‐hours.	
  
Compared	
  to	
  a	
  hypothetical	
  maximum	
  of	
  (58-­‐kW*24*365	
  hours/year=)	
  508,080	
  kilowatt-­‐
hours	
  per	
  year	
  for	
  a	
  system	
  rated	
  at	
  58	
  kilowatts,	
  the	
  100,000	
  kilowatt-­‐hours	
  of	
  energy	
  	
  that	
  
can	
  be	
  achieved	
  means	
  that	
  the	
  utilization	
  factor	
  is	
  about	
  20-­‐percent.	
  And	
  bear	
  in	
  mind,	
  this	
  
utilization	
  factor	
  is	
  separate	
  from	
  (and	
  must	
  be	
  combined	
  with)	
  the	
  conversion	
  efficiency	
  of	
  
the	
  solar	
  panel	
  itself;	
  typically	
  about	
  12	
  to	
  18	
  percent,	
  as	
  previously	
  stated.	
  
	
  
Despite	
  the	
  (relatively)	
  low	
  conversion	
  efficiency	
  of	
  solar	
  panels	
  and	
  their	
  inherently	
  low	
  
utilization	
  factors	
  (due	
  to	
  rising	
  and	
  setting	
  of	
  the	
  sun)	
  solar	
  panels	
  can	
  be	
  cost	
  effective	
  in	
  
some	
  scenarios;	
  they	
  often	
  benefit	
  from	
  government	
  subsidies	
  or	
  tax	
  preferences	
  but	
  those	
  
advantages	
  are	
  unlikely	
  to	
  be	
  available	
  to	
  seasteads.	
  Nevertheless,	
  energy	
  produced	
  from	
  
solar	
  panels	
  can	
  be	
  cost-­‐competitive	
  when	
  compared	
  to	
  diesel-­‐fueled	
  generators,	
  which	
  are	
  
the	
  likely	
  ‘default’	
  for	
  a	
  seastead	
  community	
  if	
  alternative	
  energy	
  sources	
  are	
  not	
  utilized.	
  
	
  
Several	
  sources	
  suggest	
  that	
  solar	
  cells	
  are	
  presently	
  selling	
  for	
  about	
  $1.00	
  per	
  watt,	
  with	
  
at	
  least	
  one	
  article	
  citing	
  module	
  prices	
  as	
  low	
  as	
  $0.70	
  per	
  watt.	
  Advertised	
  prices	
  for	
  full	
  
solar	
  panels	
  average	
  about	
  $1.50	
  to	
  $1.60	
  per	
  watt,	
  including	
  the	
  frame	
  and	
  an	
  inverter,	
  but	
  
excluding	
  support	
  structure	
  and	
  energy	
  storage.	
  Using	
  the	
  higher	
  figure	
  ($1.60	
  per	
  watt),	
  
the	
  expected	
  price	
  for	
  a	
  solar	
  array	
  with	
  a	
  rated	
  capacity	
  of	
  58	
  to	
  68	
  kilowatts	
  would	
  range	
  
from	
  $90,000	
  to	
  $110,000	
  including	
  an	
  inverter	
  but	
  exclusive	
  of	
  mounting	
  and	
  batteries.	
  For	
  
a	
  20-­‐year	
  life	
  (based	
  on	
  1,725	
  kilowatt-­‐hours	
  per	
  year	
  per	
  kilowatt	
  of	
  rated	
  capacity),	
  that	
  
translates	
  to	
  about	
  $0.04	
  to	
  $0.05	
  per	
  kilowatt-­‐hour	
  excluding	
  installation	
  and	
  (minimal)	
  
maintenance.	
  Even	
  with	
  conservative	
  allowances	
  for	
  system	
  installation,	
  energy	
  storage,	
  
inverters	
  and	
  the	
  like,	
  the	
  overall	
  cost	
  is	
  in	
  the	
  range	
  of	
  $0.10	
  to	
  $0.20	
  per	
  kilowatt-­‐hour,	
  
comparing	
  favorably	
  to	
  an	
  estimated	
  $0.50	
  per	
  kilowatt-­‐hour	
  for	
  a	
  diesel-­‐fueled	
  generator.	
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• Wind	
  Power	
  Generators	
  
	
  

Unlike	
  solar	
  panels,	
  which	
  (at	
  best)	
  produce	
  power	
  during	
  only	
  half	
  (or	
  less)	
  of	
  each	
  day,	
  
generators	
  powered	
  by	
  wind	
  turbines	
  can	
  generate	
  electricity	
  24/7	
  for	
  long	
  as	
  the	
  wind	
  
blows.	
  There	
  are,	
  however,	
  a	
  couple	
  of	
  caveats;	
  virtually	
  all	
  wind	
  turbines	
  require	
  at	
  least	
  
some	
  minimum	
  wind	
  speed	
  (typically	
  6	
  to	
  7	
  knots)	
  to	
  generate	
  any	
  power	
  at	
  all,	
  and	
  most	
  
require	
  wind	
  speeds	
  of	
  20	
  to	
  22	
  knots	
  (10	
  to	
  11	
  meters	
  per	
  second,	
  or	
  about	
  23	
  to	
  25mph)	
  
to	
  develop	
  their	
  full	
  rated	
  output.	
  Consequently	
  (and	
  not	
  unlike	
  solar	
  panels)	
  wind	
  turbines	
  
frequently	
  operate	
  in	
  sub-­‐optimum	
  conditions.	
  
	
  
There	
  are	
  two	
  broad	
  categories	
  of	
  wind	
  turbine.	
  Although	
  they	
  vary	
  widely	
  in	
  size,	
  the	
  most	
  
common	
  configuration	
  is	
  the	
  horizontal-­‐axis	
  turbine,	
  which	
  has	
  three	
  or	
  more	
  long	
  slender	
  
blades	
  that	
  spin	
  in	
  a	
  vertical	
  plane;	
  much	
  like	
  an	
  airplane	
  propeller,	
  but	
  having	
  a	
  generator	
  
(instead	
  of	
  a	
  motor)	
  attached	
  to	
  the	
  horizontal	
  shaft.	
  While	
  they	
  can	
  offer	
  relatively	
  good	
  
energy	
  conversion	
  efficiency,	
  some	
  find	
  them	
  aesthetically	
  and	
  acoustically	
  challenged;	
  i.e.	
  
ugly	
  and	
  noisy.	
  More	
  stylish	
  and	
  less	
  obtrusive	
  alternatives	
  are	
  found	
  amongst	
  the	
  variety	
  of	
  
vertical-­‐axis	
  configurations,	
  which	
  are	
  typically	
  designed	
  to	
  have	
  a	
  number	
  of	
  slender	
  blades	
  
festooned	
  around	
  a	
  vertical	
  shaft,	
  not	
  unlike	
  the	
  blades	
  on	
  an	
  eggbeater,	
  but	
  with	
  decidedly	
  
more	
  aerodynamic	
  shape.	
  While	
  generally	
  quieter,	
  more	
  architecturally	
  pleasing	
  and	
  having	
  
a	
  smaller	
  foot-­‐print,	
  vertical-­‐axis	
  wind	
  turbines	
  usually	
  have	
  lower	
  efficiency.	
  
	
  
It	
  is	
  our	
  intention	
  to	
  install	
  several	
  wind	
  turbines	
  aboard	
  Seasteader	
  I,	
  representing	
  typical	
  
horizontal	
  and	
  vertical	
  axis	
  configurations,	
  and	
  to	
  characterize	
  the	
  performance,	
  efficiency	
  
and	
  acoustics	
  of	
  both	
  concepts	
  within	
  the	
  constraints	
  imposed	
  by	
  the	
  layout	
  of	
  the	
  vessel.	
  
During	
  the	
  proposed	
  performance	
  evaluation,	
  wind	
  speed	
  will	
  be	
  recorded	
  at	
  regular	
  time	
  
intervals,	
  to	
  be	
  correlated	
  with	
  the	
  power	
  actually	
  produced	
  and	
  compared	
  to	
  the	
  rated	
  
power	
  output	
  of	
  each	
  device	
  at	
  each	
  wind	
  speed.	
  
	
  
Summaries	
  in	
  the	
  Appendix,	
  Table	
  A-­‐2,	
  indicate	
  the	
  wind	
  speed	
  frequency	
  of	
  occurrence	
  
near	
  the	
  present	
  location	
  of	
  Seasteader	
  I,	
  derived	
  from	
  more	
  than	
  128,000	
  measurements	
  
taken	
  during	
  an	
  18-­‐year	
  period	
  (1990	
  to	
  2008)	
  at	
  a	
  NOAA	
  National	
  Ocean	
  Service	
  station	
  
near	
  Lake	
  Worth,	
  Florida,	
  about	
  60	
  miles	
  south	
  of	
  Fort	
  Pierce.	
  Based	
  on	
  these	
  wind	
  speed	
  
statistics,	
  the	
  power	
  expected	
  from	
  each	
  type	
  of	
  wind	
  turbine	
  is	
  predicted,	
  as	
  discussed	
  in	
  
the	
  following	
  sections	
  of	
  this	
  report.	
  Seasonal	
  and	
  annual	
  wind	
  speed	
  probabilities	
  from	
  this	
  
data	
  are	
  shown	
  in	
  Figure	
  3	
  on	
  the	
  following	
  page.	
  
	
  
Similar	
  wind	
  speed	
  statistics	
  are	
  available	
  from	
  various	
  sources	
  for	
  most	
  coastal	
  areas	
  and	
  
open	
  ocean	
  locations	
  throughout	
  the	
  world.	
  Thus	
  the	
  methodology	
  used	
  in	
  this	
  report	
  can	
  
be	
  readily	
  applied	
  to	
  any	
  location	
  in	
  which	
  the	
  Seasteader	
  I,	
  (or	
  any	
  proposed	
  seastead)	
  is	
  
likely	
  to	
  operate.	
  The	
  proposed	
  testing	
  and	
  evaluation	
  activity	
  will	
  allow	
  for	
  calibration	
  of	
  
predictions	
  based	
  on	
  wind	
  speed	
  statistics	
  in	
  other	
  location,	
  and	
  based	
  on	
  manufacturer’s	
  
data	
  for	
  other	
  sizes	
  and	
  types	
  of	
  wind	
  turbines.	
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Figure	
  3	
  –	
  Seasonal	
  and	
  Annual	
  Wind	
  Speed	
  Probability	
  
	
  

Horizontal	
  Axis	
  Wind	
  Turbines	
  
	
  
These	
  devices	
  are	
  available	
  in	
  a	
  broad	
  range	
  of	
  sizes,	
  ranging	
  from	
  residential	
  size	
  units	
  that	
  
produce	
  just	
  a	
  few	
  hundred	
  watts	
  to	
  utility-­‐scale	
  turbines	
  that	
  generate	
  several	
  mega-­‐watts.	
  
For	
  testing	
  aboard	
  Seasteader	
  I,	
  units	
  in	
  the	
  5.0-­‐kilowatt	
  range	
  are	
  considered	
  to	
  be	
  an	
  
appropriate	
  size;	
  the	
  blades	
  on	
  a	
  turbine	
  of	
  this	
  rating	
  would	
  be	
  about	
  20	
  feet	
  (6	
  meters)	
  in	
  
diameter.	
  Weighing	
  about	
  700	
  to	
  800	
  pounds	
  (320	
  to	
  360	
  kg),	
  it	
  is	
  anticipated	
  that	
  two	
  units	
  
of	
  this	
  size	
  could	
  be	
  mounted	
  on	
  struts	
  erected	
  at	
  the	
  stern	
  of	
  the	
  vessel	
  in	
  either	
  side.	
  
	
  
The	
  rated	
  output	
  characteristics	
  of	
  a	
  typical	
  5-­‐kw	
  wind	
  turbine	
  are	
  shown	
  in	
  Figure	
  4	
  on	
  the	
  
following	
  page.	
  Published	
  vendor	
  data	
  for	
  this	
  unit	
  was	
  interpolated	
  to	
  define	
  the	
  output	
  at	
  
winds	
  speeds	
  from	
  5	
  to	
  35	
  knots,	
  in	
  one-­‐knot	
  increments,	
  corresponding	
  to	
  the	
  wind	
  speed	
  
intervals	
  in	
  the	
  data	
  for	
  Fort	
  Pierce/Lake	
  Worth,	
  Florida	
  shown	
  in	
  Table	
  A-­‐2.	
  Note	
  that	
  the	
  
turbine	
  does	
  not	
  deliver	
  its	
  full	
  rated	
  output	
  until	
  the	
  wind	
  speed	
  reaches	
  21	
  knots	
  or	
  more;	
  
however,	
  at	
  higher	
  wind	
  speeds	
  it	
  can	
  produce	
  even	
  more	
  than	
  its	
  rated	
  power,	
  although	
  
the	
  rate	
  of	
  increase	
  is	
  much	
  more	
  gradual.	
  
	
  
Multiplying	
  the	
  number	
  of	
  hours	
  in	
  each	
  month	
  times	
  the	
  probability	
  of	
  occurrence	
  of	
  each	
  
wind	
  speed	
  (from	
  Table	
  A-­‐2)	
  gives	
  the	
  expected	
  number	
  of	
  hours	
  per	
  month	
  for	
  each	
  speed;	
  
that	
  number	
  times	
  the	
  wind	
  turbine	
  output	
  for	
  that	
  speed	
  yields	
  the	
  kilowatt-­‐hours	
  for	
  each	
  
wind	
  speed	
  increment,	
  as	
  summarized	
  in	
  Figure	
  4	
  below	
  and	
  detailed	
  in	
  Table	
  A-­‐3.	
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Figure	
  4	
  –	
  Output	
  versus	
  Wind	
  Speed	
  for	
  a	
  Typical	
  5,000-­‐watt	
  Horizontal	
  Axis	
  Wind	
  Turbine	
  

	
  

	
  
	
  
Figure	
  5	
  –	
  Monthly	
  Power	
  Output	
  for	
  a	
  Typical	
  5,000-­‐watt	
  Horizontal	
  Axis	
  Wind	
  Turbine	
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Vertical	
  Axis	
  Wind	
  Turbines	
  
	
  
Although	
  several	
  manufacturers	
  claim	
  to	
  have	
  vertical	
  axis	
  wind	
  turbines	
  offering	
  efficiency	
  
equal	
  to	
  or	
  greater	
  than	
  their	
  horizontal	
  axis	
  counterparts,	
  the	
  dominance	
  of	
  horizontal	
  axis	
  
turbines	
  in	
  the	
  utility	
  sector	
  would	
  suggest	
  that	
  vertical	
  axis	
  designs	
  still	
  have	
  a	
  ways	
  to	
  go.	
  
However,	
  an	
  evaluation	
  of	
  vertical	
  axis	
  wind	
  turbines	
  concluded	
  last	
  year	
  by	
  researchers	
  at	
  
CalTech	
  (http://news.cnet.com/8301-­‐11128_3-­‐20079842-­‐54/vertical-­‐axis-­‐wind-­‐turbines-­‐
trump-­‐others-­‐on-­‐land-­‐use/)	
  it	
  was	
  found	
  that	
  
	
  

“…	
  vertical-­‐axis	
  wind	
  turbines	
  have	
  the	
  potential	
  to	
  generate	
  more	
  power	
  per	
  square	
  
meter	
  [of	
  land	
  area]	
  than	
  the	
  propeller-­‐like,	
  three-­‐blade	
  wind	
  turbines.	
  The	
  key	
  is	
  that	
  
vertical-­‐axis	
  turbines	
  can	
  be	
  placed	
  close	
  together	
  without	
  creating	
  the	
  type	
  of	
  wind	
  
disturbances	
  that	
  would	
  sap	
  performance	
  of	
  traditional	
  turbines.”	
  
	
  
“The	
  tests	
  found	
  that	
  the	
  power	
  density	
  of	
  these	
  vertical-­‐axis	
  wind	
  turbines	
  is	
  about	
  six	
  
to	
  nine	
  times	
  that	
  of	
  modern	
  wind	
  farms	
  with	
  horizontal-­‐axis	
  turbines,	
  which	
  need	
  
significant	
  spacing	
  among	
  them	
  to	
  prevent	
  causing	
  aerodynamic	
  interference.”	
  

	
  
While	
  this	
  conclusion	
  may	
  be	
  of	
  some	
  significance	
  to	
  land-­‐use	
  advocates,	
  it	
  has	
  profound	
  
implications	
  for	
  installations	
  on	
  a	
  floating	
  structure	
  such	
  as	
  a	
  seastead.	
  On	
  the	
  assumption	
  
that	
  seasteads	
  will	
  generally	
  be	
  located	
  offshore	
  in	
  relatively	
  deep	
  water	
  (more	
  than,	
  say,	
  
100m	
  or	
  330	
  feet)	
  it	
  is	
  most	
  likely	
  that	
  wind	
  turbines	
  would	
  be	
  mounted	
  on	
  the	
  seastead	
  
platform	
  itself,	
  because	
  installing	
  a	
  separate	
  platform	
  or	
  tower	
  in	
  deep	
  water	
  would	
  almost	
  
certainly	
  be	
  cost	
  prohibitive.	
  And	
  because	
  the	
  amount	
  open	
  deck	
  space	
  aboard	
  a	
  seastead	
  is	
  
limited	
  by	
  its	
  overall	
  size,	
  maximizing	
  ‘kilowatts	
  per	
  square	
  foot	
  of	
  deck	
  area’	
  is	
  likely	
  to	
  be	
  
an	
  important	
  consideration.	
  
	
  
If	
  it	
  is	
  true	
  that	
  vertical	
  axis	
  wind	
  turbines	
  can	
  produce	
  six	
  to	
  nine	
  times	
  as	
  much	
  power	
  per	
  
unit	
  of	
  ‘foot	
  print’,	
  then	
  that	
  might	
  substantially	
  offset	
  other	
  potential	
  advantages	
  offered	
  
by	
  horizontal	
  axis	
  turbines.	
  The	
  performance	
  characteristics	
  of	
  a	
  typical	
  vertical-­‐axis	
  wind	
  
turbine	
  rated	
  at	
  1200	
  watts	
  is	
  shown	
  in	
  Figures	
  6	
  and	
  7	
  on	
  the	
  following	
  page,	
  which	
  have	
  
been	
  developed	
  using	
  the	
  same	
  methodology	
  as	
  described	
  in	
  the	
  preceding	
  section.	
  
	
  
For	
  the	
  1200	
  watt	
  turbine	
  used	
  in	
  this	
  example,	
  the	
  rotor	
  diameter	
  is	
  only	
  4.1	
  feet	
  (1.2m)	
  in	
  
diameter,	
  compared	
  to	
  the	
  blade	
  diameter	
  of	
  20.2	
  feet	
  (6.2m)	
  for	
  the	
  5,000	
  watt	
  horizontal	
  
axis	
  turbine.	
  Accounting	
  for	
  the	
  fact	
  that	
  the	
  horizontal-­‐axis	
  turbine	
  must	
  be	
  free	
  to	
  rotate	
  
through	
  a	
  full	
  360-­‐degrees,	
  it	
  requires	
  a	
  clear	
  footprint	
  at	
  least	
  equal	
  to	
  the	
  blade	
  diameter,	
  
excluding	
  the	
  required	
  clearance	
  between	
  units.	
  Thus	
  the	
  5,000	
  watt	
  horizontal	
  axis	
  turbine	
  
requires	
  a	
  foot	
  print	
  of	
  at	
  least	
  320	
  square	
  feet;	
  producing	
  about	
  15	
  watts	
  per	
  square	
  foot.	
  
On	
  the	
  same	
  basis,	
  the	
  1200	
  watt	
  turbine	
  occupies	
  a	
  footprint	
  of	
  only	
  13.2	
  square	
  feet,	
  thus	
  
producing	
  more	
  than	
  90	
  watts	
  per	
  square	
  foot.	
  Of	
  course,	
  these	
  energy	
  densities	
  must	
  be	
  
discounted	
  to	
  account	
  for	
  the	
  required	
  clearance	
  between	
  units.	
  One	
  of	
  the	
  objectives	
  of	
  
the	
  proposed	
  testing	
  will	
  be	
  to	
  assess	
  how	
  close	
  together	
  wind	
  turbines	
  can	
  be	
  positioned.	
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Figure	
  6	
  –	
  Output	
  versus	
  Wind	
  Speed	
  for	
  a	
  Typical	
  1,200-­‐watt	
  Vertical	
  Axis	
  Wind	
  Turbine	
  
	
  

	
  
	
  

Figure	
  7	
  –	
  Monthly	
  Power	
  Output	
  for	
  a	
  Typical	
  1,200-­‐watt	
  Vertical	
  Axis	
  Wind	
  Turbine	
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Cost	
  Comparison	
  of	
  Horizontal	
  and	
  Vertical	
  Axis	
  Wind	
  Turbines	
  
	
  
Prices	
  posted	
  online	
  (http://turbines.allsmallwindturbines.com/)	
  for	
  horizontal-­‐axis	
  wind	
  
turbines	
  are	
  generally	
  in	
  the	
  range	
  of	
  $2	
  to	
  $4	
  per	
  watt	
  of	
  rated	
  output.	
  Thus	
  the	
  cost	
  for	
  a	
  
model	
  rated	
  to	
  produce	
  5,000	
  watts	
  would	
  probably	
  be	
  in	
  the	
  range	
  of	
  $10,000	
  to	
  $20,000	
  
including	
  an	
  inverter	
  but	
  excluding	
  energy	
  storage,	
  mounting	
  and	
  installation.	
  Based	
  on	
  the	
  
annual	
  energy	
  production	
  shown	
  previously	
  in	
  Figure	
  5	
  (an	
  estimated	
  11,246	
  kWh	
  annually)	
  
spreading	
  the	
  initial	
  cost	
  over	
  a	
  period	
  of	
  20-­‐years	
  yields	
  an	
  equivalent	
  cost	
  of	
  $.05	
  to	
  $.10	
  
per	
  kilowatt	
  hour.	
  Allowances	
  for	
  mounting,	
  installation	
  and	
  other	
  factors	
  could	
  increase	
  
these	
  figures	
  by	
  as	
  much	
  as	
  a	
  factor	
  of	
  two;	
  thus	
  yielding	
  a	
  cost	
  of	
  $.10	
  to	
  $.20	
  per	
  kWh.	
  
	
  
Published	
  pricing	
  for	
  vertical-­‐axis	
  wind	
  turbines	
  is	
  not	
  as	
  readily	
  available,	
  but	
  inquires	
  have	
  
indicated	
  the	
  cost	
  of	
  a	
  typical	
  1200	
  watt	
  unit	
  might	
  range	
  from	
  $9,000	
  to	
  $12,000	
  including	
  
installation	
  and	
  an	
  inverter,	
  but	
  excluding	
  energy	
  storage.	
  Based	
  on	
  the	
  energy	
  production	
  
shown	
  previously	
  in	
  Figure	
  7	
  (an	
  estimated	
  1,959	
  kWh	
  annually)	
  spreading	
  the	
  initial	
  cost	
  
over	
  a	
  period	
  of	
  20-­‐years	
  would	
  yield	
  an	
  equivalent	
  cost	
  of	
  $.23	
  to	
  $.30	
  per	
  kilowatt	
  hour.	
  
While	
  this	
  is	
  significantly	
  higher	
  compared	
  to	
  a	
  horizontal	
  axis	
  turbine,	
  for	
  a	
  seastead	
  with	
  
limited	
  deck	
  area	
  it	
  is	
  important	
  to	
  consider	
  that	
  a	
  vertical	
  axis	
  configuration	
  can	
  potentially	
  
produce	
  more	
  than	
  six	
  times	
  the	
  amount	
  of	
  energy	
  within	
  a	
  given	
  amount	
  of	
  deck	
  space.	
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Energy	
  Storage	
  
	
  
At	
  present,	
  Seasteader	
  I	
  is	
  fitted	
  with	
  two	
  main	
  diesel	
  generators	
  rated	
  at	
  250-­‐kW	
  each	
  and	
  an	
  
emergency	
  diesel	
  generator	
  rated	
  at	
  60-­‐kW.	
  Operated	
  as	
  a	
  gaming	
  ship,	
  the	
  nominal	
  load	
  on	
  
her	
  electrical	
  system	
  was	
  estimated	
  to	
  be	
  200-­‐kW	
  in	
  normal	
  circumstances,	
  hence	
  either	
  one	
  of	
  
the	
  main	
  diesel	
  generators	
  could	
  provide	
  the	
  full	
  generating	
  capacity	
  required.	
  Without	
  gaming	
  
equipment,	
  the	
  power	
  required	
  for	
  lighting	
  and	
  other	
  functions	
  necessary	
  to	
  operate	
  the	
  ship	
  is	
  
estimated	
  to	
  be	
  about	
  60-­‐kW	
  without	
  air	
  conditioning.	
  In	
  her	
  present	
  locale,	
  air	
  conditioning	
  is	
  
thought	
  to	
  add	
  an	
  additional	
  40-­‐kW	
  to	
  her	
  average	
  operating	
  power	
  requirement.	
  Thus,	
  daily	
  
energy	
  requirements	
  would	
  be	
  expected	
  to	
  fall	
  within	
  a	
  range	
  from	
  1,440	
  kWh	
  to	
  2,400	
  kWh.	
  
	
  
Based	
  on	
  the	
  analyses	
  presented	
  in	
  the	
  preceding	
  sections,	
  solar	
  panels	
  installed	
  on	
  the	
  ship	
  in	
  
its	
  Fort	
  Pierce	
  location	
  would	
  have	
  a	
  utilization	
  factor	
  of	
  about	
  20%,	
  thus	
  a	
  solar	
  array	
  having	
  a	
  
rated	
  capacity	
  of	
  60-­‐kW	
  should	
  produce	
  about	
  288	
  kWh	
  (60-­‐kW	
  x	
  24-­‐hours	
  x	
  20%)	
  per	
  day,	
  on	
  
average.	
  Likewise,	
  a	
  wind	
  turbine	
  installation	
  rated	
  at	
  30-­‐kW	
  (having	
  a	
  utilization	
  factor	
  of	
  25%)	
  
should	
  produce	
  about	
  180	
  kWh	
  (30-­‐kW	
  x	
  24-­‐hours	
  x	
  25%)	
  per	
  day,	
  on	
  average.	
  Thus,	
  the	
  total	
  
energy	
  from	
  solar	
  and	
  wind	
  would	
  average	
  about	
  468	
  kWh	
  per	
  day,	
  or	
  about	
  20	
  to	
  30	
  percent	
  
of	
  the	
  total	
  energy	
  required	
  to	
  operate	
  the	
  vessel.	
  However,	
  at	
  peak	
  times	
  (from	
  late	
  morning	
  
through	
  early	
  afternoon	
  on	
  a	
  windy	
  day)	
  the	
  combined	
  output	
  from	
  the	
  solar	
  panels	
  and	
  wind	
  
turbines	
  would	
  approach	
  their	
  full	
  rated	
  output	
  of	
  90-­‐kW;	
  about	
  50	
  percent	
  more	
  than	
  would	
  
be	
  required	
  without	
  air	
  conditioning.	
  
	
  
For	
  a	
  seastead	
  on	
  the	
  high	
  seas,	
  surplus	
  energy	
  from	
  solar	
  and	
  wind	
  cannot	
  simply	
  be	
  dumped	
  
onto	
  the	
  grid.	
  It	
  should	
  be	
  stored	
  during	
  periods	
  of	
  surplus,	
  to	
  be	
  reclaimed	
  when	
  the	
  sun	
  goes	
  
down	
  and	
  the	
  wind	
  dies.	
  Of	
  course,	
  economics	
  dictates	
  that	
  the	
  cost	
  of	
  storing	
  surplus	
  energy	
  
should	
  not	
  exceed	
  the	
  value	
  of	
  that	
  energy!	
  The	
  remainder	
  of	
  this	
  section	
  sets	
  forth	
  a	
  plan	
  for	
  
evaluating	
  several	
  of	
  the	
  myriad	
  technologies	
  considered	
  for	
  energy	
  storage,	
  and	
  comparing	
  
them	
  on	
  the	
  basis	
  of	
  cost,	
  size	
  and	
  weight.	
  
	
  
As	
  a	
  common	
  basis	
  for	
  comparison,	
  it	
  is	
  assumed	
  that	
  each	
  storage	
  system	
  has	
  the	
  capacity	
  to	
  
store	
  one-­‐half	
  of	
  the	
  total	
  energy	
  that	
  can	
  be	
  produced	
  during	
  an	
  average	
  day,	
  i.e.	
  50%	
  of	
  the	
  
average	
  468	
  kWh	
  per	
  day	
  stated	
  above,	
  or	
  (rounding	
  up)	
  about	
  240	
  kWh	
  of	
  storage	
  capacity.	
  
Arguably	
  the	
  most	
  common	
  method	
  of	
  energy	
  storage,	
  batteries	
  were	
  chosen	
  as	
  the	
  baseline	
  
against	
  which	
  other	
  concepts	
  are	
  compared.	
  
	
  
In	
  addition	
  to	
  obvious	
  considerations	
  such	
  as	
  size,	
  weight	
  and	
  cost,	
  the	
  primary	
  factors	
  to	
  be	
  
considered	
  in	
  selecting	
  an	
  energy	
  storage	
  system	
  the	
  following:	
  
	
  

 Discharge	
  time	
  –	
  Over	
  what	
  duration	
  of	
  time	
  is	
  the	
  stored	
  energy	
  to	
  be	
  dissipated?	
  
Is	
  the	
  energy	
  to	
  be	
  spent	
  in	
  a	
  quick	
  pulse	
  to	
  meet	
  a	
  sudden	
  surge	
  in	
  demand,	
  or	
  over	
  
a	
  longer	
  period	
  of	
  time	
  to	
  bring	
  supply	
  into	
  balance	
  with	
  demand?	
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 Rated	
  power	
  –	
  Maximum	
  power	
  that	
  the	
  system	
  must	
  produce;	
  not	
  to	
  be	
  confused	
  
with	
  energy	
  storage	
  capacity,	
  which	
  is	
  the	
  product	
  of	
  power	
  multiplied	
  by	
  time.	
  

	
  
	
  

Figure	
  8	
  –	
  Comparison	
  of	
  Various	
  Energy	
  Storage	
  Technologies	
  
(http://www.electricitystorage.org/technology/storage_technologies/technology_comparison)	
  

	
  
Depictions	
  such	
  as	
  shown	
  in	
  Figure	
  8,	
  above,	
  illustrate	
  a	
  range	
  of	
  scenarios	
  in	
  which	
  different	
  
energy	
  storage	
  systems	
  might	
  be	
  most	
  suitable.	
  For	
  application	
  on	
  Seasteader	
  I,	
  discharge	
  times	
  
on	
  the	
  order	
  of	
  10	
  hours	
  would	
  be	
  an	
  appropriate	
  time	
  scale;	
  accordingly,	
  the	
  illustration	
  in	
  
Figure	
  8	
  suggests	
  that	
  any	
  of	
  several	
  types	
  of	
  battery	
  storage	
  could	
  be	
  viable	
  candidates.	
  
	
  
However,	
  in	
  looking	
  to	
  the	
  longer	
  term,	
  very	
  large	
  seastead	
  communities	
  would	
  likely	
  have	
  
power	
  demands	
  in	
  excess	
  of	
  what	
  could	
  be	
  feasibly	
  met	
  with	
  batteries	
  alone.	
  Thus,	
  it	
  is	
  of	
  
interest	
  to	
  consider	
  at	
  least	
  two	
  other	
  options	
  shown	
  on	
  Figure	
  8,	
  namely	
  compressed	
  air	
  
energy	
  storage	
  (CAES)	
  and	
  pumped	
  [static]	
  hydro	
  (PSH)	
  systems,	
  both	
  of	
  which	
  have	
  the	
  
capacity	
  to	
  meet	
  very	
  high	
  power	
  demands.	
  
	
  
Moreover,	
  taking	
  a	
  long	
  term	
  perspective	
  and	
  recognizing	
  the	
  ongoing	
  research	
  by	
  the	
  US	
  
Department	
  of	
  Energy	
  and	
  others	
  to	
  reduce	
  the	
  cost	
  of	
  fuel	
  cells	
  and	
  electrolyzers,	
  it	
  seems	
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warranted	
  in	
  addition	
  to	
  consider	
  hydrogen	
  as	
  a	
  viable	
  future	
  alternative.	
  Implementation	
  of	
  
each	
  of	
  these	
  options	
  is	
  discussed	
  in	
  the	
  following	
  sections	
  of	
  this	
  report.	
  
	
  
• Batteries	
  (Baseline	
  for	
  Comparison)	
  	
  
	
  

A	
  comparison	
  of	
  cost	
  and	
  energy	
  density	
  for	
  several	
  common	
  types	
  of	
  batteries	
  is	
  shown	
  
below,	
  in	
  Figure	
  9.	
  Other	
  sources	
  suggest	
  that	
  lithium-­‐polymer	
  batteries	
  can	
  offer	
  superior	
  
energy	
  density,	
  in	
  practice	
  this	
  technology	
  has	
  found	
  acceptance	
  only	
  in	
  small	
  hand-­‐held	
  
devices.	
  Lithium-­‐ion	
  batteries	
  have	
  found	
  favor	
  in	
  electric	
  car	
  applications	
  because	
  they	
  
provide	
  high	
  energy	
  density	
  compared	
  to	
  lead-­‐acid	
  or	
  nickel-­‐zinc	
  batteries.	
  Makers	
  of	
  
lithium-­‐polymer	
  batteries	
  have	
  yet	
  to	
  find	
  a	
  way	
  to	
  scale-­‐up	
  that	
  technology	
  to	
  support	
  
higher	
  power	
  applications,	
  while	
  nickel-­‐cadmium	
  and	
  nickel-­‐metal-­‐hydride	
  are	
  significantly	
  
more	
  expensive.	
  
	
  

	
  
	
  

Figure	
  9	
  –	
  Comparison	
  of	
  Various	
  Battery	
  Types	
  
(http://www.allaboutbatteries.com/electric_cars.html)	
  

	
  
While	
  energy	
  density	
  is	
  an	
  important	
  consideration	
  for	
  hand-­‐held	
  devices	
  and	
  electric	
  cars,	
  
size	
  and	
  weight	
  are	
  not	
  nearly	
  as	
  critical	
  on	
  vessels	
  like	
  Seasteader	
  I,	
  which	
  are	
  typically	
  
designed	
  with	
  capacity	
  to	
  carry	
  large	
  volumes	
  of	
  fuel,	
  water	
  ballast	
  and	
  other	
  consumables.	
  
In	
  that	
  context,	
  the	
  proven	
  performance,	
  safety	
  and	
  low	
  cost	
  of	
  lead-­‐acid	
  batteries	
  make	
  
them	
  an	
  attractive	
  candidate.	
  
	
  
Based	
  on	
  the	
  values	
  in	
  Figure	
  9	
  and	
  the	
  requirement	
  to	
  provide	
  240-­‐kWh	
  of	
  energy	
  on	
  
Seasteader	
  I,	
  the	
  cost,	
  size	
  and	
  weight	
  of	
  lead-­‐acid	
  and	
  lithium-­‐ion	
  battery	
  systems	
  are	
  
estimated	
  as	
  follows:	
  
	
  
	
   Cost	
  (US$)	
   Size	
  (cubic	
  feet)	
   Weight	
  (pounds)	
  
Lead-­‐acid	
  batteries	
   $40,800	
  	
   84.8	
   12,878	
  
Lithium-­‐ion	
  batteries	
   $112,800	
  	
   36.9	
   4,125	
  
	
  
To	
  put	
  these	
  values	
  in	
  context,	
  the	
  ballast	
  tanks	
  on	
  Seasteader	
  I	
  have	
  a	
  total	
  capacity	
  of	
  
some	
  13,206	
  cubic	
  feet,	
  which	
  corresponds	
  to	
  about	
  845,000	
  pounds	
  of	
  seawater	
  ballast.	
  
Clearly,	
  the	
  volume	
  and	
  weight	
  of	
  either	
  type	
  of	
  battery	
  system	
  is	
  negligible	
  in	
  comparison	
  
to	
  the	
  vessel	
  itself.	
  Suitability	
  of	
  either	
  battery	
  system	
  is	
  much	
  more	
  likely	
  to	
  be	
  limited	
  by	
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considerations	
  of	
  long	
  term	
  reliability	
  and	
  cycle-­‐life	
  in	
  the	
  context	
  of	
  the	
  charge/discharge	
  
cycles	
  that	
  will	
  occur	
  on	
  Seasteader	
  I.	
  
	
  
Other	
  battery	
  types	
  shown	
  in	
  Figure	
  8,	
  vanadium	
  redox	
  (VR)	
  and	
  sodium	
  sulfur	
  (Na-­‐S)	
  are	
  
both	
  dismissed	
  from	
  consideration.	
  Although	
  VR	
  offers	
  theoretically	
  better	
  performance	
  
compared	
  to	
  lithium	
  ion	
  batteries,	
  the	
  potential	
  advantages	
  have	
  yet	
  to	
  be	
  realized	
  in	
  
production.	
  And	
  while	
  there	
  are	
  several	
  large	
  scale	
  Na-­‐S	
  installations	
  in	
  existence,	
  that	
  
technology	
  is	
  viewed	
  as	
  appropriate	
  only	
  for	
  fixed	
  utility-­‐scale	
  facilities.	
  

	
  
• Compressed	
  air	
  energy	
  storage	
  (CAES)	
  	
  
	
  

Envisioned	
  as	
  one	
  of	
  the	
  most	
  promising	
  technologies	
  for	
  utility-­‐scale	
  energy	
  storage	
  
systems,	
  CAES	
  is	
  thought	
  to	
  be	
  scalable	
  all	
  the	
  way	
  down	
  to	
  residential-­‐size	
  installations.	
  
Conceptually,	
  it	
  seems	
  quite	
  simple;	
  use	
  surplus	
  energy	
  to	
  blow	
  air	
  into	
  a	
  large	
  reservoir	
  
under	
  pressure,	
  and	
  run	
  the	
  compressed	
  air	
  back	
  through	
  a	
  turbine	
  generator	
  when	
  power	
  
is	
  needed.	
  It	
  gets	
  a	
  bit	
  more	
  complicated	
  because	
  compressing	
  the	
  air	
  generates	
  heat	
  and	
  
there	
  are	
  several	
  ways	
  to	
  manage	
  the	
  heat	
  that	
  is	
  created.	
  
	
  
For	
  utility-­‐scale	
  systems,	
  it	
  is	
  necessary	
  to	
  provide	
  voluminous	
  storage	
  reservoirs,	
  such	
  as	
  
underground	
  caverns	
  or	
  depleted	
  natural	
  gas	
  wells.	
  However,	
  smaller	
  systems	
  might	
  utilize	
  
commercially	
  available	
  pressure	
  vessels,	
  similar	
  to	
  existing	
  propane	
  or	
  LNG	
  storage	
  tanks.	
  
Storage	
  density	
  is	
  about	
  one-­‐fourth	
  of	
  that	
  achieved	
  by	
  batteries,	
  but	
  as	
  noted	
  above,	
  size	
  
and	
  weight	
  are	
  not	
  critical	
  constraints	
  on	
  a	
  vessel	
  like	
  the	
  Seasteader	
  I.	
  More	
  important	
  is	
  
the	
  efficiency	
  of	
  the	
  storage	
  and	
  recovery	
  process;	
  there	
  are	
  few	
  CAES	
  systems	
  in	
  operation,	
  
and	
  their	
  efficiency	
  is	
  thought	
  to	
  be	
  only	
  around	
  50-­‐percent.	
  

	
  
• Pumped	
  hydro	
  (using	
  two	
  vertically	
  separated	
  reservoirs)	
  	
  
	
  

Similar	
  in	
  concept	
  to	
  CAES,	
  pumped	
  hydro	
  utilizes	
  two	
  reservoirs	
  at	
  different	
  elevations;	
  
electrical	
  energy	
  is	
  used	
  to	
  pump	
  water	
  from	
  the	
  lower	
  to	
  the	
  upper	
  reservoir	
  where	
  it	
  is	
  
stored	
  as	
  potential	
  energy.	
  Energy	
  is	
  then	
  recovered	
  by	
  discharging	
  water	
  from	
  the	
  upper	
  
reservoir	
  and	
  using	
  the	
  energy	
  to	
  drive	
  a	
  turbo-­‐generator	
  that	
  produces	
  electricity.	
  It	
  works	
  
on	
  the	
  same	
  principle	
  as	
  CAES,	
  while	
  eliminating	
  many	
  of	
  the	
  complications	
  because	
  water	
  
is	
  incompressible.	
  
	
  
Most	
  existing	
  pumped	
  hydro	
  systems	
  are	
  utility-­‐scale	
  operations	
  that	
  purchase	
  electrical	
  
power	
  (from	
  conventional	
  generating	
  facilities)	
  at	
  low	
  rates	
  to	
  pump	
  water	
  into	
  the	
  upper	
  
reservoir	
  during	
  periods	
  of	
  weak	
  demand.	
  Then,	
  during	
  periods	
  of	
  peak	
  demand	
  when	
  rates	
  
are	
  high,	
  the	
  stored	
  energy	
  is	
  converted	
  back	
  to	
  electricity	
  that	
  can	
  be	
  sold	
  for	
  a	
  profit.	
  
	
  
Like	
  CAES,	
  the	
  primary	
  challenges	
  are	
  related	
  to	
  reservoir	
  size	
  and	
  conversion	
  efficiency.	
  
Storage	
  capacity	
  is	
  related	
  to	
  useable	
  reservoir	
  volume	
  and	
  the	
  height	
  differential	
  between	
  
the	
  two	
  reservoirs;	
  the	
  potential	
  energy	
  that	
  can	
  be	
  stored	
  is	
  the	
  product	
  of	
  “water	
  mass”	
  
times	
  the	
  vertical	
  distance	
  or	
  “head”	
  between	
  the	
  two	
  reservoirs.	
  The	
  rate	
  at	
  which	
  the	
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mass	
  of	
  water	
  moves	
  through	
  that	
  vertical	
  distance	
  determines	
  the	
  power;	
  how	
  much	
  is	
  
required	
  to	
  pump	
  water	
  up	
  how	
  much	
  is	
  produced	
  when	
  the	
  water	
  runs	
  back	
  down.	
  
Conceptually	
  there	
  is	
  no	
  reason	
  why	
  pumped	
  hydro	
  should	
  not	
  be	
  scalable	
  down	
  to	
  modest	
  
size	
  installation,	
  with	
  researchers	
  in	
  Hawaii	
  promoting	
  the	
  feasibility	
  of	
  systems	
  as	
  small	
  as	
  
100	
  to	
  1,000-­‐kW	
  or	
  less.	
  With	
  properly	
  configured	
  components	
  (motor,	
  generator,	
  turbine	
  
and	
  pump)	
  and	
  sufficient	
  hydrostatic	
  head,	
  efficiencies	
  of	
  75-­‐percent	
  should	
  be	
  achievable,	
  
with	
  utility	
  scale	
  operation	
  capable	
  of	
  attaining	
  conversion	
  efficiencies	
  of	
  80	
  to	
  85-­‐percent.	
  
	
  

	
  
• Hydrogen	
  (H2)	
  generation	
  and	
  storage	
  
	
  

From	
  a	
  technology	
  standpoint,	
  storing	
  energy	
  in	
  the	
  form	
  of	
  compressed	
  hydrogen	
  (H2)	
  is	
  
certainly	
  an	
  intriguing	
  concept.	
  Hydrogen	
  has	
  the	
  capacity	
  to	
  store	
  about	
  three	
  times	
  as	
  
much	
  energy	
  as	
  gasoline,	
  per	
  unit	
  of	
  mass,	
  and	
  on	
  that	
  basis	
  hydrogen	
  offers	
  the	
  highest	
  
energy	
  density	
  of	
  any	
  known	
  fuel.	
  However,	
  because	
  the	
  mass	
  density	
  of	
  hydrogen	
  is	
  so	
  low	
  
it	
  requires	
  considerably	
  more	
  volume	
  to	
  store	
  the	
  same	
  amount	
  of	
  energy;	
  liquid	
  hydrogen	
  
requires	
  almost	
  four	
  times	
  as	
  much	
  volume	
  compared	
  to	
  diesel	
  to	
  store	
  the	
  same	
  amount	
  
of	
  energy.	
  As	
  a	
  gas,	
  the	
  volumetric	
  requirement	
  for	
  hydrogen	
  grows	
  substantially	
  higher,	
  in	
  
inverse	
  proportion	
  to	
  the	
  storage	
  pressure.	
  And,	
  of	
  course,	
  the	
  favorable	
  energy	
  density	
  
based	
  on	
  mass	
  must	
  be	
  discounted	
  to	
  include	
  the	
  weight	
  of	
  the	
  special	
  tankage	
  necessary	
  
to	
  store	
  hydrogen.	
  However,	
  as	
  noted	
  in	
  the	
  preceding	
  discussion	
  of	
  battery	
  systems,	
  size	
  
and	
  weight	
  are	
  not	
  critical	
  issues	
  for	
  vessels	
  such	
  as	
  Seasteader	
  I.	
  
	
  

	
  
Figure	
  10	
  –	
  Comparison	
  of	
  Energy	
  Density	
  by	
  Mass	
  and	
  Volume	
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(http://en.wikipedia.org/wiki/File:Energy_density.svg)	
  
	
  
The	
  advantages	
  of	
  hydrogen	
  for	
  energy	
  storage	
  are	
  well	
  understood,	
  principally	
  that	
  it	
  can	
  
power	
  a	
  fuel	
  cell	
  to	
  generate	
  electricity,	
  producing	
  only	
  heat	
  and	
  fresh	
  water	
  as	
  byproducts.	
  
The	
  downside	
  is	
  simply	
  cost;	
  presently,	
  fuel	
  cells	
  of	
  the	
  size	
  and	
  type	
  appropriate	
  for	
  testing	
  
on	
  Seasteader	
  I	
  are	
  likely	
  to	
  cost	
  between	
  $7,000	
  to	
  $8,000/kW	
  for	
  Solid	
  Oxide	
  (SOFC)	
  or	
  
about	
  $11,000/kW	
  for	
  Proton	
  Exchange	
  Membrane	
  (PEM)	
  fuel	
  cells,	
  as	
  shown	
  below	
  in	
  
Figure	
  11.	
  
	
  
In	
  addition	
  to	
  the	
  cost	
  of	
  the	
  fuel	
  cell	
  itself,	
  a	
  storage	
  system	
  would	
  require	
  an	
  electrolyzer	
  
(powered	
  by	
  excess	
  output	
  from	
  the	
  solar	
  panels	
  and	
  wind	
  vanes)	
  to	
  produce	
  the	
  hydrogen.	
  
As	
  reported	
  in	
  a	
  2008	
  study	
  conducted	
  by	
  the	
  NREL,	
  the	
  cost	
  per	
  kW	
  for	
  a	
  modest	
  size	
  PEM	
  
electrolyzer	
  could	
  approach	
  $5,000/kW.	
  On	
  top	
  of	
  that,	
  the	
  cost	
  of	
  piping	
  and	
  storage	
  tanks	
  
must	
  be	
  added,	
  so	
  the	
  overall	
  cost	
  could	
  easily	
  be	
  in	
  the	
  neighborhood	
  of	
  $15,000/kW.	
  
	
  
Assuming	
  that	
  the	
  hydrogen	
  storage	
  system	
  should	
  be	
  sized	
  to	
  supply	
  50%	
  of	
  the	
  vessel’s	
  
operating	
  power	
  (previously	
  stated	
  to	
  be	
  60	
  to	
  100-­‐kW),	
  then	
  installed	
  cost	
  of	
  a	
  50-­‐kW	
  PEM	
  
fuel	
  cell,	
  electrolyzer,	
  and	
  related	
  ancillaries	
  could	
  run	
  to	
  about	
  $750,000.	
  Even	
  if	
  research	
  
succeeds	
  in	
  lowering	
  future	
  costs	
  by	
  a	
  factor	
  of	
  ten	
  (in	
  line	
  with	
  DOE	
  targets),	
  batteries	
  still	
  
offer	
  a	
  more	
  cost-­‐effective	
  solution	
  for	
  Seasteader	
  I.	
  However,	
  the	
  total	
  energy	
  storage	
  
requirements	
  of	
  a	
  much	
  larger	
  seastead	
  could	
  potentially	
  change	
  the	
  balance	
  in	
  favor	
  of	
  
hydrogen.	
  
	
  

	
  
	
  

Figure	
  11	
  –	
  Comparison	
  of	
  Fuel	
  Cell	
  Capacity,	
  Application	
  and	
  Cost	
  
(http://en.wikipedia.org/wiki/File:Energy_density.svg)	
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Data	
  Acquisition	
  

To	
  facilitate	
  the	
  assessment	
  of	
  performance	
  and	
  efficiency	
  for	
  each	
  component	
  and	
  system,	
  it	
  
will	
  be	
  necessary	
  to	
  collect	
  data	
  on	
  an	
  on-­‐going	
  basis	
  from	
  a	
  variety	
  of	
  sources.	
  Data	
  from	
  a	
  
variety	
  of	
  instruments	
  and	
  sensors	
  is	
  to	
  be	
  stored	
  as	
  time	
  histories	
  in	
  digital	
  format,	
  with	
  the	
  
ability	
  to	
  generate	
  tabular	
  or	
  graphical	
  summaries	
  and	
  comparisons	
  on	
  a	
  regular,	
  periodic	
  basis	
  
or	
  in	
  custom	
  formats	
  on	
  demand.	
  
	
  
Central	
  to	
  the	
  data	
  acquisition	
  strategy	
  will	
  be	
  the	
  requirement	
  to	
  monitor	
  the	
  output	
  (voltage	
  
and	
  current)	
  from	
  each	
  energy	
  source,	
  the	
  input	
  and	
  output	
  from	
  each	
  storage	
  device,	
  and	
  the	
  
input	
  and	
  output	
  from	
  each	
  power	
  conditioning	
  device,	
  i.e.,	
  invertors,	
  voltage	
  regulators,	
  etc.	
  
Moreover,	
  it	
  considered	
  desirable	
  to	
  have	
  a	
  means	
  of	
  controlling	
  or	
  varying	
  the	
  energy	
  demand	
  
(load)	
  on	
  each	
  device	
  so	
  that	
  performance	
  can	
  be	
  assessed	
  in	
  the	
  context	
  of	
  different	
  scenarios.	
  
	
  
• Environmental	
  Conditions	
  
	
  

Solar	
  radiation	
  on	
  board	
  the	
  vessel	
  will	
  be	
  continuously	
  measured	
  and	
  recorded	
  to	
  establish	
  
correlation	
  with	
  power	
  produced	
  by	
  the	
  solar	
  panels.	
  These	
  direct	
  measurements	
  will	
  also	
  
be	
  compared	
  to	
  data	
  from	
  nearby	
  weather	
  stations	
  monitoring	
  temperature,	
  precipitation,	
  
barometric	
  pressure,	
  cloud	
  cover,	
  solar	
  radiation	
  and	
  the	
  like.	
  
	
  
Wind	
  speed	
  and	
  direction,	
  measured	
  at	
  two	
  locations	
  (bow	
  and	
  stern)	
  on	
  the	
  vessel	
  will	
  be	
  
continuously	
  recorded	
  to	
  establish	
  correlation	
  with	
  power	
  produced	
  by	
  each	
  wind	
  turbine	
  
generator.	
  An	
  additional	
  wind	
  monitoring	
  station	
  is	
  to	
  be	
  installed	
  high	
  on	
  a	
  nearby	
  tower	
  
(to	
  eliminate	
  interference	
  from	
  neighboring	
  structures)	
  so	
  that	
  shielding	
  or	
  other	
  disruption	
  
of	
  the	
  wind	
  fields	
  caused	
  by	
  the	
  vessel’s	
  deckhouse	
  can	
  be	
  assessed.	
  These	
  measurements	
  
will	
  also	
  be	
  compared	
  to	
  data	
  from	
  nearby	
  weather	
  stations.	
  

	
  
• Power	
  Produced	
  by	
  each	
  Energy	
  Conversion	
  Device	
  
	
  

Solar	
  panels	
  and	
  wind	
  turbines	
  are	
  to	
  be	
  equipped	
  with	
  Maximum	
  Power	
  Point	
  Trackers	
  
(MPPT)	
  that	
  will	
  adjust	
  voltage	
  and	
  current	
  output	
  so	
  as	
  to	
  generate	
  maximum	
  power	
  in	
  any	
  
particular	
  load	
  scenario.	
  Several	
  different	
  load	
  scenarios	
  (battery	
  charging,	
  variable	
  loads,	
  
resistive	
  loads,	
  etc.)	
  will	
  be	
  applied	
  to	
  each	
  device,	
  with	
  the	
  corresponding	
  output	
  voltage	
  
and	
  current	
  measured	
  and	
  correlated	
  with	
  the	
  prevailing	
  environmental	
  conditions.	
  
	
  
Power	
  output	
  from	
  solar	
  panels	
  will	
  be	
  correlated	
  with	
  time	
  of	
  day,	
  date	
  and	
  solar	
  radiation	
  
measurements,	
  compared	
  to	
  theoretical	
  performance	
  for	
  the	
  device.	
  Similar	
  comparisons	
  
will	
  be	
  made	
  between	
  wind	
  speed	
  and	
  power	
  output	
  from	
  each	
  wind	
  turbine	
  configuration.	
  
	
  
As	
  a	
  basis	
  of	
  comparison,	
  comparable	
  load	
  scenarios	
  will	
  be	
  applied	
  to	
  the	
  diesel	
  generator	
  
on	
  the	
  vessel.	
  Fuel	
  consumption	
  and	
  power	
  output	
  will	
  be	
  measured	
  for	
  each	
  scenario.	
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• Power	
  Delivered	
  to	
  and	
  Extracted	
  from	
  each	
  Storage	
  Device	
  
	
  

Whenever	
  energy	
  production	
  exceeds	
  demand,	
  the	
  excess	
  power	
  will	
  be	
  delivered	
  to	
  one	
  or	
  
more	
  of	
  the	
  storage	
  devices	
  identified	
  in	
  the	
  preceding	
  section	
  of	
  this	
  report.	
  Conversely,	
  
when	
  demand	
  exceeds	
  energy	
  production	
  from	
  renewable	
  sources,	
  power	
  will	
  be	
  extracted	
  
from	
  the	
  storage	
  devices.	
  Over	
  time,	
  the	
  ratio	
  of	
  energy	
  extracted	
  from	
  each	
  storage	
  device	
  
in	
  proportion	
  to	
  the	
  energy	
  delivered	
  to	
  the	
  device	
  represents	
  the	
  efficiency	
  of	
  the	
  storage	
  
device.	
  
	
  
To	
  provide	
  a	
  consistent	
  means	
  of	
  comparing	
  different	
  storage	
  devices,	
  their	
  performance	
  
will	
  initially	
  be	
  assessed	
  for	
  a	
  range	
  of	
  controlled	
  delivery	
  (charging)	
  rates	
  and	
  for	
  a	
  range	
  of	
  
controlled	
  extraction	
  (discharge)	
  rates.	
  For	
  each	
  different	
  device,	
  the	
  power	
  delivered	
  to	
  
the	
  device	
  will	
  be	
  measured	
  during	
  a	
  specified	
  period	
  of	
  time	
  relative	
  to	
  some	
  known	
  initial	
  
‘state’	
  of	
  the	
  storage	
  device.	
  At	
  the	
  end	
  of	
  each	
  ‘charging’	
  interval,	
  power	
  will	
  be	
  extracted	
  
from	
  the	
  device	
  at	
  a	
  prescribed	
  rate	
  until	
  the	
  device	
  returns	
  to	
  the	
  same	
  initial	
  ‘state’,	
  i.e.	
  
open-­‐circuit	
  voltage,	
  pressure,	
  etc.	
  

	
  
Performance	
  Evaluation	
  
	
  
One	
  of	
  the	
  stated	
  objectives	
  of	
  the	
  proposed	
  project	
  is	
  to	
  demonstrate	
  the	
  degree	
  to	
  which	
  
sustainable	
  energy	
  sources	
  can	
  reduce	
  the	
  amount	
  of	
  energy	
  that	
  Seasteader	
  I	
  must	
  produce	
  
through	
  combustion	
  of	
  fossil	
  fuels.	
  An	
  important	
  corollary	
  to	
  the	
  objective	
  is	
  to	
  assess	
  the	
  cost	
  
of	
  providing	
  that	
  sustainable	
  energy;	
  that	
  is,	
  what	
  is	
  the	
  total	
  cost	
  per	
  kilowatt-­‐hour	
  of	
  energy	
  
produced	
  by	
  sustainable	
  sources,	
  compared	
  to	
  a	
  conventional	
  diesel-­‐fueled	
  generator.	
  
	
  
Actual	
  performance	
  data	
  obtained	
  from	
  pier-­‐side	
  testing	
  in	
  Fort	
  Pierce	
  can	
  be	
  extrapolated	
  to	
  
any	
  other	
  proposed	
  site	
  (coastal	
  or	
  offshore)	
  based	
  on	
  a	
  comparison	
  between	
  the	
  conditions	
  
measured	
  during	
  the	
  tests	
  at	
  Fort	
  Pierce	
  and	
  the	
  expected	
  environmental	
  conditions	
  at	
  any	
  
proposed	
  location.	
  
	
  
• Cost	
  per	
  Kilowatt-­‐Hour	
  of	
  Power	
  Produced	
  by	
  each	
  Energy	
  Conversion	
  Device	
  
	
  

Over	
  the	
  long	
  term,	
  the	
  capital	
  cost	
  of	
  a	
  diesel-­‐fueled	
  generator	
  is	
  small	
  in	
  comparison	
  to	
  
the	
  ongoing	
  cost	
  of	
  fuel,	
  which	
  (as	
  stated	
  previously	
  in	
  this	
  report)	
  can	
  approach	
  $0.50/kWh	
  
based	
  on	
  present	
  prices	
  for	
  diesel	
  fuel	
  delivered	
  offshore.	
  Conversely,	
  for	
  renewable	
  energy	
  
sources,	
  the	
  cost	
  per	
  kWh	
  is	
  heavily	
  dependent	
  on	
  the	
  duration	
  of	
  the	
  anticipated	
  service	
  
life.	
  Renewables	
  are	
  economically	
  viable	
  only	
  over	
  the	
  long	
  haul.	
  
	
  
For	
  example,	
  consider	
  a	
  solar	
  array	
  costing	
  $100,000	
  that	
  produces	
  100,000-­‐kWh	
  per	
  year;	
  
energy	
  cost	
  for	
  a	
  one-­‐year	
  service	
  life	
  would	
  be	
  about	
  $1.00/kWh;	
  very	
  expensive!	
  But	
  if	
  the	
  
same	
  solar	
  array	
  had	
  a	
  planned	
  service	
  life	
  of	
  10	
  years	
  then	
  the	
  unit	
  cost	
  would	
  be	
  closer	
  to	
  
$0.10	
  per	
  kWh,	
  about	
  the	
  same	
  as	
  present	
  residential	
  rates.	
  And	
  if	
  that	
  same	
  array	
  achieved	
  
a	
  20-­‐year	
  service	
  life,	
  then	
  the	
  unit	
  cost	
  would	
  be	
  reduced	
  to	
  about	
  $0.05/kWh;	
  a	
  bargain!	
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Admittedly,	
  the	
  preceding	
  analysis	
  is	
  highly	
  simplified,	
  neglecting	
  maintenance	
  costs,	
  and	
  
not	
  accounting	
  for	
  the	
  time-­‐value	
  of	
  capital.	
  However,	
  it	
  serves	
  to	
  illustrate	
  the	
  challenge	
  
that	
  arises	
  when	
  interpreting	
  the	
  results	
  of	
  the	
  proposed	
  test	
  program.	
  The	
  incremental	
  
cost	
  per	
  kilowatt-­‐hour	
  for	
  a	
  diesel	
  generator	
  can	
  be	
  determined	
  by	
  simply	
  dividing	
  fuel	
  cost	
  
by	
  the	
  number	
  of	
  kilowatt-­‐hours	
  produced	
  in	
  a	
  certain	
  interval	
  of	
  time;	
  this	
  assumes	
  that	
  
the	
  capital	
  cost	
  of	
  the	
  generator	
  is	
  included	
  in	
  the	
  cost	
  of	
  the	
  vessel,	
  and	
  that	
  it	
  is	
  a	
  small	
  
component	
  total	
  overall	
  cost.	
  
	
  
However,	
  for	
  renewable	
  energy	
  sources,	
  the	
  capital	
  cost	
  is	
  the	
  only	
  significant	
  cost;	
  solar	
  
panels	
  can	
  achieve	
  service	
  lives	
  up	
  to	
  20-­‐years	
  with	
  only	
  minimal	
  maintenance,	
  while	
  
maintenance	
  costs	
  for	
  wind	
  turbines	
  can	
  be	
  thought	
  of	
  as	
  being	
  incremental	
  future	
  capital	
  
expenses	
  (rather	
  than	
  ongoing	
  operating	
  costs)	
  and	
  treated	
  as	
  a	
  discounted	
  increase	
  in	
  the	
  
initial	
  capital	
  outlay.	
  Thus	
  the	
  average	
  cost	
  per	
  kilowatt-­‐hour	
  must	
  be	
  determined	
  based	
  on	
  
initial	
  cost	
  divided	
  by	
  the	
  total	
  kilowatt-­‐hours	
  produced	
  over	
  the	
  projected	
  lifetime	
  of	
  the	
  
installation.	
  
	
  
This	
  is	
  easily	
  done	
  for	
  solar	
  panels	
  or	
  wind	
  turbines	
  installed	
  at	
  a	
  fixed	
  location,	
  where	
  the	
  
environmental	
  conditions	
  can	
  be	
  projected	
  with	
  some	
  certainty.	
  However,	
  vessels	
  such	
  as	
  
Seasteader	
  I,	
  the	
  total	
  amount	
  of	
  energy	
  produced	
  by	
  solar	
  and	
  wind	
  will	
  be	
  highly	
  
dependent	
  on	
  where	
  the	
  vessel	
  is	
  located.	
  Service	
  experience	
  in	
  Fort	
  Pierce	
  must	
  be	
  
extrapolated	
  based	
  on	
  the	
  environmental	
  conditions	
  at	
  any	
  other	
  operational	
  site;	
  and	
  the	
  
location	
  where	
  the	
  vessel	
  may	
  operate	
  will	
  most	
  likely	
  be	
  dictated	
  by	
  the	
  economics	
  of	
  any	
  
proposed	
  operational	
  scenario,	
  not	
  on	
  how	
  conducive	
  the	
  site	
  is	
  to	
  wind	
  and	
  solar	
  energy.	
  
	
  

• Efficiency	
  and	
  Losses	
  for	
  each	
  Storage	
  Device	
  
	
  

Based	
  on	
  measurements	
  of	
  voltage	
  and	
  current	
  flowing	
  into	
  and	
  out	
  of	
  each	
  storage	
  device,	
  
as	
  described	
  in	
  the	
  preceding	
  section,	
  the	
  quotient	
  of	
  energy	
  output	
  divided	
  by	
  energy	
  input	
  
will	
  provide	
  a	
  measure	
  of	
  storage	
  efficiency.	
  Because	
  energy	
  storage	
  (charging)	
  and	
  energy	
  
extraction	
  (discharging)	
  will	
  occur	
  at	
  different	
  times	
  and	
  over	
  different	
  durations	
  of	
  time,	
  it	
  
will	
  be	
  necessary	
  to	
  ensure	
  that	
  measurements	
  are	
  referred	
  to	
  a	
  consistent	
  datum,	
  such	
  as	
  
open-­‐circuit	
  voltage	
  (for	
  batteries),	
  pressure	
  (for	
  CAES)	
  or	
  head	
  (for	
  pumped	
  hydro).	
  	
  

	
  
• Efficiency	
  and	
  Losses	
  for	
  Voltage	
  Inverters	
  and	
  other	
  Controllers	
  
	
  

Based	
  on	
  measurements	
  of	
  voltage	
  and	
  current	
  into	
  and	
  out	
  of	
  each	
  inverter,	
  controller	
  or	
  
other	
  device,	
  the	
  quotient	
  of	
  energy	
  output	
  divided	
  by	
  energy	
  input	
  will	
  provide	
  a	
  measure	
  
of	
  each	
  device’s	
  efficiency.	
  Because	
  these	
  functions	
  take	
  place	
  continually,	
  and	
  because	
  the	
  
input	
  can	
  be	
  measured	
  simultaneously,	
  it	
  is	
  possible	
  to	
  assess	
  efficiency	
  on	
  a	
  continuous	
  
basis	
  and	
  to	
  identify	
  circumstances	
  or	
  conditions	
  that	
  contribute	
  to	
  an	
  increase	
  or	
  decrease	
  
in	
  the	
  efficiency	
  of	
  each	
  device.	
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Overall	
  Summary	
  and	
  Assessment	
  
	
  
This	
  plan	
  anticipates	
  that	
  Seasteder	
  I	
  will	
  be	
  outfitted	
  with	
  about	
  60-­‐kW	
  of	
  solar	
  panels	
  and	
  
about	
  30-­‐kW	
  of	
  horizontal	
  and/or	
  vertical-­‐axis	
  wind	
  turbines,	
  along	
  with	
  voltage	
  inverters,	
  
controllers,	
  and	
  instrumentation	
  necessary	
  to	
  monitor	
  the	
  performance	
  of	
  each	
  device.	
  Based	
  
on	
  the	
  vessel’s	
  current	
  circumstances,	
  laying	
  pier-­‐side	
  in	
  Fort	
  Pierce,	
  Florida,	
  it	
  is	
  expected	
  that	
  
these	
  renewables	
  can	
  provide	
  more	
  than	
  enough	
  power	
  to	
  meet	
  her	
  modest	
  electrical	
  demand;	
  
even	
  underway	
  in	
  her	
  present	
  configuration,	
  she	
  requires	
  only	
  about	
  60-­‐kW	
  of	
  power,	
  which	
  is	
  
within	
  the	
  peak	
  capacity	
  of	
  the	
  anticipated	
  renewable	
  sources.	
  
	
  
Accordingly,	
  the	
  vessel	
  will	
  be	
  fitted	
  with	
  several	
  different	
  energy	
  storage	
  devices.	
  First	
  we	
  plan	
  
to	
  use	
  off-­‐the-­‐shelf	
  lithium-­‐ion	
  batteries	
  or	
  lead-­‐acid	
  batteries,	
  and	
  eventually	
  introduce	
  
compressed	
  air	
  energy	
  storage	
  (CASE),	
  and/or	
  pumped	
  hydro	
  storage,	
  and/or	
  a	
  hydrogen	
  
generator	
  (electrolyzer)	
  and	
  fuel	
  cell.	
  Each	
  of	
  these	
  storage	
  devices	
  will	
  be	
  sized	
  to	
  
accommodate	
  the	
  maximum	
  energy	
  surplus	
  that	
  might	
  be	
  generated	
  during	
  the	
  course	
  of	
  a	
  
day.	
  Each	
  device	
  will	
  be	
  evaluated	
  for	
  storage	
  efficiency,	
  and	
  to	
  estimate	
  the	
  corresponding	
  
cost	
  per	
  kilowatt-­‐hour	
  of	
  storage	
  capacity.	
  
	
  
Equipment	
  installation	
  and	
  initial	
  performance	
  measurements	
  will	
  take	
  place	
  while	
  the	
  vessel	
  is	
  
pier-­‐side,	
  providing	
  easy	
  accessibility	
  for	
  installation	
  and	
  monitoring	
  of	
  all	
  equipment.	
  Based	
  on	
  
this	
  performance	
  data,	
  the	
  relative	
  cost,	
  performance	
  and	
  efficiency	
  of	
  each	
  technology	
  will	
  be	
  
evaluated	
  for	
  the	
  off-­‐grid	
  requirements	
  of	
  the	
  system.	
  When	
  the	
  vessel	
  is	
  placed	
  into	
  active	
  
service,	
  the	
  data	
  obtained	
  will	
  be	
  used	
  to	
  predict	
  performance	
  and	
  efficiency	
  of	
  each	
  system	
  in	
  
the	
  vessel’s	
  anticipated	
  service,	
  as	
  a	
  basis	
  for	
  determining	
  the	
  most	
  beneficial	
  use	
  of	
  
sustainable	
  energy	
  sources	
  to	
  reduce	
  the	
  amount	
  of	
  diesel	
  fuel	
  required	
  for	
  generating	
  the	
  
ship’s	
  electrical	
  power	
  in	
  service.	
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Table	
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  –	
  Available	
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  and	
  Time;	
  Compared	
  to	
  Sun	
  Directly	
  Overhead	
  at	
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  Noon	
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