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Thanks	
  to	
  Jay	
  Apt	
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Who	
  provided	
  most	
  of	
  the	
  slides	
  on	
  
which	
  this	
  talk	
  is	
  based,	
  but	
  who	
  could	
  
not	
  join	
  us	
  today	
  because	
  of	
  conflicts.	
  



CMU’s	
  long-­‐standing	
  research	
  in	
  
renewables	
  laid	
  the	
  founda-on	
  
for	
  the	
  RenewElec	
  project	
  that	
  

began	
  in	
  2009	
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Peer-reviewed 
publications on 
which this talk 
is based can 
be found on 
the web site. 

 

www.RenewElec.org	
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Project	
  insights	
  have	
  been	
  
summarized	
  	
  in	
  an	
  RFF	
  Press	
  Book	
  

Format: 
A 16-page Executive Summary 

Chapters 1-6 are readable by a 
non-technical audience 

Chapters 7-17 have enough 
technical information to allow 
implementation of the results by 
practitioners 
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Wind	
  and	
  solar	
  power	
  is	
  	
  
highly	
  variable.	
  

Here,	
  for	
  example,	
  is	
  a	
  year’s	
  worth	
  of	
  
output	
  from	
  an	
  en-re	
  wind	
  farm.	
  



The	
  variability	
  from	
  	
  
wind	
  and	
  solar	
  is	
  not	
  white	
  noise.	
  

Wind	
  
Solar	
  PV	
  

If it were, the grid would need a lot of very fast-adjusting 
power to compensate. 

But, the fluctuations are 30 times larger at long periods than 
at short, so slow fossil fuel plants can compensate, and 
relatively few batteries or other storage is needed. 
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15	
  Days	
  of	
  10-­‐Second	
  Time	
  Resolu-on	
  Wind	
  Data	
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2.6	
  Days	
  

30	
  Seconds	
  

Performing	
  a	
  Fourier	
  Transform	
  	
  
yields	
  this	
  Power	
  Spectrum	
  



If	
  we	
  interconnect	
  mul-ple	
  
plants	
  how	
  much	
  

smoothing	
  can	
  be	
  go[en?	
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Installed	
  
capacity	
  

Capacity	
  
factor	
  is	
  
37%	
  

Hourly wind output ���
for all of Texas in 2014



Texas results
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The maximum reductions in 
variability occur at the 
higher frequencies and 
diminish as the frequencies 
decrease until at 24 hours 
there is no reduction in 
variability. 

This figure shows the amount of  
reduction in variability achieved 
as a function of the number of 
interconnected wind farms for 
frequencies corresponding to 1, 6 
and 12 hours. 

12 hours 

6 hours 

1 hour 

Note that after the first few wind farms 
are interconnected there is little 
additional reduction in the fluctuations. 

Katzenstein,	
  W.,	
  E.	
  Fer-g,	
  and	
  J.	
  Apt,	
  	
  
The	
  Variability	
  of	
  Interconnected	
  Wind	
  Plants.	
  	
  
Energy	
  Policy,	
  2010.	
  38(8):	
  4400-­‐4410.	
  



Similar	
  analysis	
  for	
  u-lity-­‐scale	
  PV	
  
Green = Plants used 
 
5-221 MW of installed 
capacity; changed over 
time. 
 
Data downloaded from 
company website 
every minute. 
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Klima,	
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  J.	
  Apt,	
  Geographic	
  
Smoothing	
  of	
  Solar	
  PV:	
  Results	
  
from	
  Gujarat.	
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  Review	
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  research	
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MUCH	
  less	
  smoothing	
  than	
  for	
  wind	
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Wind	
  and	
  solar	
  thermal	
  are	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
less	
  expensive	
  to	
  integrate	
  than	
  PV	
  

Concentrating solar thermal systems have much lower 
variability than do solar PV systems, and so compensating 
for their fluctuations is less expensive. 

Photo:	
  Solar	
  Industries	
  Associa-on	
  

Lueken,	
  C.,	
  G.	
  Cohen,	
  and	
  J.	
  Apt,	
  The	
  Costs	
  of	
  Solar	
  and	
  Wind	
  Power	
  Variability	
  for	
  Reducing	
  CO2	
  
Emissions.	
  Environmental	
  Science	
  &	
  Technology,	
  2012.	
  46(17):9761-­‐9767.	
  

Using	
  CAISO	
  Prices	
  



Wind	
  occasionally	
  fails	
  for	
  many	
  days	
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Source:	
  BPA	
  



Hydroelectric	
  Power	
  has	
  Droughts	
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Does	
  wind	
  power	
  have	
  droughts?	
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Answer	
  looks	
  to	
  be	
  yes…	
  but	
  probably	
  
more	
  modest	
  

Source:	
  Katzenstein,	
  W.,	
  E.	
  Fer-g,	
  and	
  J.	
  Apt,	
  	
  The	
  Variability	
  
of	
  Interconnected	
  Wind	
  Plants.	
  Energy	
  Policy,	
  2010.	
  
38(8)4400-­‐4410	
  

	
  



Diversify	
  Porholio	
  By	
  Finding	
  
Least-­‐Correlated	
  Site	
  

1.5%	
  
From	
  work	
  in	
  progress	
  
by	
  Steve	
  Rose	
  



Other	
  topics	
  Jay	
  and	
  his	
  students	
  are	
  
studying	
  now	
  include	
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Errors	
  in	
  wind	
  forecasts	
  

Size	
  of	
  needed	
  
reserves	
  

Requiring	
  dynamic	
  
limi-ng	
  of	
  wind	
  
turbine	
  output	
  



Hurricane	
  Risk	
  to	
  Offshore	
  Wind	
  
Hurricanes pose surmountable risks to offshore wind 
turbines. 

–  Small	
  changes,	
  such	
  as	
  having	
  emergency	
  power	
  to	
  turn	
  
the	
  nacelle	
  into	
  the	
  wind,	
  can	
  drama-cally	
  improve	
  the	
  
survivability.	
  

– We	
  quan-fied	
  the	
  riskier	
  and	
  safer	
  areas	
  to	
  build.	
  

Rose,	
  S.,	
  P.	
  Jaramillo,	
  M.	
  Small,	
  and	
  J.	
  Apt,	
  QuanJfying	
  the	
  Hurricane	
  Catastrophic	
  Risk	
  to	
  
Offshore	
  Wind	
  Power.	
  Risk	
  Analysis,	
  2013.	
  33(12):	
  2126-­‐2141.	
  



Hurricane	
  Risk	
  to	
  Offshore	
  Wind	
  
	
  

Small	
  changes,	
  such	
  as	
  having	
  emergency	
  power	
  to	
  turn	
  
the	
  nacelle	
  into	
  the	
  wind,	
  can	
  drama-cally	
  improve	
  the	
  
survivability.	
  

IEC	
  design	
  
standard	
  

23 

Rose,	
  S.,	
  P.	
  Jaramillo,	
  
M.	
  Small,	
  and	
  J.	
  Apt,	
  
QuanJfying	
  the	
  
Hurricane	
  
Catastrophic	
  Risk	
  to	
  
Offshore	
  Wind	
  
Power.	
  Risk	
  Analysis,	
  
2013.	
  33(12):
2126-­‐2141.	
  



Where	
  should	
  wind	
  &	
  solar	
  be	
  sited?	
  
If the goal is reducing pollution, it is MUCH better to 
locate wind and solar in the mid-Atlantic states than in the 
southwest. 
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Siler-­‐Evans,	
  K.,	
  I.L.	
  Azevedo,	
  M.G.	
  Morgan,	
  and	
  J.	
  Apt,	
  Regional	
  VariaJons	
  in	
  the	
  Health,	
  Environmental,	
  
and	
  Climate	
  Benefits	
  of	
  Wind	
  and	
  Solar	
  GeneraJon.	
  PNAS,	
  2013.	
  110(29):	
  11768-­‐11773.	
  



Plan	
  for	
  the	
  day	
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