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•  ‘biofuels	
  could	
  supply	
  
some	
  30%	
  of	
  global	
  
demand	
  [of	
  
transportaDon	
  fuels]	
  …	
  
without	
  affecDng	
  food	
  
producDon’	
  

•  ‘major	
  technical	
  
challenges’	
  

•  ‘cost	
  of	
  biomass	
  
transport’	
  

•  ‘the	
  “size	
  of	
  the	
  prize”	
  is	
  
too	
  large	
  to	
  ignore’	
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International versions:  E = €,  E = ¥, E = £, … 



•  Electricity	
  
1	
  kWh	
  ~	
  $0.1	
  

•  Gasoline	
  (1	
  gal	
  ~	
  $4,	
  
35	
  MJ/L	
  =	
  36.6	
  kWh/
gallon)	
  
1	
  kWh	
  ~	
  $0.1	
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•  2%	
  Milk	
  (122	
  Cal/cup	
  =	
  2.28	
  kWh/gallon,	
  1	
  gal	
  ~	
  $4)	
  
1	
  kWh	
  ~$1.75	
  

•  Big	
  Mac	
  meal	
  w	
  large	
  fries	
  &	
  coke	
  
(1350	
  Cal	
  =	
  1.57	
  kWh,	
  ~$6)	
  
1	
  kWh	
  ~	
  $3.8	
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•  Increasing	
  strongly	
  
with	
  Dme	
  

•  Overwhelmingly	
  	
  
saDsfied	
  with	
  fossil	
  
fuels	
  

•  Biggest	
  Problem	
  
facing	
  the	
  World	
  

•  Biggest	
  Opportunity	
  
of	
  our	
  life3me	
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•  Carboniferous	
  period:	
  
–  360	
  million	
  years	
  ago	
  plants	
  evolved	
  to	
  grow	
  wood	
  (lignin)	
  
–  300	
  million	
  years	
  ago	
  microbes	
  evolved	
  to	
  digest	
  lignin	
  	
  

•  Fossil	
  fuels	
  are	
  a	
  finite	
  resource	
  and	
  do	
  not	
  
renew	
  
–  Almost	
  all	
  present	
  resources	
  were	
  produced	
  during	
  ~60	
  
million	
  year	
  

– We	
  are	
  using	
  up	
  fossil	
  fuels	
  at	
  a	
  ~500,000	
  3mes	
  faster	
  rate	
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(by	
  country,	
  in	
  million	
  barrels)	
  
Source:	
  

Top	
  imports	
  from:	
  Canada,	
  Mexico,	
  Venezuela,	
  Saudi	
  Arabia,	
  Nigeria,	
  Russia,	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Algeria,	
  Angola,	
  Iraq,	
  Brazil,	
  Columbia,	
  United	
  Kingdom	
  
Total:	
  4267	
  million	
  barrels	
  



US	
  populaDon:	
  307	
  Million	
  
Oil	
  price	
  in	
  2010:	
  ~$80/barrel	
  	
  
Total	
  oil	
  import	
  cost	
  per	
  US	
  ciDzen	
  in	
  2010:	
  	
  	
  ~$1100	
  

Total	
  cost	
  for	
  the	
  US	
  economy	
  in	
  2010:	
  
$340	
  billion	
  

$	
  $	
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http://www.eia.doe.gov/ 
S.E. Koonin, BP 

w
e	
  
ar
e	
  
he

re
	
  

ou
r	
  	
  
ch
ild

re
n	
  

ou
r	
  g

ra
nd

ch
ild

re
n	
  

W.	
  Bauer	
  
Dec.	
  2012	
  	
  



hpp://gcaptain.com/wp-­‐content/uploads/2011/01/Deepwater-­‐Horizon-­‐oil-­‐rig-­‐explosion.jpg	
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•  Composi3on	
  
78.08%	
  nitrogen,	
  20.95%	
  oxygen,	
  	
  
0.93%	
  argon,	
  0.039%	
  (=	
  390	
  ppm)	
  CO2	
  

•  Total	
  mass	
  =	
  5.2·∙1018	
  kg	
  
•  1	
  ppmvolume	
  CO2	
  =	
  7.9·∙109	
  tons	
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NaDonal	
  Ice	
  Core	
  Laboratory	
  	
  
(NICL)	
  	
  
Denver	
  Federal	
  Center,	
  
Lakewood,	
  CO"
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GISP2	
  core	
  segment,	
  1	
  m	
  long,	
  	
  
38	
  years	
  of	
  ice	
  accumulated	
  

from	
  depth	
  of	
  1837	
  m,	
  ~16,250	
  
year	
  old,	
  	
  

Total	
  depth	
  of	
  
GISP2	
  ice	
  core:	
  
3.05344	
  km	
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Vostok	
  staDon	
  

Total	
  ice	
  core	
  depth	
  
3645	
  m	
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CO2	
  in	
  a	
  range	
  between	
  190	
  and	
  290	
  ppmV	
  during	
  last	
  ~	
  half	
  million	
  years	
  
RelaDve	
  temperature	
  range	
  +3	
  °C	
  to	
  -­‐9	
  °C	
  during	
  last	
  ~	
  half	
  million	
  years	
  
Very	
  strong	
  correlaDons	
  between	
  the	
  two	
  data	
  sets;	
  indicates	
  a	
  strongly	
  
coupled	
  system	
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2.60	
  
	
  
	
  
	
  
	
  

~7	
  ppm	
  ~	
  140	
  Dmes	
  mass	
  of	
  all	
  humans	
  

~2	
  ppm/year	
  ~	
  40	
  3mes	
  mass	
  of	
  all	
  humans	
  

“Keeling	
  Curve”	
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•  Careful	
  averaging	
  needed	
  	
  
(over	
  space	
  and	
  +me)	
  

Data:	
  



“America’s	
  Climate	
  Choices”,	
  NRC	
  Report	
  
	
  
hpp://www.nap.edu/catalog.php?record_id=12781	
  

/year	
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Ice	
  Volume	
   Sea	
  rise	
  

Greenland	
   2.8M	
  km3	
   7.2	
  m	
  

AntarcDc	
   30M	
  km3	
   76	
  m	
  

North	
  Pole	
   5-­‐25M	
  km3	
   0	
  

Total	
   33M	
  km3	
   83	
  m	
  

Earth	
  surface	
  area	
  =	
  510M	
  km2,	
  	
  
361M	
  km2	
  covered	
  by	
  oceans	
  
40-­‐50M	
  km2	
  covered	
  by	
  ice	
  

Ice	
  source	
  

M.	
  Vermeer	
  &	
  S.	
  Rahmstorf,	
  	
  
PNAS	
  106,	
  21527	
  (2009)	
  

H = sea level	


T = sea temperature	


a,b,T0 fit parameters	


(calibrated between ���
 1880 & 2000)	



Predictions(2): Sea Level Rise W.	
  Bauer	
  
Dec.	
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•  ~10	
  billion	
  tons/year	
  of	
  CO2	
  	
  
absorbed	
  in	
  oceans	
  

•  	
  Changes	
  pH	
  value!	
  

Dore,	
  J.E.,	
  et	
  al.	
  2009.	
  	
  
PNAS	
  106(30):	
  12235–12240.	
  

“Ocean	
  AcidificaDon:	
  A	
  NaDonal	
  Strategy	
  to	
  Meet	
  the	
  	
  	
  	
  
	
  Challenges	
  of	
  a	
  Changing	
  Ocean”,	
  NRC	
  Report	
  
	
  
hpp://www.nap.edu/catalog.php?record_id=12904	
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“Our	
  climate	
  is	
  changing.	
  And	
  while	
  the	
  increase	
  
in	
  extreme	
  weather	
  we	
  have	
  experienced	
  in	
  
New	
  York	
  City	
  and	
  around	
  the	
  world	
  may	
  or	
  
may	
  not	
  be	
  the	
  result	
  of	
  it,	
  the	
  risk	
  that	
  it	
  may	
  
be	
  —	
  given	
  the	
  devastaDon	
  it	
  is	
  wreaking	
  —	
  
should	
  be	
  enough	
  to	
  compel	
  all	
  elected	
  leaders	
  
to	
  take	
  immediate	
  acDon.”	
  

NYC	
  Mayor	
  Michael	
  R.	
  Bloomberg,	
  Oct.	
  31,	
  2012	
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We	
  are	
  here	
  

How	
  high	
  would	
  you	
  predict	
  the	
  temperature	
  should	
  rise?	
  
If	
  system	
  responds	
  linearly,	
  then:	
  +13	
  °C	
  (~23	
  F)	
  



•  Solar	
  “constant”	
  =	
  1.366	
  kW/m2	
  	
  
(1.41	
  kW/m2	
  in	
  Jan.,	
  1.31	
  kW/m2	
  in	
  July)	
  

•  Average	
  radiaDon	
  hi|ng	
  any	
  point	
  on	
  the	
  ground	
  
200	
  W/m2	
  (=	
  55%	
  of	
  1.366	
  kW/m2/4)	
  

•  Total:	
  ~100,000	
  TW	
  (>	
  5,000x	
  humanity’s	
  demand)	
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Wikipedia:	
  Solar-­‐cycle-­‐data.png	
  

Wikipedia:	
  Solar_Spectrum.png	
  



32	
  MW	
  (peak)	
  Brookhaven	
  solar	
  farm	
  (BP	
  Solar,	
  MetLife,	
  LIPA,	
  DOE)	
  

Completed	
  in	
  2011	
  
Cost:	
  $298M	
  
(payoff	
  Dme	
  ~20	
  years,	
  assuming	
  10¢/kWh)	
  
	
  
	
  
	
  
	
  
	
  
	
  
Obvious	
  problem:	
  Intermipency	
  	
  
(=	
  the	
  sun	
  does	
  not	
  always	
  shine)	
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Earth’s	
  thermal	
  energy	
  ~	
  1031	
  J	
  
Heat	
  flow	
  density:	
  0.1	
  W/m2	
  

Total	
  heat	
  flow:	
  44	
  TW	
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Enhanced	
  Geothermal	
  System	
  
•  2	
  or	
  more	
  bore	
  holes	
  
•  Hydraulic	
  fracturing	
  
•  Cost:	
  ~	
  $20	
  million	
  
•  Capacity:	
  4	
  MW	
  
•  Payoff	
  Dme	
  (@10¢/kWh):	
  6	
  years	
  
•  Risks	
  

•  Induced	
  seismicity	
  
•  Ground	
  water	
  contaminaDon	
  	
  	
  

GSA	
  Topical	
  Session,	
  Denver	
  2010	
  
Warren	
  Wood	
  
Wolfgang	
  Bauer	
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Example:	
  Three	
  Gorges	
  Dam	
  
•  CompleDon	
  in	
  2008	
  
•  Cost:	
  $26	
  billion	
  (¥180	
  billion)	
  
•  Capacity:	
  18.2	
  GW	
  
•  Payoff	
  Dme	
  (@10¢/kWh):	
  <2	
  years	
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Community	
  Wind	
  Farm	
  
Ithaca,	
  Michigan	
  
125	
  Nordex	
  117	
  Turbines	
  
•  Low-­‐wind	
  design	
  
•  2.4	
  MW	
  (peak)	
  

117	
  m	
  



•  Wind	
  speed	
  increases	
  
with	
  alDtude	
  
– More	
  power	
  from	
  taller	
  
towers	
  

•  Broad	
  distribuDon	
  
–  Intermipency	
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Factor	
  5	
  	
  
in	
  power!	
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Most	
  efficient:	
  Offshore	
  wind	
  farms	
  
•  Example:	
  London	
  Array	
  

•  CompleDon	
  in	
  2012	
  
•  Cost:	
  €2.2	
  billion	
  (~$2.6	
  billon)	
  
•  Peak	
  capacity:	
  630	
  MW	
  
•  Payoff	
  Dme	
  (@10¢/kWh):	
  ~10	
  years	
  	
  	
  

Middelgrunden	
  offshore	
  wind	
  farm	
  near	
  Copenhagen,	
  Denmark	
  
hpp://en.wikipedia.org/wiki/File:DanishWindTurbines.jpg	
  

Denmark:	
  ~20%	
  of	
  electricity	
  from	
  wind,	
  ~4	
  GW	
  capacity.	
  
Intermipency?	
  Smoothing	
  via	
  Norwegian	
  hydro.	
  	
  



•  Sound	
  of	
  Islay,	
  Orkney	
  Islands,	
  UK	
  
•  HS1000	
  sub-­‐sea	
  turbine	
  
•  1	
  MW	
  
•  $11M	
  
•  (Almost)	
  no	
  	
  
intermipency	
  
	
  

•  Payoff	
  Dme	
  	
  
~12	
  years	
  
(@10¢/kWh):	
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hpp://svs.gsfc.nasa.gov/	
  

hpp://maps.google.com/	
  

hpp://www.sco|shpowerrenewables.com/	
  

15	
  m	
  



•  Intermipent	
  power	
  sources	
  
need	
  macroscopic	
  energy	
  
storage	
  
–  Pump-­‐storage	
  hydro	
  
–  Compressed	
  air	
  caverns	
  
– Molten	
  salt	
  (high	
  latent	
  heat)	
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8	
  MWh	
  capacity	
  
www.transheat.de	
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•  Public	
  transport:	
  Bus	
  &	
  train(!)	
  
•  More	
  efficient	
  engines	
  	
  
(e.g.	
  Norbert	
  Müller’s	
  wave	
  disk)	
  	
  

•  AlternaDve	
  fuels:	
  
–  Ethanol	
  (from	
  sugar	
  cane)	
  
–  Methane	
  
–  Hydrogen	
  

•  Hybrids	
  with	
  	
  
regeneraDve	
  brakes	
  

•  Hybrid-­‐electric	
  	
  
(e.g.	
  Chevy	
  Volt)	
  

•  All-­‐electric	
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•  Ethanol	
  producDon	
  receives	
  >	
  $3	
  billion/year	
  in	
  
subsidy	
  in	
  US	
  

•  Goal:	
  become	
  independent	
  of	
  fossil	
  fuels	
  
•  But:	
  corn	
  ethanol	
  producDon	
  requires	
  29%	
  more	
  
fossil	
  energy	
  input	
  than	
  the	
  energy	
  output	
  in	
  the	
  
fuel	
  produced	
  
(switch-­‐grass	
  45%,	
  wood	
  57%)	
  

•  Bio-­‐diesel	
  from	
  soybeans	
  
or	
  sunflowers	
  (27%,	
  118%)	
  

David	
  Pimentel	
  &	
  Tad	
  Patzek,	
  	
  
Natural	
  Resources	
  Research	
  (Vol.	
  14:1,	
  65-­‐76)	
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MJ/L	
   kWh/gal	
   $/gal	
   $/kWh	
  

Diesel	
   38.6	
   40.5	
   	
  $3.649	
  	
   0.090	
  

Regular	
   34.8	
   36.5	
   	
  $3.459	
  	
   0.095	
  

Premium	
   34.8	
   36.5	
   	
  $3.659	
  	
   0.100	
  

E85	
   25.2	
   26.5	
   	
  $3.099	
  	
   0.117	
  

E85	
  =	
  85%	
  ethanol	
  (23.5	
  MJ/kg)	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  +	
  15%	
  regular	
  gasoline	
  



•  Future:	
  perhaps	
  cellulosic	
  ethanol	
  	
  
•  $500M	
  BP	
  grant	
  to	
  Berkeley,	
  
LBNL,	
  Illinois	
  

•  $125M	
  DoE	
  grant	
  to	
  MSU,	
  
Wisconsin	
  

•  Nature’s	
  expert:	
  microbes	
  in	
  
termite	
  gut	
  (break	
  down	
  
wood	
  cellulose	
  into	
  “fuel”)	
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More	
  than	
  13,000	
  
yellow	
  cabs	
  in	
  NYC	
  
transport	
  ~250	
  million	
  
passengers/year!	
  
	
  
2007	
  (Bloomberg):	
  
Switch	
  to	
  hybrids!	
  
	
  
“My	
  hybrid	
  saves	
  me	
  
more	
  than	
  $20	
  in	
  gas	
  
each	
  day”	
  
	
  
Progress!	
  	
  
(Remember:	
  E	
  =	
  $)	
  

Time	
  Square,	
  NYC.	
  Photo:	
  Jessica	
  Bauer	
  



•  Shanghai	
  CAPABUS	
  
–  Powered	
  by	
  5	
  kF	
  (!)	
  super-­‐capacitors,	
  with	
  regeneraDve	
  brakes	
  
–  Recharges	
  quickly	
  every	
  3-­‐5	
  miles	
  at	
  bus	
  stops	
  
–  Saves	
  esDmated	
  $200,000	
  in	
  fuel	
  cost	
  over	
  lifeDme	
  (E	
  =	
  $)	
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•  Plants	
  convert	
  solar	
  radiaDon,	
  ground	
  water,	
  and	
  
atmospheric	
  CO2	
  into	
  biomass	
  

•  FermenDng	
  the	
  shredded	
  plants	
  releases	
  methane,	
  
which	
  is	
  burned	
  to	
  liberate	
  some	
  of	
  the	
  original	
  
solar	
  energy	
  

•  CARBON	
  -­‐	
  NEUTRAL	
  energy	
  “produc3on”	
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•  25	
  tons	
  of	
  shredded	
  corn	
  silage	
  
•  11	
  tons	
  of	
  cow	
  dung	
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•  Annual	
  residue	
  producDon:	
  
–  10,000	
  cubic	
  yards	
  of	
  solid/liquid	
  mixture	
  
–  High	
  quality	
  (non-­‐smelly!!!)	
  ferDlizer	
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•  7,100	
  cubic	
  yards	
  of	
  gas/day	
  
•  60%	
  methane	
  
•  Equivalent	
  energy	
  content	
  of	
  4,500	
  cubic	
  
yards	
  of	
  natural	
  gas	
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•  2	
  engines	
  rated	
  at	
  526	
  kW	
  electric	
  power	
  each	
  
(=705	
  horsepower)	
  

•  Another	
  540	
  kW	
  of	
  heat	
  cogeneraDon	
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•  Basic	
  principle:	
  grow	
  corn,	
  shred	
  it,	
  store	
  in	
  silo,	
  then	
  
ferment	
  in	
  an	
  anaerobic	
  digester	
  	
  

•  IniDal	
  investment:	
  ~	
  $3-­‐5	
  million	
  
•  Land	
  required	
  to	
  grow	
  biomass:	
  150	
  hectares	
  (=	
  370	
  acres)	
  
•  6.2	
  million	
  kWh	
  of	
  electrical	
  energy/year	
  
•  6.5	
  million	
  kWh	
  of	
  co-­‐generated	
  thermal	
  energy	
  
•  Payoff	
  Dme	
  (@10¢/kWh):	
  3-­‐4	
  years	
  
•  NO	
  INTERMITTENCY	
  (can	
  buffer	
  wind/sun	
  energy	
  
producDon	
  with	
  leverage	
  factor	
  3-­‐10)	
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RE = Net Energy Output
Fossil Energy Input Life Cycle
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Biogas	
  

Pimentel	
  &	
  Patzek	
  

	
  

Liska	
  et	
  al.	
  
	
  Bio-­‐Ethanol	
  from	
  Corn	
  

Pimentel,	
  D,	
  Patzek,	
  T	
  W	
  (2005)	
  Natural	
  Resources	
  Research	
  14(1):	
  65–76.	
  	
  

Liska,	
  A	
  J,	
  Yang,	
  H	
  S,	
  Bremer,	
  V	
  B,	
  Klopfenstein,	
  T	
  J,	
  Walters,	
  D	
  T,	
  Erickson,	
  	
  
G	
  E,	
  Cassman,	
  K	
  G	
  (2009)	
  Journal	
  of	
  Industrial	
  Ecology	
  13:	
  58	
  (2009).	
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•  Could	
  produce	
  0.68	
  M	
  liter	
  of	
  ethanol	
  /	
  year	
  
–  Industry	
  standard	
  output	
  from	
  our	
  corn	
  yield	
  on	
  150	
  ha	
  

•  Are	
  producing	
  2.6	
  M	
  liter	
  of	
  (liquid)	
  CH4	
  /	
  year	
  
•  Factor	
  of	
  3.8	
  beper	
  yield!	
  
(heat	
  of	
  combusDon	
  per	
  liter	
  almost	
  idenDcal	
  for	
  ethanol	
  
and	
  methane,	
  ~	
  2/3	
  of	
  gasoline)	
  

Driving	
  distance	
  per	
  hectare	
  (numbers	
  for	
  Chevy	
  Volt)	
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R.	
  H.	
  SOCOLOW	
  and	
  	
  
S.	
  W.	
  PACALA	
  
ScienDfic	
  	
  
American	
  
2006	
  

methane �

20th�



2015	
  projected	
  bioethanol	
  yield:	
  50	
  billion	
  liters	
  
Proposal:	
  Convert	
  to	
  biogas	
  reactors	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Make	
  190	
  billion	
  liters	
  methane	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  More	
  than	
  $100	
  billion/year	
  profit!	
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Methane	
  is	
  ~25	
  Dmes	
  more	
  powerful	
  greenhouse	
  gas	
  than	
  CO2	
  
-­‐	
  our	
  process	
  prevents	
  methane	
  from	
  cow	
  dung	
  to	
  escape	
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-­‐	
  EnDre	
  process	
  
-­‐	
  100%	
  efficient	
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•  Approved	
  by	
  MSU	
  Board	
  of	
  Trustees,	
  Jan.	
  2012	
  
•  Research	
  on	
  beper	
  bacteria,	
  plants,	
  &	
  processes	
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10	
  M	
  hectare	
  
	
  
Marginal	
  land(?)	
  
	
  
~100	
  GW	
  poten3al	
  

USDA	
  2008	
  

Food vs. Fuel? 
Conservation Reserve Program 



	
  
Summary:	
  
	
  

Paradigm	
  Shi�	
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•  ScienDst	
  are	
  in	
  the	
  business	
  of	
  solving	
  interesDng	
  
puzzles,	
  not	
  overthrowing	
  paradigms	
  

•  Current	
  paradigms	
  dictate	
  which	
  puzzles	
  are	
  
considered	
  interesDng	
  

•  Paradigms	
  are	
  shi�ed	
  by	
  new	
  research	
  results	
  …	
  	
  
in	
  scale-­‐invariant	
  steps,	
  anywhere	
  from	
  evolu+on	
  to	
  
revolu+on	
  

•  Is	
  it	
  Dme	
  for	
  a	
  new	
  energy	
  paradigm?	
  

Thomas	
  Kuhn	
  
“The	
  Structure	
  of	
  ScienDfic	
  RevoluDons”	
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•  “Outhouse	
  to	
  indoor	
  plumbing”	
  transiDon	
  
	
  
	
  
	
  
	
  
	
  
	
  
–  Last	
  2	
  centuries	
  …	
  (even	
  going	
  on	
  now	
  in	
  some	
  parts	
  of	
  World)	
  
–  Giant	
  grid	
  of	
  millions	
  of	
  miles	
  of	
  pipes,	
  connecDon	
  every	
  building	
  
to	
  water	
  treatment	
  plants	
  

•  	
  Was	
  it	
  worth	
  the	
  effort	
  and	
  expense?	
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Biggest	
  Opportunity	
  of	
  
our	
  Time:	
  
•  Replace	
  ~	
  14	
  TW	
  of	
  
fossil	
  fuel-­‐based	
  power	
  

•  InstallaDon	
  cost	
  ~	
  $5/W	
  
•  ~$70	
  trillion	
  economic	
  	
  
growth	
  opportunity!	
  
	
  

	
  
…	
  and	
  it	
  helps	
  the	
  planet!	
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