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In 2007, with oil 

at $70 per 

barrel, the U.S. 

trade deficit in 

petroleum 

products was 

36% of the total 

of $819 billion 

deficit. 



CREATION OF ARPA-E 

2006 
Rising Above the Gathering Storm  
(National Academies) 

2007 
America COMPETES Act 

American Recovery and 
Reinvestment Act of 2009  
(Recovery Act) 

$400M appropriated for ARPA-E 

President Obama launches ARPA-E in a 
speech at NAS on April 27, 2009 



ARPA-E’S Work 

To enhance the economic and energy security of the U.S. 

 

 
To ensure U.S. technological lead in developing and 

deploying advanced energy technologies  
Reduce Energy 

Imports 
Improve Energy 

Efficiency 

Reduce Energy-
Related Emissions 

• Find and fund high-risk, high-

impact projects 

 

•Invest in the best ideas and 

  teams 

 

• Will tolerate and manage high 

  technical risk 

 

• Accelerate translation from 

  science to markets  

 

• Proof of concept and 

prototyping 
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DOE  ORGANIZATIONAL CHART 
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End-Use Efficiency Transportation 
Electrofuels BEEST BEETIT 

Stationary Power 
IMPACCT ADEPT GRIDS 

Broad Solicitation 
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http://arpa-e.energy.gov/ProgramsProjects/Electrofuels.aspx
http://arpa-e.energy.gov/ProgramsProjects/BEEST.aspx
http://arpa-e.energy.gov/ProgramsProjects/BEETIT.aspx
http://arpa-e.energy.gov/ProgramsProjects/IMPACCT.aspx
http://arpa-e.energy.gov/ProgramsProjects/ADEPT.aspx
http://arpa-e.energy.gov/ProgramsProjects/GRIDS.aspx
http://arpa-e.energy.gov/ProgramsProjects/OtherProjects.aspx


0.3% per year 

8.7% growth 

Transportation 

1,925  (33%) 

Buildings (fossil) 

&Industrial 

1,530  (26%) 

Electric Power 

2,359  (41%) 

2008 

5,814 
million metric 

tons 

2035 

6,320 
million metric 

tons 

Transportation 

2,115  (33%) 

Buildings (fossil) 

&Industrial 

1,571  (25%) 

Electric Power 

2,634  (42%) 

Source: Annual Energy Outlook 2010 

ELECTRIC POWER CONTRIBUTION TO 

CO2 EMISSION 

Historically, electrical power has been the largest source of CO2 emissions, the main contributor to 

climate change. But in the upcoming decades electricity can become a key lever in evolving towards a low 

carbon economy.     - International Electricity Partnership, Dec. 2009 



Primary Energy Use 

by Sector 

Source: Energy Information Administration, Annual 

Energy Review 2008 

Electricity 
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 $354 B electricity sales 

 166,000 miles operated by 500 companies 

 98% AC, voltages > 100kV 

 3 major interconnections 

 3,170 utility companies 

 Over 140 control areas 

 

 14,000 transmission substations 

 ~44 million liquid-immersed distribution 

transformers in service in 1995 

 ~12 million dry transformers 

 

Electricity Transmission 
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Determine load…estimate reserve requirements 

 …open auction market (renewables have pre-arranged costs) 

          …contingency (N-1) analysis and unit commitment (set price) 

   …generator dispatch and power flows into the grid 

    …electrons flow along path of least resistance 

     …the load draws power from the grid 

? 

Delivering Electricity 
Load 

? 

? 

? 

? 

? 

$ 
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• Negligible storage – just in time delivery of power 

 

• Centrally controlled 

 

• Negligible control of path – Joules are indistinguishable 

Delivering Electricity 

Not the  

internet 
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• Congested Lines 

• Aging Infrastructure 

• Increasingly unreliable 

• Increasingly unpredictable 

“Today, the average age of a 

substation transformer is 42, two 

years more than their expected 

life span.” 

41 58 
92 

66 76 

140 

1991-1995 1996-2000 2001-2005

# of US power outages affecting
50K of more

# of outages over 100MW

Renewable portfolio standard 

December 2010 
WA: 15% x 2020* 

CA: 33% x 2020 

NV: 25% x 2025* 

AZ: 15% x 2025                            

NM: 20% x 2020 (IOUs) 

 10% x 2020 (co-ops)  

HI: 40% x 2030 
 TX: 5,880 MW x 2015 

 UT: 20% by 2025* 

CO: 30% by 2020 (IOUs) 
10% by 2020 (co-ops & large munis)* 

MT: 15% x 2015 

 ND: 10% x 2015 

 SD: 10% x 2015 

 IA: 105 MW 

MN: 25% x 2025 
(Xcel: 30% x 2020) 

MO: 15% x 2021 

WI: Varies by utility;  

10% x 2015 statewide 

MI: 10% + 1,100 MW 

x 2015* 

OH: 25% x 2025† 

NY: 29% x 2015 

NC: 12.5% x 2021 (IOUs) 

10% x 2018 (co-ops & munis) 

VT: (1) RE meets any increase in 
retail sales x 2012; 

 (2) 20% RE & CHP x 2017 

KS: 20% x 2020 

OR: 25% x 2025 (large utilities)* 

5% - 10% x 2025 (smaller utilities) 

IL: 25% x 2025                            

OK: 15% x 2015 

WV: 25% x 2025*† 
VA: 15% x 2025* 

DC 

Proliferation of non-dispatchable generation 
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Location marginal pricing 
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= x 

I =    Y                           V x 

3 

3 

1 

1 
Minimizing the cost of fuel to deliver power is 

Hard (NP) 
constrained by system balance, nodal balance, 

transmission constraints, generator constraints 

 

http://www.ferc.gov/EventCalendar/Files/20110628115350-Jun28-SesD4-Krall-FERC.pdf 

http://www.ferc.gov/EventCalendar/Files/20110628115350-Jun28-SesD4-Krall-FERC.pdf
http://www.ferc.gov/EventCalendar/Files/20110628115350-Jun28-SesD4-Krall-FERC.pdf
http://www.ferc.gov/EventCalendar/Files/20110628115350-Jun28-SesD4-Krall-FERC.pdf
http://www.ferc.gov/EventCalendar/Files/20110628115350-Jun28-SesD4-Krall-FERC.pdf
http://www.ferc.gov/EventCalendar/Files/20110628115350-Jun28-SesD4-Krall-FERC.pdf
http://www.ferc.gov/EventCalendar/Files/20110628115350-Jun28-SesD4-Krall-FERC.pdf
http://www.ferc.gov/EventCalendar/Files/20110628115350-Jun28-SesD4-Krall-FERC.pdf
http://www.ferc.gov/EventCalendar/Files/20110628115350-Jun28-SesD4-Krall-FERC.pdf
http://www.ferc.gov/EventCalendar/Files/20110628115350-Jun28-SesD4-Krall-FERC.pdf
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= x 

I  =    Y           V x 

What kind of control? 

• Linear vs. Non-linear  [Generators deliver Power = I*V] 

• Deterministic vs. Stochastic [Can’t predict when a load comes  on-line] 

• Time-invariant vs. Time-varying [Impedances change] 

• Continuous-time vs. Discrete-time 



Plant Controller S 

Deman

d 

Transducer 

Reference Value 

Power Flow Control 

 

• Feed-forward control 

• Assume: 

   - Linear 

   - Deterministic 

   - Time Invariant 

 

• Central control 

Error (Frequency, Voltage) 

 

• Feedback control 

• Account for  

   - Non-linearity 

   - Dynamics 

 

• Distributed or  local control 
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Control Infrastructure 

A PMU measures 

• Current (Hall sensor) 

• Frequency (LC Circuit) 

• Time (GPS) 

• Voltage 

• Relative Phase 

• Sample 30 msec 

• Petabyte-scale data 

 
 

Improved Sensing Improved Communications 

Improved Computation 

Grid Connected Router 

• Low-latency  

• MPLS 

• Cyber security 

• 100-600 ms for crypto 

Distributed computing 

• Fast 

• Secure 

• Resilient 
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Control Challenges 



Plant Controller S 

Demand 

Actuator 

Reference Value 
Demand Response 

 Schedule demand  

  (eg. large industrial loads) 

Control in the Grid 
Flexible AC Transmission System: 

•Static VAR 

•STATCOM 

•UPFC 



765 kV 

AC Univesal Power Flow Controller  
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• $5.2 B (5 phases) 

• Offshore multi-terminal voltage-sourced converter (VSCs) 

backbone 

• 6000 MWs of offshore wind farms in federal waters off of 

NJ, DE, MD & VA 

• PJM Total Peak Load = 144,644 MW 

• Funded by Google, Good Energy & Marubeni Power 

• Optimal power flow scheduling over 2000-MW transfer 

capability 

Multiterminal HVDC 

Power Flow Controller (DC) 
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Benefits of Routing Power 
GA Tech study of simplified IEEE 39 Bus system with 4 control areas, operation simulated for 20 years, 20% RPS phased in over 20 years, 

sufficient transmission capacity added each year to eliminate curtailment of renewable generation 

• BAU case requires upgrade of 3 inter-regional paths, for a total of 186,000 MW-MILES 
 

• Power flow control to route power along underutilized paths, 36,000 MW-miles of new 

lines needed, only 20% of BAU 

Today: Uncontrolled Flows Power Routing 
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Control Architecture 

• Improved asset utilization 

• Improved alignment of customer needs and supply 

• More resilient network 

- greater infrastructure security & reliability 

• Load owner can transact with the generator 

Benefits of Routing Power 


