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Outline of the Talk

Scale & structure of the US electric power system: 
structural/policy fragmentation v. strong physical links

Reasons for modernization: opportunities and 
challenges

Economic & policy obstacles to cost-effective
modernization
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The US Power System: Scale

Generating capacity about 1,000 GW – slightly larger than China
Load growth to 2035 projected below 1% per year

Over 143 million customers (125 million residential) spread over 9.4 
million sq. km. 

About 1.1 million km of transmission lines (65% investor-owned)

About 9.5 million km of distribution lines (51% investor-owned)

Three synchronized grids (“interconnections”), weak DC links
Eastern Interconnection accounts for over 70% of sales
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The Three Interconnections
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Institutional Complexity, Fragmentation

Several hundred entities own pieces of the bulk 
power system; 66% investor owned

Organized wholesale markets serve about 2/3 of 
load, absent in Southeast, Northwest

107 “balancing authorities” manage cross-border 
flows; one in New York, eight in Arkansas

About 3200 distribution utilities; 242 investor-
owned utilities cover 66%

State regulation remains very important; no 
clear national design (v. EU, telecomm) 
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Organized (RTO/ISO) Markets
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Lots of federal 
power, preference 
customers

TVA + 
Traditional 
model



107 Balancing Authorities
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Hghly Interconnected: The 2008 Florida Blackout
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The U.S. Grid Performs Fairly Well Today

Losses have fallen 
over time, are in 
line with other 
nations’, allowing 
for density

Reliability also 
seems in line with 
other developed 
countries’ older 
systems

Performance data 
are very weak, 
however
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U.S. Transmission and Distribution Losses 1926-2009
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Race to (Which) “Smart Grid”?  
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Source: NIST Source: EPRI

Source: Nature
Source: U.S. DOE
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Toward Cost-Effective Modernization

Develop & deploy new technologies where reliability 
and/or efficiency benefits exceed costs

Handle more grid-scale wind and solar generation 
economically, without loss of reliability

Minimize need for new generating capacity, esp. with 
more plug-in hybrid & pure electric vehicles

Handle increased deployment of distributed generation 
efficiently

Avoid unduly increasing cybersecurity risks and 
information privacy concerns
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Transmission Technologies Offer Great Opportunities
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Control Centers:
Improved System State Estimation
Phase Angle Monitoring/Alarms
Improved System Simulation Models
Oscillation Detection
New System Control Approaches

Transmission and Substations:
Phasor Measurement Units (PMUs)
Flexible AC Transmission Systems (FACTS)
New Sensor Technologies
High Voltage DC Lines
Superconducting Lines
Fault Current Limiters
Dynamic Line Rating Systems
Energy Storage

Distribution and Customers:
Distribution Management Systems
Outage Management Systems
Volt/VAR Optimization
Conservation Voltage Reduction
Automated Fault Detection, Isolation, & 
Restoration
Advanced Metering Systems
Microgrids
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PMU Data, Not Shared in Real Time
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Phase angle data can help in post-disturbance analysis.

Phase angle monitoring applications could give system operators 
early warning of potential system instability
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Relative phase angle between two locations during August 2003 blackout

PMU Application: Post-Disturbance Analysis

Image Courtesy: Schweitzer Engineering Laboratory



Brilliant Hardware is Not Enough!

PMUs have been deployed with stimulus money and could benefit 
the transmission network greatly, but….

Need wide area data for modeling & expansion planning; real-time data 
for system control
Data-sharing is inhibited by fears of liability for blackouts
System-specific models, control systems need to be built – by whom?

Flexible AC Transmission System (FACTS) devices  & dynamic line 
rating systems can raise transmission capacity, but have high costs. 

Need to build control systems that use FACTS as well as other 
hardware, with information from PMUs – incentives?
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Distribution Technologies Offer Great Opportunities
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Control Centers:
Improved System State Estimation
Phase Angle Monitoring/Alarms
Improved System Simulation Models
Oscillation Detection
New System Control Approaches

Transmission and Substations:
Phasor Measurement Units (PMUs)
Flexible AC Transmission Systems (FACTS)
New Sensor Technologies
High Voltage DC Lines
Superconducting Lines
Fault Current Limiters
Dynamic Line Rating Systems
Energy Storage

Distribution and Customers:
Distribution Management Systems
Outage Management Systems
Volt/VAR Optimization
Conservation Voltage Reduction
Automated Fault Detection, Isolation, & 
Restoration
Advanced Metering Systems
Microgrids
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Excessive Risk-Aversion in Distribution

Around half of utility engineers, power engineering 
faculty are retirement age – notoriously risk-averse

Performance comparisons are very hard, so 
regulators, utility managers get little credit if risky 
investments do well; get hammered if not

Exacerbated by distributed generation (later), focus 
on keeping rates low

Data from stimulus-funded “smart grid” demos, 
more comparable performance data can help…
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Toward Cost-Effective Modernization

Develop & deploy new technologies where reliability 
and/or efficiency benefits exceed costs

Handle more grid-scale wind and solar generation 
economically, without loss of reliability

Minimize need for new generating capacity, esp. with 
more plug-in hybrid & pure electric vehicles

Handle increased deployment of distributed generation 
efficiently

Avoid unduly increasing cybersecurity risks and 
information privacy concerns
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States Require More Wind & Solar
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Need More Boundary-Crossing Transmission Lines
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Northeast/New England:

A regional example of the 
mismatch between wind 
resources and demand 

centers
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Transmission Siting Must Be Reformed

Since the 1930s natural gas pipeline siting has occurred 
at the federal (FERC) level, but

States and federal agencies (e.g. Forest Service) can and 
do block siting of electric transmission lines.

No single agency is empowered to consider broad 
national interests.

FERC should at least have backup siting authority for 
major transmission facilities that cross state boundaries 
or federal lands, but states, utilities resist expanding 
federal authority 
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Changes to System Operation Will Be Critical
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Wind output more 
variable than load, 
imperfectly predictable.
Work on better 
forecasting, operational 
changes in progress.
Geographic averaging 
via balancing area 
consolidation, new 
transmission can help 
somewhat – but 
obstacles to both
Few incentives exist for 
generator flexibility 
today (a market design 
problem?).

BPA Total Wind Generation 12/3/2009 – 12/10/2009
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Storage Is Too Expensive To Help Soon…
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Source: Electricity Energy Storage Technology Options – EPRI White Paper 1020676



Toward Cost-Effective Modernization

Develop & deploy new technologies where reliability 
and/or efficiency benefits exceed costs

Handle more grid-scale wind and solar generation 
economically, without loss of reliability

Minimize need for new generating capacity, esp. with 
more plug-in hybrid & pure electric vehicles

Handle increased deployment of distributed generation 
efficiently

Avoid unduly increasing cybersecurity risks and 
information privacy concerns
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“Peakier” Load Duration Curves Raise Cost

Air conditioning, shift away 
from industrial load have 
reduced capacity utilization.

Electric vehicles charged in late 
pm could make this worse.
Moving charging, other loads 
off peak could flatten curve, 
reduce the need for new 
capacity, and lower cost.
But most current demand 
response programs focus on 
emergencies, not load leveling.
Dynamic (i.e., real-time) pricing 
would provide price signals that 
could help smooth demand & 
reduce peakiness.
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Varying Demand Varying Costs
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Prices to most small commercial 
and residential consumers do 
not reflect this variation.

A new technology, Advanced 
Metering Infrastructure (AMI) 
makes dynamic pricing feasible.

Much enthusiasm for AMI, 
which as other benefits, but not 
for dynamic pricing.

Consumers are not excited 
about electric bills that vary a 
lot – or about devoting time to 
minimizing those bills.  
(Electricity is 2-3% of household 
spending.)
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2010 Daily Average Prices in PJM
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Realizing AMI’s Full Potential

Seems likely that dynamic pricing + automated response 
can smooth demand with little pain, but more research 
& demonstrations are needed.

Many earlier demonstrations have been poorly designed. 

Substantial Stimulus Act-supported, state-mandated AMI 
investments provide a very important learning 
opportunity, but utilities are nervous.

May be a strong argument for retail competition: a 
company with a good automation package can pay the 
dynamic wholesale price, shift consumers’ demands, and 
save consumers money
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Toward Cost-Effective Modernization

Develop & deploy new technologies where reliability 
and/or efficiency benefits exceed costs

Handle more grid-scale wind and solar generation 
economically, without loss of reliability

Minimize need for new generating capacity, esp. with 
more plug-in hybrid & pure electric vehicles

Handle increased deployment of distributed generation 
efficiently

Avoid unduly increasing cybersecurity risks and 
information privacy concerns
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“Per kWh” Prices Distort Incentives/Subsidize DG 

Recovery of largely fixed network costs through $/kWh 
charges subsidizes distributed generation, incents utilities 
to resist it.

Generator gets retail price; utility saves only wholesale price

If nothing is done, puts pressure on distribution profits, 
further reduces incentives to invest

If automatically raise per-kWh prices to keep utility whole 
(“decoupling”), generally have poor folks subsidize rich 
folks – not long-term viable!

Basic solution is obvious: recover fixed costs through 
charges that depend on impact on system capacity, not 
energy – but how to do it fairly…?
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Toward Cost-Effective Modernization

Develop & deploy new technologies where reliability 
and/or efficiency benefits exceed costs

Handle more grid-scale wind and solar generation 
economically, without loss of reliability

Minimize need for new generating capacity, esp. with 
more plug-in hybrid & pure electric vehicles

Handle increased deployment of distributed generation 
efficiently

Avoid unduly increasing cybersecurity risks and 
information privacy concerns

30



Modernization More Data Communications
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Different types and 
generations of 
components must be 
interoperable; 
standardization decisions 
are complex

More communications 
more vulnerability

Cybersecurity is a serious 
problem; a major 
successful attack could 
set back modernization

A major loss of consumer 
usage data could also 
create a backlash



Many Types of Activities Required
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Utilities generally focus 
on protection, but 
perfect protection is 
impossible.

More emphasis is 
needed on developing 
and deploying response 
and recovery strategies 
and procedures

Assess 
vulnerabilities, 

threats, impacts

Reduce 
vulnerabilities, 

threats, impacts

Prevent attacks, 
incidents, other 

outages

Respond during 
attack

Recover and 
restored
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Cybersecurity Regulation Is Ineffective

Real, growing risks understood, but response is fragmented.
NERC: bulk power cybersecurity standards development and 
compliance.
NIST: coordinating smart grid standards development generally 
(including cybersecurity) but has no operational role.

No national development and coordination of cybersecurity
standards for distribution systems. 

No agency with clear authority over cybersecurity 
preparedness,  response, and recovery for the grid as a 
whole.  This needs to be fixed!

In contrast, privacy concerns are a problem to be managed, 
not solved, with states in the lead for now
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Concluding Thoughts

Cost-effective modernization will be a complex process, thoughtfully seizing 
opportunities and responding to challenges at different scales throughout 
the grid over time – not a one-shot project

We need to do a better job of utilizing new technologies that can enhance 
reliability and/or efficiency:

At the bulk power level, models and control systems need to be developed
At the distribution level, excessive risk-aversion needs to be overcome

To handle grid scale renewable generation efficiently, transmission siting 
must be reformed

To reduce the need for generating capacity, we need to learn how to use the 
dynamic pricing that advanced metering infrastructure makes possible

To handle distributed generation efficiently, we need to recover fixed costs 
through fixed charges, not per-kWh tariffs

If modernization is to proceed smoothly, cybersecurity regulation must be 
strengthened, and privacy concerns must be managed 
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