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Chapter 6: Enhancing the Distribution 
System

The distribution system is the portion of the 
electric power system that carries power the  
few miles remaining between transmission 
substations and consumers. In addition to 
transporting electricity, the distribution system

for customer use; 

1

on the distribution system and takes action to 
protect people and system components; and

Today, less than 7% of total electrical energy  
in the U.S. is lost between generators and 
customers, and most of this loss occurs in the 
distribution system.2

In this chapter, we focus on the potential for new technologies to enhance the performance  
of distribution systems. New sensors, communication equipment, management systems, and 
automation and information technologies promise to improve the e!ciency, reliability, and power 
quality of distribution systems.

Section 6.1 introduces technologies that promise to enhance distribution system operation. We 
describe the potential of more fully integrated distribution management systems, then introduce 
several new distribution system operation applications. These include automated fault detection, 
isolation, and restoration systems as well as voltage and power "ow optimization systems. We #nd 
that many individual technologies that could enhance the distribution system are complementary, 
and the bene#ts from their deployment will be greatest when utilities use an integrated approach 
to system modernization. 

Section 6.2 contains a more in-depth discussion of one particular distribution system technology: 
advanced metering infrastructure (AMI). We describe several categories of operational bene#ts  
of AMI and analyze the costs and bene#ts of AMI based on recent utility regulatory #lings. We 
highlight the importance of the nonoperational bene#ts associated with AMI, to be discussed  
in more detail in Chapter 7.

Section 6.3 discusses the importance of learning from technology pilot programs and early 
deployments. The costs and bene#ts of new distribution technologies are subject to signi#cant 
uncertainty. Detailed information generated from pilots and early deployments will enable utilities 
and their regulators to make more informed decisions on both investment priorities and system 
design.

Finally, Section 6.4 describes our conclusions and details this chapter’s one recommendation. 
Recognizing the importance of data from distribution technology pilot programs and early 
deployments, we recommend that policy makers work to ensure that comprehensive data from 
Recovery Act–funded programs are shared as widely as possible throughout the industry. 
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different regions of the U.S. tell us that 
customers can expect between 1.5 and 2 power 
interruptions per year and between 2 and 8 
hours without power.3 According to the rele-

 
to problems in the distribution system.4 The 

percentage of customer outage time attribut-
able to the distribution system can be much 
higher in some specific cases; for example, the 
distribution system was responsible for at  
least 95% of interruptionsi in the Southern 

5

 

 
of electrical loads as well as distribution system 

contribute as well, as discussed in Chapter 5. 

modern power supplies for phones, computers, 

system hardware represent a net gain to society. 

principle in any discussion of new distribution 

to this assessment, but little attention has been 
paid to measurement, collection, and publica-
tion of standardized performance metrics 

differences in definitions and data collection 
processes.
only 35 state public utility commissions 

reporting of standard distribution performance 
metrics, though this represented an increase 

7 Whereas 

from distribution utilities across Europe and 
account for definitional and geographical 
differences,8 no effort on that scale has taken 

going forward, as we recommend in Chapter 8. 

6.1 OPPORTUNITIES IN DISTRIBUTION 
SYSTEM OPERATION

The integration of new communications 
infrastructures, sensor technologies, and 

deployment in U.S. distribution systems has 
been limited. 

 
of manual or semi-automated systems to 
monitor system status, manage work crews, 

i

80% of interruptions are due to problems in the 
distribution system.
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detect outages, manage assets, manage infra-
structure upgrades, and perform other tasks. 
Historically, a distribution system failure would 

to complain about lack of power. Then the 
utility would send out a crew to track down 
and repair the problem. Some utility companies 

instrumentation throughout distribution 
 

these tools, and standardization was largely 
nonexistent.

 
this history. In many areas, today’s distribution 
companies still employ essentially the same 
process for locating and managing outages  

resulting in heterogeneous distribution systems 
around the country. This heterogeneity reflects 
the general lack of standardization as well as 
differences in geography and regulatory prac-
tices across state boundaries. 

-
-

ment of significantly more sophisticated 

throughout the distribution system, state-of-

system power flows in near-real time, helping 
operators anticipate or respond to potential 

operators to determine whether changing the 
configuration of the distribution network in 
response to faults will result in a system with 

 
In conjunction with other technologies, 

 
to real-time system conditions.

to outdated. Surprisingly, some distribution 
utilities still use paper maps to keep records, 
track problems, and manage work crews. In 
contrast, electronic maps allow for easy 

geographic areas, and clear communication 

with work crews. Electronic maps are only  
one example of the changes that upgrades  

an industry that prizes reliability and depends 
on tested operating procedures to maintain 
reliability, such fundamental changes come at 

period of heightened risk as personnel become 
accustomed to new practices. 

-
ment throughout the distribution system can 

capabilities. The number of sensors that a 

-
mentation and the usefulness of the resulting 

-

9

The integration of new communications 
infrastructures, sensor technologies, and advanced 
information technology will enable new distribution 
system capabilities over the next several decades.
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another tool in the software suites that distribu-
 

system models and graphical user interfaces  
to handle customer complaint calls, locate 
outages, and manage repair crews.  State-of-
the-art OMSs can incorporate geographic 
information systems, electrical models, and 

software and real-time outage information with 
clearer communication between mobile units 
and control centers can increase the speed with 
which crews reach faults and the safety of their 

benefit of reducing outage time: using data 

that the cost of an outage lasting one hour is 
approximately $4 for residential customers, 

commercial and industrial customers.11 Of 

across different customers and regions, and 

assumptions regarding outage and customer 
characteristics. 

Integrating communications, IT infrastructure, 

new distribution system operation applications. 
Two prominent examples are automated fault 

“distribution automation” is often used to 
generically describe these applications of new 
technology to the maintenance, control, and 
operation of the distribution network. We 
address these new applications in the rest of 
this section.

F I N D I N G
The use of new communication, sensor,  
and advanced information technologies  
can result in the integration and automation 
of many distribution system functions, 
yielding reduced costs and improved 
reliability.

Automated Fault Detection, Isolation,  
and Restoration

action, consider an automobile accident that 
knocks down a pole supporting distribution 

 
A distribution system with software for auto-

perform analysis to determine the extent of 
damage and options for reconfiguration, and 

who would otherwise be without power. 

This self-healing capability has the potential to 

and reduce operation and management costs.12 

for human action and decision-making. In 
distribution systems that already use automated 

control algorithms and more finely sectional-
ized distribution circuits in these systems can 
reduce the time of outages and the number of 

capability.13 
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To date, self-healing technology has been 
installed on only a small percentage of distribu-
tion feeders in the U.S.14 Typically, the least 
reliable circuits in distribution systems are first 

of the most benefit to customers and the cost of 
deployment discourages system-wide upgrades. 
Many distribution utilities are now demon-
strating this technology through projects 

ii

Voltage and Power Flow Optimization

As customers draw power from the distribution 

the end of a long distribution line will be lower 
than at the substation. With some exceptions, 

of capacitors that can be switched in and out of 

range along the entire length of distribution 

distribution substation, which ensures that  

15

–

motors, to operate optimally within the range 

outside the acceptable range can result in 

Operating at the upper end of the allowable 

end of the line is within limits, utilities often set 

specification. Because load will draw more 

-
tion.iii

be effected by a more sophisticated approach to 

particularly at its end, which feed back the 

represents the distance of a distribution line 
from the substation to the end of the line.  

measurements are not fed back to the substa-

of sensing and feedback control is not only to 

Oklahoma Gas & Electric Company 
reduced its outage time by between 
54% and 70% on three circuits  
after installing hardware enabling 
FDIR capability.

ii

iii
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maintaining it within its acceptable limits, but 

than 4%.

lower end of the acceptable range. This 

total power drawn throughout the network, 
thereby deferring the need for capacity expan-
sion and increasing efficiency. In a three-year 

-

-
tions.  Unlike brownouts or rolling blackouts, 

Many utilities are currently planning to intro-
 

-
-

watts.17 Southern California Edison is deploying 

 

1% and 4% of energy consumption without 
18

F I N D I N G
The use of Volt/VAR control can result 
in more e!cient use of the distribution 
network and the possibility of introducing 
conservation voltage reduction (CVR) 
programs.

As discussed in Chapter 8, the practice  
 

of their distribution and transmission costs 

-

programs that promise reduced energy 
consumption.

6.2 ADVANCED METERING FOR THE 
DISTRIBUTION SYSTEM

 
can enhance the performance of distribution 

strictly for billing purposes. In this traditional 

premises and manually read electromechanical 

Figure 6.1 Voltage Pro!les with and without Volt/Volt-Ampere Reactive (VAR) Control 
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watt-hour meters that measure electric energy 
consumption. These meters are no longer 

 
been replaced by solid-state electronic meters, 
though many electromechanical meters are  
still in use today.19 Electronic meters can more 
easily store and communicate energy consump-
tion as a function of time. These new meters 

 
to data capture and management: automated 

 

AMR technology allows utilities to read customer 

These systems typically capture meter readings 

by eliminating the need for employees to 
manually read meters. Many utilities throughout 

recent decades, with more than 47 million 
 

roughly one-third of the 144 million total U.S. 
residential, commercial, and industrial meters.21

combine meters with two-way communication 
capabilities. These systems typically are capable 
of recording near-real-time data on power 
consumption and reporting that consumption 

22 
Utilities also can typically communicate with 

connection status or connect or disconnect 

utilities to communicate directly with loads 
through the meter, as discussed in Chapter 7. In 
contrast to AMR systems, AMI installations in 
the U.S. are still in their infancy but are growing 

to the U.S. Energy Information Administration 

23

of more than 12 million smart meters by the 
24 The difference likely reflects not 

just growth but also differences in data sources. 
-

tional deployment of AMI systems in a number 
of utilities through the 

supporting approxi-
-

ments throughout the 
U.S.25 An estimated 

nationwide as of  

and enhances distribution monitoring and 

utilities to remotely connect or disconnect 

can reduce the time and cost of connections, 
eliminate usage that occurs after customers 

uncollected bills. Some utility AMI rate filings 
indicate that enhanced detection of theft or 

-
larly its two-way communication capability, can 
play in facilitating dynamic pricing for residen-
tial customers, as discussed in Chapter 7.

-
tional benefits of AMI:

Metering: Installation of AMI means that 
meter reading can be fully automated. This 
reduces labor cost and the costs of owning 

The benefits of advanced 
metering vary with every utility, 
but generally it reduces the costs 
of meter reading, improves 
customer support, and enhances 
distribution monitoring and 
management.
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Billing: Billing can be more accurate and 

Customer Support:
on or off remotely, increasing accounting 
accuracy, reducing customer debts, and 
reducing the number of times utility personnel 

duration of customer support calls.

Grid Management:

for example, precise metering can alert 

distribution transformer. 

While the operational benefits of installing 

-

benefits for a sample of AMI projects around 
the country, collected by a search of regulatory 
filings. The expected all-in costs of AMI 

differences across systems in customer mix  
and density, labor costs, and prior meter 

–
is not clear how these estimates relate to data 
on actual deployments.27

dispersed customers, traditional electro-
mechanical meters near the end of their 

and gas businesses that can share much of the 

deployment costs. Where operational benefits 

be little or no impact on electricity rates, and  
-

forward. At the other extreme, utilities with 

meter-reading cost reductions, the largest single 
category of operational benefits of AMI, and 

may offset half or less of the projected incre-
mental cost of AMI deployment. In the most 

-

 

not generate a rate filing and, therefore, do not 
appear in our table. In rate filings, concerns 

-

rate filings, particularly if the regulator assigns 

recently done. These concerns may bias 

 
that the nonoperational benefits from 
AMI-enabled demand response and energy 

28 

depends on what fraction of costs are offset  

regulators are willing to commit to pricing 
reforms, and how customers within a particular 

While the operational benefits of installing AMI  
can be substantial, they may not cover the full cost  
of the up-front infrastructure investment.
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Table 6.1 Operational Bene!t–Cost Ratio of Di"erent Advanced Metering Projects

Utility  
(State) Year Meters 

(Millions)

Average 
Cost/Meter 

Installed  
($/meter)

Operational 
Bene!ts/Meter 

Installed  
($/meter)

Operational 
Bene!ts/Cost 

Ratio

Nonoperational 
Bene!ts/Meter 

Installed  
($/meter)

Total 
Bene!ts/ 

Cost Ratio
Reference

CenterPoint 
(TX)

2008 2.4 $332 $50 0.15 — — CenterPoint Energy Houston Electric, 
“Application of CenterPoint Energy 
Houston Electric, LLC for Approval of 
Deployment Plan and Request for 
Surcharge for an Advanced Metering 
System,” Texas PUC Docket No. 35639, 
Document No. 203.

Delmarva 
(MD)

2010 0.22 $363 $183 0.50 $252 1.20 Delmarva Power & Light Company, 
“Advanced Metering Infrastructure 
Business Case and Associated Bene#ts  
to Costs Analysis for Maryland in 
Compliance with Order No. 83571,” 
Maryland Public Service Commission 
Case No. 9207, Document No. 102, 
submitted 12/14/2010.

Southern 
California 
Edison (CA)

2007 5.3 $374 $217 0.58 $159 1.00 California Public Utility Commission, 
“Decision Approving Settlement on 
Southern California Edison Company 
Advanced Metering Infrastructure 
Deployment,” Case No. A.07-07-026,  
7/31/2007.

Connecticut 
Light & Power 
(CT)

2010 1.2 $377– 
$484

$94–  
$232

0.19– 
0.62

$63–$804 0.33– 
2.75

Connecticut Light & Power, “CL&P AMI 
and Dynamic Pricing Deployment Cost 
Bene#t Analysis,” Connecticut 
Department of Public Utility Control, 
Docket No. 05-10-03RE01, submitted 
3/31/2010. 

Portland 
General 
Electric (OR)

2007 0.843 $157 $197 1.26 $4–$55 1.28–
 1.61

B. Carpenter and A. Tooman, Portland 
Generation Electric Company, “Costs  
and Bene#ts,” Oregon Public Utility 
Commission, Docket No. UE 189, 
submitted 7/27/2007.

Baltimore  
Gas & Electric 
(MD)*

2009 2.09 $253 $128 0.50 $478 2.40 Baltimore Gas & Electric Company,  
“The Smart Grid Initiative Business Case 
Advanced Metering and Smart Energy 
Pricing Program” Maryland Public 
Service Commission, Case No. 9208, 
submitted 07/13/2009.

NY State 
Electric & Gas 
(NY)*

2007 1.13 $322 $185 0.58 — — Rochester Gas & Electric Corporation 
and New York State Electric & Gas 
Company, “Advanced Metering 
Infrastructure Overview and Plan,”  
New York State Public Service 
Commission Case No. 00-E-0165, 
submitted 02/1/2007.
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Table 6.1 Operational Bene!t–Cost Ratio of Di"erent Advanced Metering Projects continued

Utility  
(State) Year Meters 

(Millions)

Average 
Cost/Meter 

Installed  
($/meter)

Operational 
Bene!ts/Meter 

Installed  
($/meter)

Operational 
Bene!ts/Cost 

Ratio

Nonoperational 
Bene!ts/Meter 

Installed  
($/meter)

Total 
Bene!ts/ 

Cost Ratio
Reference

Rochester 
Gas & Electric 
(NY)*

2007 0.67 $250 $150 0.60 — — Rochester Gas & Electric Corporation 
and New York State Electric & Gas 
Company, “Advanced Metering 
Infrastructure Overview and Plan,”  
New York State Public Service 
Commission Case No. 00-E-0165, 
submitted 02/1/2007.

Consolidated 
Edison (NY)*

2007 4.8 $149 $109 0.73 $55 1.10 Consolidated Edison Company of  
New York, Inc. and Orange and  
Rockland Utilities, Inc., ”Plan for 
Development and Deployment of 
Advanced Electric and Gas Metering 
Infrastructure by Consolidated Edison 
Company of New York, Inc. and Orange 
and Rockland Utilities, Inc.,” New York 
State Public Service Commission  
Case No. 00-E-0165, submitted 3/28/2007.

Paci#c Gas & 
Electric (CA)*

2006 9.3 $243 $218 0.90 $36 1.05 California Public Utility Commission, 
“Final Opinion Authorizing Paci#c Gas 
and Electric Company to Deploy 
Advanced Metering Infrastructure,” 
Decision 06-07-027, July 20, 2006.

*These projects include upgrades to natural gas metering systems in addition to electricity metering upgrades. The number of meters for these projects corresponds 
to both electricity and gas meters. 

existing technology and business processes related to customer metering.

Unfortunately, these are much more difficult  
to estimate with precision. Chapter 7 addresses 
these issues in detail.

Most utility regulatory filings also omit reli-

AMI can allow some utilities to respond more 
rapidly to distribution outages and reduce 

metering systems alone, AMI can enable 

where an outage has occurred and respond 

reports called in when electricity is in fact 

although malicious hacking of AMI data could 
create such alarms (see Chapter 9 for further 

In the one filing that does incorporate this 
 

of six minutes per customer, mainly attributed 
to “increased notification accuracy that AMI 

scenario, the utility estimates that the expected 
reduction in outage minutes alone would 
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program, using reasonable estimates of outage 
29 

F I N D I N G
The ratio of operational bene"ts to total 
cost for AMI projects varies widely across 
di#erent utilities. Where operational 
bene"ts are low, nonoperational bene"ts, 
such as those associated with demand 
response programs, are a signi"cant factor 
in determining whether AMI installations 
are cost-e#ective.

impacts can pose important challenges. Early 

appears critical to surmounting these concerns.

While the scientific literature does not suggest 

intense that utilities must retool AMI programs 
in response.  Citing customer concerns, the 

allow customers to opt out of smart meter 
installation or turn off the wireless transmitting 

a similar program for its territory.31 

 
the fact that smart meters measure and record 

The power usage profiles thus accumulated 
could be used to infer, for example, when a 

Institute of Standards and Technology and 

discuss the intricacies of this issue in Chapter 9. 

6.3 PILOT PROGRAMS AND DEPLOYMENT 
CHALLENGES

system technology projects. The bulk of this 
funding is being distributed through two U.S. 

 

used today.” The SGIG program aims “to 
accelerate the modernization of the nation’s 
electric transmission and distribution systems 

-

flexibility, functionality, interoperability, 
cybersecurity, situational awareness, and 
operational efficiency.”32 Each funding oppor-

 

 
 

Many award recipients are using the funding  
to accelerate distribution modernization 

sectionalizing switches already had been 

human action to one that is completely auto-

 

 
as a result.33

been installing hardware allowing remote 



138  MIT STUDY ON THE FUTURE OF THE ELECTRIC GRID

software, a dedicated communication system, 
and new hardware enabling full automation of 

and a communications network in place, 
further hardware upgrades enabling full 

34 

-
tion technology deployments and pilot projects 

and efforts to properly align regulatory incen-

Currently, detailed information on federally 
funded smart grid projects, expected benefits, 
utility characteristics, progress, and lessons 
learned is sparse and insufficient to apply to 
other similar projects. Although industry can 

ongoing distribution modernization efforts.  
Getting detailed information has been difficult, 

recipients and collect detailed information on 
expected costs and benefits for a majority of 
proposed projects.
 
The White House Office of Science and 

the future grid that emphasizes the importance 
of information sharing.35 A mechanism for 
sharing the results of publicly funded research, 

 
to one utility will benefit other utilities as well. 
Transparency to the public is important not 
only to ensure accountability but also to 
facilitate further research that may help guide 

appropriately unwilling to publicly share certain 
information due to concerns about security and 

-
tion. There fore, distribution utilities with 

may need to use direct channels for coopera-
tion and communication. Indeed, industry 

of informal and formal mechanisms for 
inter-utility collaboration exist in the U.S. 

-

Research Institute and industry trade associa-
tions including the Edison Electric Institute, the 

F I N D I N G
Information sharing among Smart 
Grid Investment Grant and Smart Grid 
Demonstration Project funding recipients 
and other utilities is essential to capture the 
value of these projects.

 
and communications technologies from 

-

Technology has undertaken work to coordinate 
standards for the future grid that will address 
these interoperability issues. We address these 
standards and other interoperability concerns 
in Chapter 9.

We noted in Chapter 1 a general decrease in 

-

with ex post
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greater risks.  Regulators in many states may 

addressed in greater depth in Chapter 8.

6.4 CONCLUSIONS AND 
RECOMMENDATION

Substantial changes to distribution system 

large part, the changes discussed in this chapter 
are a necessary response to the new challenges 

pose. Modern distribution management 
systems and other control center software are 
necessary to unlock the benefits from increased 
deployments of sensors and control hardware. 

software but offer significant benefits in return. 
To the extent that these technologies facilitate 

-

We discuss this at greater length in Chapter 8. 

or executed broad deployment of this tech-

those with existing AMR systems, operational 
benefits alone may not be sufficient to justify 
the cost of a broad AMI rollout. Quantifying 
the likely magnitude of benefits from AMI- 
enabled demand response, energy efficiency 
programs, and increased reliability will be 
critical to assessing the business case for AMI 

and cybersecurity concerns associated with this 
technology in Chapter 9. 

Technology demonstrations and pilot projects 
are an important step toward implementing 

-

inter-utility information sharing will be crucial 
to realizing the full potential of these public 

introduced websites intended to facilitate 
information sharing about these projects, and 

to ongoing projects. As these projects progress, 
these websites may yet facilitate industry 

communications and collaboration should  
also be encouraged to ensure that sufficiently 
detailed lessons learned from demonstration 

-
ment decisions. It is critical that utilities share 
details on both successes and failures.

R E CO M M E N D AT I O N 
Achieving the full potential of federal 
funding for distribution system technology 
demonstration projects will require that 
data on those projects (both successes 
and failures) are shared widely. Several 
websites, including www.smartgrid.gov 
and www.sgiclearinghouse.org, have been 
established to disseminate information 
about these projects. As results become 
available, policy makers should work to 
ensure that resources such as these are 
e#ectively used to share detailed and 
comprehensive data and lessons learned.

To assure continuation of the modernization 

than has been customary for distribution 
systems, as we discuss at length in Chapter 8.
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