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Three Step Program��
(Three Stages of Consciousness 

as we Integrate Carbon-free 
Power) 



advice from Risø on 
Integrating Wind 

•  First, you add wind to the electrical 
system!

•  Then, you realize that you want to 
adapt the electrical system to wind (or 
adapt wind to the electrical system)!

•  Then, you realize that you want to 
design the electrical system around 
wind!

“We have gone through three stages of 
understanding wind integration.” !



Two Examples 

•  Large scale wind penetration!
•  Electric Vehicles!



Stages of Integration 
Consciousness 

•  Add wind to system!
•  Adapt the system to wind (or adapt 

wind to the system)!
•  Redesign the system around wind!



Transmission 
planning 



Transmission Planning 
Now at “Adapt” Stage 

•  Adapt the system to wind, e.g.!
•  Load is here!
•  Wind is there!
•  Connect with wire!



MISO Joint Coordinated System Plan!

Wind is in the Great Plains 



Load is on the Coasts 

(Nightime Image of the Planet)!



Connect with Wire(s) 

MISO Joint Coordinated System Plan!



Problems with MISO Plan 

•  They missed the biggest wind resource!
•  Power buyers get no economic 

development benefits, no jobs!
•  No analysis of leveling effect of 

transmission!



QuikSCAT  

Pimenta, Kempton and Garvine (2008) 
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Data sources for assessment 
Met. buoy  



QuikSCAT 
turbine output 
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Art: NY Times Magazine"

“Add offshore wind to the !
Electrical System”!



Art: NY Times Magazine"

“Add offshore wind to the !
Electrical System”!

How do we move to the!
next level of consciousness?!



Design transmission 
around wind 

•  If we have wind here,!
•  Where do we add wind to level power?!

•  Requires time-series meteorology, not 
just “resource” data!

•  Then decide where to run transmission!
•  Example, 4 days of weather ...!



Kempton et al, 2010, Proceedings of the National Academy of Sciences, 107 (16)."









How would you align transmission?!



Transmission 
N-S on Shelf 

•  Weather data from 
each station S1 - S11!

•  Transmission "pools" 
power!

•  Principle: Design the 
transmission system 
around meteorological 
patterns.!



Compare 
Resulting 

power 

•  Individual wind 
production at S2 
and S10 (BLUE 
and ORANGE)!

•  Pooled production 
from transmission 
(BLACK)!

GRID!

S2!

S10!



•  Individual simulated wind farms show 
frequent, rapid fluctuation in output!

•  Power from combined grid changes more 
slowly, rarely reaches min or max power!

Kempton et al, 2010, Proceedings of the National Academy of Sciences, 107 (16)."

Result: Single Sites (color) vs. Grid (black)	





Hourly Fluctuations in Month	



Kempton et al, 2010, Proceedings of the National Academy of Sciences, 107 (16)."



Kempton et al, 2010, Proceedings of the National Academy of Sciences, 107 (16)."



Kempton et al, 2010, Proceedings of the National Academy of Sciences, 107 (16)."



•  Single stations have 
many high or zero 
capacity factor 
values!

•  Combined grid 
clusters around 
mid-range values!

Distribution 
of CFs 



Already a planned project 
with Investors 



Electric Vehicles 



Delaware innovation:��
The Grid-Integrated 

Vehicle, with��
Vehicle-to-Grid power 



Electric Vehicles 

•  Three Stages:!
•  1.  Electricity as a fuel for cars (how to 

make it more like gasoline?)!
•  2. Adapt to the electric system (control 

the charge of EVs)!
•  3.  Design the system around EVs (very 

low-cost storage at the end of the grid)!



Electricity as a Fuel 



Adapt: Load Control 



Redesign: 2-Way Power 



EVs as a Power resource 

•  US car used 1 hour/day, parked 23 h/d!
•  Practical power through grid!

•  10 - 20 kW in US homes!
•  3.6 - 10 kW in EU homes!

•  Cars as significant power?  Compare:!
•  Vehicle fleet at 10 - 15 kW each car, with!
•  Total load for country (GW)!



How Much Power in cars? 

Denmark! UK ! USA!

Light vehicles (106)! 1.9! 28.5! 191!
Power per 

connection (kW)! 10! 10! 15!
Vehicle power 

(GW)! 19! 285! 2,865!
Country Average 

Electric Load (GW)! 3.6! 40! 417!



A Day of Driving and POwer Balancing 



Aggregating EVs for the ISO 



Storage in loads, very 
low cost 

•  Incremental cost on an existing EV is 
much lower cost than dedicated storage!

•  On-board intelligence, ~$400!
•  Communications, ~$200!
•  EV*:     $40/kW;   $20/kWh!
•  PHEV*:   $200/kW;  $75/kWh!

 *Assume: PHEV 3 kW; 8 kWh, EV 15 kW; 30 kWh!



Conclusions 

•  Integration!
•  Three stages: add/adapt/redesign!

•  Transmission !
•  Find asynchronous resources!
•  Met-smart alignment!

•  Existing storage in loads!
•   EVs, building heat, etc!



END 
More information: 

www.carbonfree.udel.edu 


