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Abstract 

This report articulates nine mechanisms by which the smart grid can reduce energy use and carbon 
impacts associated with electricity generation and delivery.  The quantitative estimates of potential 
reductions in electricity sector energy and associated CO2 emissions presented are based on a survey of 
published results and simple analyses.  This report does not attempt to justify the cost effectiveness of the 
smart grid, which to date has been based primarily upon the twin pillars of cost-effective operation and 
improved reliability.  Rather, it attempts to quantify the additional energy and CO2 emission benefits 
inherent in the smart grid’s potential contribution to the nation’s goal of mitigating climate change by 
reducing the carbon footprint of the electric power system. 

The report was revised on January 25, 2009 to correct absolute values for the energy reductions in 
Table 3.2, Table 3.7, and the Table for the Direct Savings Mechanism D in Attachment 2. No revisions 
were made to the text, percentage reductions, and conclusions. 
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Summary 

This report provides an assessment of nine mechanisms by which the smart grid can reduce energy 
use and carbon impacts associated with electricity generation and delivery.  To the extent possible, the 
associated reductions in electricity and CO2 emissions were quantified to illustrate the benefits inherent in 
the smart grid’s potential contribution to the nation’s goal of mitigating climate change from reducing the 
carbon footprint of the electric power system.  Environmental impacts to air and water quality and land 
use were not considered, nor were impacts on end users that rely upon natural gas as their energy source. 

The reductions in electric utility electricity and CO2 emissions in 2030 attributable to the nine 
mechanisms by direct and indirect effect are shown in Table S.1.  The direct reductions were calculated 
for the mechanisms that affected electricity and CO2 emissions directly through implementation of the 
smart grid technologies.  Indirect reductions are derived by translating the estimated cost savings in 
energy and/or capacity into their energy and carbon equivalents through purchase of additional cost-
effective energy efficiency.  This can represent a policy decision to reinvest the savings to purchase 
additional more cost effective energy efficiency and renewable resources. 

Table S.1. Potential Reductions in Electricity and CO2 Emissions in 2030 Attributable to Smart Grid 
Technologies 

Mechanism 

Reductions in Electricity Sector 
Energy and CO2 Emissions(a) 

Direct (%) Indirect (%) 

Conservation Effect of Consumer Information and Feedback Systems 3 - 

Joint Marketing of Energy Efficiency and Demand Response Programs - 0 

Deployment of Diagnostics in Residential and Small/Medium Commercial 
Buildings 

3 - 

Measurement & Verification (M&V) for Energy Efficiency Programs 1 0.5 

Shifting Load to More Efficient Generation <0.1 - 

Support Additional Electric Vehicles and Plug-In Hybrid Electric Vehicles 3 - 

Conservation Voltage Reduction and Advanced Voltage Control 2 - 

Support Penetration of Renewable Wind and Solar Generation 
(25% renewable portfolio standard [RPS])  

<0.1 5 

Total Reduction 12 6 

(a) Assumes 100% penetration of the smart grid technologies. 

 

The estimates in Table S.1 are based on the annual electricity supplied to the U.S. grid and the 
associated CO2 emissions in 2030, as forecast by the U.S. Energy Information Agency.  They represent 
the percentage reduction in the annual U.S. electrical energy production and resulting CO2 reductions, 
based on the emissions of average U.S. generating power plant.  This allows the percentage reductions to 
be placed in context with RPSs for their electric system that have been already adopted by many states, 
typically 20% or more over a period of one or two decades. 
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The uncertainties in these estimates are relatively high, based on the range of estimates provided by 
the studies drawn upon for this report, and the judgment of the authors.  While the individual reduction 
estimates are typically judged to be uncertain in a range of 50%, and in some cases larger, the variety 
inherent in the mechanisms suggests a higher level of confidence when their combined effect is 
considered. 

The estimates assume full deployment (100% penetration) of smart grid technologies.  Since the 
reductions are expected to be linear with respect to penetration level, this assumption enables the 
estimates to be readily scaled to lower levels of assumed penetration. 

The importance of these reduction estimates is in their combined effect.  While several of the 
mechanisms are estimated to have small or negligible impacts, five of the mechanisms could potentially 
provide reductions of over 1%.  Moreover, the combined effect of the direct mechanisms is 12%, and the 
indirect mechanisms total 6% of energy and emissions for the U.S. electricity sector.  These correspond to 
5% and 2% of the U.S. total energy consumption and energy-related CO2 emissions for all sectors 
(including electricity).  The magnitude of these reductions suggests that, while a smart grid is not the 
primary mechanism for achieving aggressive national goals for energy and carbon savings, it is capable of 
providing a very substantial contribution to the goals for the electricity sector.  Further, a smart grid may 
help overcome barriers to deployment of distributed solar renewables at penetrations higher than 20%. 

Recommendations and issues specific to each of the mechanisms are provided in the report to guide 
research and implementation efforts.  Formulation of a common set of recommendations and issues is 
difficult due to the diversity and specificity of the mechanisms.  Having said this, general 
recommendations for further examination are:  

 First and foremost, all technical mechanisms need to be considered in greater analytical depth to more 
rigorously address the quantification of and uncertainties for the estimated reductions in electricity 
and CO2 emissions to help set priorities for development of smart grid technologies. 

 Customer feedback is necessary for the effective implementation and communication of energy 
efficiency and demand response management programs to maintain sustained levels of reduction.  
Central to effective feedback is to understand and reduce the uncertainty associated with consumer 
behavior and response in order to design effective feedback mechanisms. 

 Coupled with feedback, the effectiveness of customer-side programs can be increased by leveraging 
smart grid assets to provide long-term M&V and diagnostics at little additional cost for the required 
analysis capabilities.  The focus of this need is for analytic methods and software technologies, with 
decisions to locate the capability centrally or on the customer’s side of the meter. 

 Also evidenced in Table S.1, key research needs are in the areas of how smart grid technologies can 
support the 1) integration of renewable resources above the 20% RPS through a combination of 
demand response, renewable resources, and storage technologies, 2) addition of increased levels of 
electric vehicles to best utilize generating assets, and 3) management of voltage control and losses 
within the transmission and distribution system to reduce losses and increase reliability. 

A key issue that will impact the penetration of the smart grid technology, at least components of 
the technology that bear upon its functionality, is the acceptance by federal and state regulatory bodies.  
A major driver for this acceptance is the extent to which the smart grid technology proves to be a cost-
effective replacement for traditional grid infrastructure while providing equal or improved levels of power 
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quality and reliability.  This highlights the need for a quantitative method to define and monetize 
improvements in power reliability and quality that would be enabled by smart grid technologies.  In 
conjunction, is the need to involve stakeholders in adapting the business and regulatory models (planning, 
monetary, risk, incentives, etc.) from a centralized power system to a more decentralized system. 

A second issue is that to realize the estimated reductions the smart grid can deliver, offsetting 
increases in consumption are expected from servers located in every distribution substation and demand 
response/GFA devices installed in the stock of appliances.  The combined effect of the two offsets may 
increase the electric utility sector energy and emission reductions by approximately 0.1% to 0.4%.  While 
the magnitude of this increase is small and may not be considered important, it does point to the need for 
technology developers to minimize the increased loads of smart grid technologies.   
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ICT information and control technologies 
IM interval meters 
IPMVP  International Performance Measurement & Verification Protocol 
ISO Independent System Operations 
 
kW kilowatt(s) 
kWh kilowatt hour(s) 
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m meter(s) 
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MWh megawatt hour(s) 
 
NERC North American Electric Reliability Corporation 
NHTS National Household Travel Survey 
NYSERDA New York State Energy Research and Development Authority  
 
OE Office of Electricity Delivery and Energy Reliability 
ORNL Oak Ridge National Laboratory 
 
PDRE permanent demand reduction efforts 
PHEV plug-in hybrid electric vehicle 
PLRP Peak Load Reduction Program  
PNNL Pacific Northwest National Laboratory 
PRISM Princeton Scorekeeping Method 
PV photovoltaic 
 
RECAP Regional Capacity Planning 
RPS renewable portfolio standard 
RTO Regional Transmission Organization 
 
SCADA supervisory control and data acquisition 
SUV Sport Utility Vehicle 
 
T&D transmission and distribution 
TWh terawatt hour(s) 
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2.1 

2.0 Smart Grid – What it Is, What it Does,  
and Who it Benefits 

A basic perspective of this analysis is that, over the next 20 years, smart grid technology will become 
pervasive in the United States because of the cost efficiencies it provides for the electric power system, 
and that it could be leveraged to provided additional benefits of reduced energy consumption and carbon 
emissions.  Therefore, it is important to understand the kinds of assets involved in a smart grid and how 
they are functionally engaged to provide cost efficiencies.  This sets the context for why a smart grid is 
likely to be deployed and what assets it is likely to contain that can be leveraged for these additional 
environmental benefits.  The discussion in this section attempts to outline this perspective. 

Electricity has historically been generated at central station power plants and distributed to customers, 
as shown in Figure 2.1.  In 2007, an estimated 995 GW of generating capacity delivered 4.2 GWh to 
142 million customers (DOE/EIA 2009) over approximately 158,000 miles of transmission line >230 kV 
(DOE 2002).  Estimates of distribution lines are in the range of 1 million miles.  The voltage is stepped-
up from large central generating stations for transmission through 10,287 transmission stations, stepped-
down for utility distribution in 2,178 distribution substations (DOE/OE 2006), may be further stepped-
down at points along the utility distribution lines (feeders), and again at pad- and pole-mounted 
transformers to provide low-voltage service to one or a several customers. 

 

Figure 2.1. Today’s Electricity Delivery System (Source:  DOE/FEMP [2009], Electricity 101 at 
http://www.oe.energy.gov/information_center/electricity101.htm) 

 
The delivery of electricity typically utilizes a supervisory control and data acquisition system 

(SCADA) that provides monitoring and control from generation through the step-down substation to 
detect the need for an increase/reduction in generating resources, and to respond to system instabilities.  
Key limitations of SCADA systems are the following: 

 limited bandwidths and relatively slow data transmission rates that often require several seconds or 
more to respond to an alarm or system change 

 limited or no visibility in the distribution network below the substation. 

The coming evolution in the delivery of electricity is the smart grid, which is the application of 
information technology that enables more visibility and control of both the existing grid infrastructure and 
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new grid assets, such as customer demand response and distributed energy resources consisting of small 
generators and electricity storage devices.  The smart grid’s much higher fidelity control is provided 
through high-speed, two-way communication, sensing, and real-time coordination of all assets down to 
the customer meter and the end-use devices.  Thus the smart grid is not characterized by a single 
technology or a device, but instead is a vision for a distributed, internet-like system that will: 

 provide better control of existing grid infrastructure assets 

 provide additional functionality and benefits from existing assets 

 integrate new (often small, widely distributed) assets into the existing operational paradigm 

 engage these new assets to provide entirely new benefits to the grid. 

The next immediate developments in SCADA technology for utilities are to increase bandwidth and 
begin to measure and control assets below the substation level, at which time the system will begin to 
become part of a distributed control system (Boyer 2007)—and a key part of the smart grid. 

This vision is perhaps best described by a set of essential characteristics, or outcomes (see box). 

Beyond describing the smart grid as a 
vision, it is helpful to describe what the smart 
grid consists of in terms of  

 the assets that would be purchased 

 the functions for which they would be 
used, and from which benefits are derived. 

This is illustrated in the matrix in  
Figure 2.2, with a number of key assets on 
the horizontal axis and broadly defined 
categories of major functions on the vertical 
axis.  This illustration of the current and 
emerging vision for the smart grid is not 
intended to be definitive or comprehensive, 
but rather will evolve over time. 

Assets are divided into primary and 
enabling assets.  Primary assets are the smart 
grid’s “prime movers,” i.e., non-traditional 
assets that are actively controlled to effect 
change in the grid’s operating conditions. 

“The smart grid isn’t a thing but rather a vision… It must be 
more reliable...more secure...more economic…more 
efficient…more environmentally friendly…(and) It must be 
safer. A “smart grid” can be (characterized as) a 
“transactive” agent…(that) will: 

 Enable active participation by consumers…   

 Accommodate all generation and storage options... 

 Enable new products, services, and markets…   

 Provide power quality for the digital economy...  

 Optimize asset utilization and operate efficiently…   

 Anticipate and respond to system disturbances (self-
heal).   

 Operate resiliently against attack and natural disaster. 

Achieving the vision is dependent upon participant 
circumstances and involves: 

 Empowering consumers by giving them the 
information and education they need to effectively 
utilize the new options provided by the smart grid…   

 Improved reliability and “self-healing” of the 
distribution system… 

 Integration of the transmission and distribution systems 
to enable improved overall grid operations and reduced 
transmission congestion…   

 Integration of the grid intelligence acquired to 
achieving with new and existing asset management 
applications… 

 
Source: Smart Grid News, April 22, 2009. What is the smart grid?
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DR = demand response, DG = distributed generation, DS = distributed storage, DA/FA = distribution automation/feeder automation, 
EVs & PHEVs = electric vehicles/plug-in hybrid electric vehicles 

Figure 2.2. Defining the Smart Grid in Terms of Assets and Functions 

Enabling assets are the sensing, software, and information infrastructure required to coordinate the 
operation of the primary assets to respond to grid conditions.  Although more accurately portrayed as a 
separate third dimension, enabling assets are shown here on the same axis for clarity. 

Functions are grid operational strategies that use smart grid assets to derive cost, reliability, and 
efficiency or renewable energy benefits.  The intersection of an asset and a function, denoted as a 
technology area, is the set of policies, engagement strategies, incentive mechanisms, control strategies, 
software applications, and capabilities of the primary and enabling assets required to accomplish a given 
function.  The specific technology areas in Figure 2.2 illustrate the asset-function intersections and do not 
attempt to be definitive. 

2.1 Primary Assets 

The primary assets in Figure 2.2, broadly considered key to the smart grid, are: 

 Demand response (DR) – communications and controls for end-use devices and systems to reduce 
(or, in special cases, increase) their demand for electricity at certain times.   

 Distributed generation (DG) – small engine or turbine generator sets, wind turbines, and solar electric 
systems connected at the distribution level. 

 Distributed storage (DS) – batteries, flywheels, super-conducting magnetic storage, and other electric 
and thermal storage technologies connected at the distribution level. 

 Distribution/feeder automation (DA/FA) – distribution and feeder automation expand SCADA 
communications in substations and into the feeders with remotely actuated switches for reconfiguring 
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the network, advanced protective relays with dynamic and zonal control capabilities, dynamic 
capacitor bank controllers, and condition-based transformer-management systems (to name a few). 

 Transmission wide-area visualization and control – transmission control systems that rapidly sense 
and respond to disturbances. 

 Electric and plug-in electric hybrid vehicles (EVs/PHEVs) – the batteries in EVs represent both a new 
type of load that must be managed and an opportunity for them to discharge as energy storage 
resources to support the grid. 

Demand response is intentionally defined as an asset, to differentiate the investment required for 
installing its control and communications capabilities from its use to achieve one or more functions.  
Although we recognize that the term demand response is often used to represent both the asset and its use 
for the peak load management function, this is more precisely the technology area represented by the 
intersection of the demand response asset and the peak load-management function.  This distinction 
between demand response as an asset and the functions it can provide is helpful because demand 
response, like many other smart grid assets, can provide a number of other functional benefits ranging 
from ancillary services to reliability.  Along with distributed generation and storage, demand response can 
play a key role in providing the additional ancillary services and reliability required for effectively 
integrating renewables.  Additionally, as discussed in Section 3.0, there is potential for the control signals 
that support demand response to be used for conducting end-use system diagnostics and improving 
feedback to consumers to obtain energy efficiency. 

The notion of active control in response to grid conditions is foundational to the notion of a smart 
grid.  Most energy efficiency investments are passive in that they require no control at all (better 
insulation or air conditioner efficiency, for example).  Some forms of active energy efficiency are 
controls-based (e.g., thermostat setbacks, clothes dryer humidity controls) but are not designed to be 
responsive to grid conditions.  Hence, energy efficiency investments, while critical to obtaining efficiency 
and carbon savings, are not smart grid assets in this framework.  However, this report does consider 
obtaining efficiency benefits as a functional objective for the use of smart grid assets. 

Similarly, renewables themselves are not generally envisioned as a controllable smart grid asset.1  
The carbon-free energy they supply is critical to achieving the nation’s carbon-management goals, 
however.  One of the functions of a smart grid is the ability to manage the assets under its control to help 
integrate renewables, such as mitigating the need for additional costly ancillary services to manage their 
intermittency, and reducing costs for improved voltage control schemes and short-circuit protection. 

                                                      
1 However, the power factor of the output from the inverters for renewable generators could be managed to meet the 
reactive power needs of the grid. 
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2.2 Enabling Assets 

Investments in a number of enabling assets are also necessary to support the use of the primary assets 
for smart grid applications, hence the function of a smart grid.  Among these cross-cutting technologies 
are: 

 wide-area communications networks, servers, gateways, etc. 

 smart meters–beyond what many consider as basic advanced metering infrastructure (AMI) 
technology, a more fully smart meter could also 

– support shorter metering intervals approaching 5 minutes or less to support provision of ancillary 
services and distribution capacity management (rather than the hourly interval generally 
considered adequate for peak load management at the bulk power systems level) 

– full two-way communications including to a home-area network to communicate to smart 
thermostats and appliances 

– instantaneously read voltage, current, and power factor to support distribution state estimation 
and optimized system volt-VAR control 

– offer remote connect/disconnect functionality for reliability and customer service applications 

 local-area home, commercial building, and industrial energy management and control systems 
(EMCS) and networks 

 consumer information interfaces and decision support tools 

 utility back-office systems, including billing systems. 

Other key technical ingredients of the smart grid that are similarly cross-cutting, but are typically 
embedded in assets are:  

 cyber-security technologies for secure communications for all levels of operation 

 an interoperability framework, and associated standards and protocols that focus on 
communications between the various SCADA control domains inherent in the smart grid:  
including the Independent System Operator/Regional Transmission Organization utility, 
customer, and aggregator. 

2.3 Functions:  Operational Objectives 

Functions are the benefits or applications to which smart grid assets are engaged to improve cost 
effectiveness, reliability, and energy efficiency of the power system.  These can be summarized in broad 
categories corresponding to the benefits derived: 

 managing peak load capacity for generation, transmission, and distribution 

 reducing costs for wholesale operations 

 providing enhanced reliability/adequate reliability at less cost 

 providing ancillary services 
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