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Introduction  
The electricity system in the United States has evolved constantly for more than a century. The 
system began as a patchwork of small, independent systems and is now a highly complex, 
interconnected system serving 150 million customers. The system consists of approximately 
200,000 miles of high-voltage lines and has an average reliability between 99.9% and 99.99% 
(APPA 2015; Gellings, Samotyj, and Howe 2004; EEI 2016). 

In many countries, current regulations reflect a vertical model, which was replaced in much of 
the United States during the wave of electricity sector restructuring of the 1990s and early 2000s 
that introduced competitive markets. The purpose of this report is to describe the regulations that 
the federal government and the states have implemented to safeguard the quality, reliability, and 
economic efficiency of the power supply in the restructured markets of the United States. The 
emphasis of the report is on wholesale electricity markets, including enabling regulation and the 
motivations that lead to wholesale electricity market implementation. The information in this 
report could help inform regulators and stakeholders in international markets looking at 
restructuring their electricity sectors. 

The first section of the report reviews the entities and infrastructure that comprise the U.S. 
electric system today. The second section describes the vertical integration regulatory paradigm 
in the electric utility industry and the motivations that lead regulators to introduce competition 
(as they are documented). The third section shows the basic underpinnings of electricity markets 
in the United States and describes the different products traded in those markets. The fourth and 
final section describes resources that have relatively short histories—demand response (DR) and 
variable energy resources—and their integration in existing wholesale markets. Finally, the 
Appendices contain three stand-alone fact sheets that illustrate how Midcontinent Independent 
System Operator (MISO), PJM, and Public Service Company of Colorado (a vertically integrated 
utility) have implemented some of the concepts presented in this report.  
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1 The U.S. Electric System Today 
The electric system that serves the United States is divided into three interconnections, which 
also cover parts of Canada and Mexico. The interconnections servicing the contiguous United 
States are the Western Interconnection, the Eastern Interconnection and the Electric Reliability 
Council of Texas (ERCOT) Interconnection (Figure 1). While all the power generation plants 
within each interconnection are synchronized and electrically interconnected, the three 
interconnections are not synchronized, and alternating current (AC) power must be converted to 
direct current (DC) power to be transferred between interconnections. Therefore, there is little 
electricity flow or system coordination between the interconnections, and electricity markets do 
not cross the boundaries. The operating frequency for all interconnections in North America is 
60 Hertz (Hz).  

 
Figure 1. Interconnections in the North American power grid  

Source: NERC (2016a) 

1.1 Bulk System Reliability and Regulation 
The North American Electric Reliability Corporation (NERC) is a nonprofit organization 
working to ensure the reliability of the North American bulk power system. NERC develops and 
enforces reliability standards, assesses the system’s reliability, and trains the electric system 
professionals. Eight regional entities (Figure 2) under NERC monitor and enforce compliance 
with NERC’s reliability standards within their respective territories. All bulk power system 
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owners, operators, and users in the United States are required by law to comply with NERC’s 
reliability standards (NERC 2016a). 

 

Figure 2. NERC Regional entities  

Source: NERC (2016a) 

Electricity supply and demand within each interconnection are balanced within smaller 
geographical areas called control areas, or balancing authorities (BAs). BAs are responsible for 
balancing generation to load on real-time, according to standards developed by NERC and the 
Federal Energy Regulatory Commission (FERC) (McLellan and Opatrny 2011). BAs work under 
the oversight of 12 wide-area Reliability Coordinators (NERC 2016b). 107 unique BAs operate 
in NERC’s territory as of August 2014 (NERC 2014). In some areas, balancing is the 
responsibility of an independent system operator (ISO), which operates the system and markets 
under rules specified by state regulatory authorities under FERC. 

FERC is an independent federal agency that regulates the interstate transmission and wholesale 
sale of electricity. FERC reviews and approves interstate transmission reliability standards 
developed by NERC. FERC also monitors wholesale energy markets to ensure their 
competitiveness, fairness, and efficiency and to detect market manipulation and rule violations. 
FERC’s additional activities include reviewing corporate activities of public utilities (e.g., 
mergers, acquisitions, and issuances of securities) and licensing hydropower projects (FERC 
2016a). 

Independent system operators and regional transmission organizations (ISOs/RTOs) are 
organizations established to provide non-discriminatory access to the electric grid. Their 
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essential functions include power system planning, regional electric grid operation and 
monitoring, and wholesale market administration (ISO-NE 2016a). FERC requires that 
ISOs/RTOs operate and make decisions independently of market participants. As illustrated by 
Figure 3, seven ISOs/RTOs are operating in the United States as of May 2016.  See Section 2 for 
more information about ISOs/RTOs. 

 
Note: Regions outside of the nine ISO/RTO areas, consisting of balancing authorities and utilities, do not fall under the 
jurisdiction of ISOs/RTOs. 

Figure 3. ISOs/RTO regions in North America 

Source: ISORTO.org 

1.2 Electric Utilities 
U.S. electric utilities can be grouped into five categories based on ownership structure. Publicly 
owned utilities, also known as municipal utilities, are owned by the local community and 
operated by local governments (e.g., cities and towns). These utilities own the generation, 
transmission, and distribution in their service territories. Electric cooperatives, which typically 
operate in rural areas, are owned and controlled by their members. Distribution cooperatives can 
buy power from generation and transmission cooperatives or procure from other utilities or from 
the market. Investor-owned utilities (IOUs) are private companies owned by investors holding 
their stock. Four federal power agencies, known as Power Marketing Administrations,1 operate 
electric systems within their territories. They sell electricity generated by federally owned 
facilities, which are primarily hydroelectric, at the wholesale level. Federal power agencies 
generally do not own generation assets2 and do not distribute power to customers (EIA 2013a). 

                                                 
1 The four Power Marketing Administrations are: the Bonneville Power Administration, the Western Area Power 
Administration, the Southeastern Power Administration, and the Southwestern Power Administration.  
2 Generation assets operated by federal power agencies mostly belong to federal agencies (e.g., Army Corps of 
Engineers, Bureau of Reclamation, Bureau of Indian Affairs, and International Boundary and Water Commission). 
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In competitive markets, power marketers buy electricity and sell it for a profit. These entities 
typically do not own generation or transmission assets (EIA 2016). Power marketers and IOUs 
operate for a profit, whereas cooperatives, public utilities, and federal power agencies are 
nonprofit entities.  

State public utility commissions (PUCs) regulate retail sales, prices, and service of electricity. 
PUCs oversee public utilities to ensure they provide a safe and reliable service at just and 
reasonable rates for consumers. PUCs typically regulate IOUs and most PUCs have limited 
authority over publicly owned utilities and cooperatives (EPA 2010). Local governments or 
elected utility boards govern municipal utilities and electric cooperatives in most states (RAP 
2011). 

In 2013, the United States had 3,292 operating utilities.3 Publicly owned utilities represented 
60.9% of the total number of utilities in the United States, cooperatives 26.5%, power marketers 
6.4%, IOUs 5.8%, and federal power agencies 0.3%. In terms of electricity retail sales in 
megawatt-hours (MWh), IOUs accounted for 53.3% of total sales, power marketers 19.1%, 
publicly owned utilities 15.4%, cooperatives 10.9%, and federal agencies 1.2% (APPA 2014), as 
shown in Figure 4. 

 
Figure 4. Share of total number of utilities and retail sales by category 

Data source: APPA (2014) 

1.3 Power Mix 
Of the total electricity generated in 2015 in the United States, coal-fired generation represented 
33%, natural gas 33%, and nuclear 19%. Renewable energy accounted for 13% of total 
generation, with hydroelectric plants producing roughly one-half of that percentage. Wind power 

                                                 
3 Utilities operating in more than one jurisdiction are counted once per subsidiary.  
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represented the majority of non-hydro renewable generation in 2015 with 5% of total generation, 
biomass 1.6%, geothermal 0.4%, and utility-scale solar 0.6% (EIA 2016). 

 
Figure 5. Electricity mix by fuel in the United States 

Data source: EIA (2016) 
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2 Background on Power Sector Regulation 
In the United States, the generation, transmission, distribution, and sale of electricity are 
regulated by government entities at the local, state, and federal levels. FERC generally regulates 
interstate transmission and wholesale power sales at the federal level,4 while states regulate retail 
sales and the operation of distribution networks. Depending on state law, local governments may 
regulate siting and other zoning and land use issues for transmission and generation facilities. In 
most cases, the state has preemptive authority over local governments (RAP 2011; EEI 2013).  

Figure 6 presents a timeline of important events in the power sector from 1950 to 2014, 
including FERC orders and federal legislation. In addition, it displays capacity additions by fuel 
type and year to illustrate the evolution of the power mix in the United States during this period. 
The rest of this section describes each policy and event in detail.  

 
Figure 6. Timeline of annual capacity additions in the United States by fuel and important events 

Data source: SNL (2016) 

PURPA = Public Utilities Regulatory Policies Act 
EPAct = Energy Policy Act 

2.1 Electric Utilities as Natural Monopolies 
Competition in certain economic activities, such as supply of water and electricity, may translate 
into higher costs due to the duplication of infrastructure. In such cases, a natural monopoly may 
service the market more efficiently (Ran Kim and Horn 1999). Power generation, transmission, 
                                                 
4 ERCOT regulates its own wholesale market because the entire interconnection lies within Texas.  
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and distribution have large fixed costs and low marginal costs; having two or more electricity 
providers in the same service area could multiply the cost. Thus, electric utilities were operated 
and regulated at the state level as natural monopolies throughout the United States for most of 
the 20th century. Markets in which utilities are treated as natural monopolies can be referred to as 
traditionally regulated markets.  

In traditionally regulated markets, a single electric utility serves all the customers within a 
designated area, referred to as its service territory. Utilities in these markets are typically 
vertically integrated. Vertically integrated utilities manage all—and may own most—of the 
segments of the electricity value chain within their service territory, including generation, 
transmission, and distribution assets (Posner 2015). State governments regulate these vertically 
integrated utilities to balance their monopolistic market power with the public interest. State 
regulators review utilities’ reliability, safety, and environmental standards, evaluate utilities’ 
plans to meet future demand, and ensure that customers have access to service under reasonable 
rates (RAP 2011; Warwick 2002).  

2.2 Origins of Competition in the Electricity Sector  
In 1978, Congress enacted the Public Utilities Regulatory Policies Act (PURPA), requiring 
utilities to purchase power from small power plants, including renewable energy and 
cogeneration, at avoided cost rates. PURPA opened the monopolistic electricity market to 
independent power producers (IPPs) and spurred contracts between IPPs and vertically 
integrated utilities in states such as California, Texas, New York, and Massachusetts (Joskow 
1997; Elefant 2011; FERC 2012).  

After the enactment of PURPA, a few states set up competitive bidding mechanisms to meet 
additional energy needs and to select the most economic generation (Kahn et al. 1989). The 
Energy Policy Act, first passed in 1992, gave FERC authority to grant transmission access on 
request. The combination of PURPA, competitive bidding mechanisms, and the Energy Policy 
Act of 1992 expanded the market for IPPs (Joskow 1997).  

In 1996, FERC issued Orders 888 and 889, which required utilities to publish separate rates for 
electrical services (i.e., unbundling wholesale generation, transmission, and ancillary services) 
and instructed owners of transmission systems to offer power producers open, nondiscriminatory 
access to their transmission system (Lamoureux 2001). Thus, Order 888 suggested the formation 
of ISOs—that is, independent organizations that have operational control and offer open 
transmission access. 

In 1999, FERC found that there were still significant barriers to ensuring that the United States 
had an abundant and supply of electricity at the “lowest price possible for reliable service.”5 This 
prompted FERC to initiate a rulemaking process to address (1) the perceived lack of equitable 
access to transmission infrastructure, and (2) economic and engineering inefficiencies in the 
operation of the grid (Merrill 2000). The process culminated in the issuance of Order 2000, 
which established the concept of the regional transmission organization (RTO) and outlined its 
functions and characteristics. Additionally, the order encouraged transmission owners to 
participate in RTOs. ISOs and RTOs have similar responsibilities, which include facilitating 
                                                 
5 FERC Docket No. RM99-2-000; Order No. 2000 
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nondiscriminatory access to transmission infrastructure and coordinating, controlling and 
monitoring the use of the transmission grid in their respective territories (see Section 1.1).  

Through Order 2000, FERC encouraged the formation of RTOs across most of the country; 
however, some utilities and state regulators chose not to join RTOs in order to maintain control 
over system operations (Warwick 2002). ISOs and RTOs currently serve about two-thirds of 
electricity consumers in the United States, with traditional BAs serving the remainder (NYISO 
2016).  

FERC Order 890 was issued in 2007 to require openness, transparency, coordination, and 
impartiality in transmission planning processes. FERC Order 1000, issued in 2011 with the goal 
of increasing collaboration in the planning and construction of regional and inter-regional 
transmission, encourages equitable and economical cost allocations for new transmission lines 
(PJM 2016b; Enerdynamics 2012). 

2.2.1 States’ Role in Forming Competitive Markets 
In the early 1990s, some states started to restructure their electric markets in support of federal 
efforts to promote competition in the electricity generation segment. Several states impelled 
utilities within their jurisdiction to divest their generation assets through legislative mandates or 
by conditioning regulatory approvals (Kwoka, Pollitt, and Sergici 2010). As a result, 20% of all 
generation capacity in the United States was sold or transferred ownership between 1998 and 
2001 (Bushnell and Wolfram 2005). 

A number of factors motivated some states to consider electricity market restructuring. In the 
1970s, the high cost of imported fuels caused customer rates to increase. Utilities responded by 
building power plants that used domestic, lower-cost fuels (Figure 7). Exacerbated by sagging 
demand during this period, overbuilding of capacity and the concomitant capital costs triggered 
further rate increases (Warwick 2002).  

 
Figure 7. Total capacity additions between 1970 and 1979 by fuel type 

Source: SNL (2016) 

Some large industrial customers and other ratepayers perceived utility mismanagement and lax 
regulatory oversight as the main causes for rate increases. One motivation for the transition to a 
competitive electricity sector was to shift the costs of capacity overbuilding, construction cost 
overruns, and other contributing factors of rate hikes from consumers to suppliers (Mossavar-
Rahmani 2003). Moreover, because the rates of return for utilities, as set by regulators, are 
proportional to investments added to the rate base, utilities could be incentivized to overinvest in 
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infrastructure, particularly when the rate of return is set high (Boonin 2008). Prevention of utility 
overinvestment served as another motivation for implementing competitive models (RAP 2011).  

Deregulation of the natural gas industry also increased the impetus for electricity deregulation. 
The decline in real wholesale and retail natural gas prices in the late 1980s and early 1990s was 
attributed to the deregulation and introduction of competition in the natural gas industry (Figure 
8) (Jess 1997; Juris 1998). In the mid-1990s, states began to look at competition as a way of 
increasing the electric power industry’s efficiency and lowering electricity rates. By April 2001, 
24 states had passed legislation related to electricity market restructuring (Wolfram 2003). 

 
Figure 8. Nominal and real wellhead natural gas prices, U.S. average 1982–1996 

Source: EIA (2015) 

Between the summers of 2000 and 2001, just a few years after enacting its deregulation law, 
California experienced a severe electricity crisis that sent wholesale prices from an average of 
$30 per MWh to over $150 per MWh (Cicchetti, Dubin, and Long 2004). In 2003, the Northeast 
region of the United States (and parts of Canada) experienced a blackout that affected 50 million 
customers. The perception that both incidents were linked to deregulation dampened the 
deregulation movement across the country and caused some states to suspend their efforts 
(Griffin and Puller 2005; Johnson 2006).  

As of July 2015, 14 states have broad-based customer access to competitive retail markets 
(Figure 9). Access to competitive retail markets in Arizona, California, Michigan, Montana, and 
Oregon is mostly limited to commercial and industrial customers (O’Connor and O’Connell-
Diaz 2015). 
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Figure 9. Retail electricity market by state 

Source: O’Connor and O’Connell-Diaz (2015) 
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3 Competitive Markets  
3.1 Wholesale Energy Markets 
A transparent wholesale spot market6 coordinated by an independent entity forms the foundation 
of competitive electricity markets in the United States. The goal of wholesale electricity markets 
is to produce a least-cost economic dispatch of generation resources that meets demand and 
ensures system reliability. Energy prices are determined by the balance between supply and 
demand based on bids and offers submitted by market participants (Hogan 1998). 

3.1.1 Unit Commitment and Economic Dispatch 
In competitive markets, generators submit offers to the system operator based on the incremental 
cost to produce energy and the amount of power they want to sell. Arranging all the supply offers 
in ascending order of marginal cost renders a supply curve, also known as generation stack or 
dispatch curve (Figure 10). In a hypothetical scenario, lower-cost units would be dispatched first 
and dispatched generators would be paid at a rate that reflects the cost to serve the next 
increment of load (i.e., the marginal price). In reality, several factors, such as transmission 
constraints and each generator’s characteristics, lead to deviations from marginal cost-based 
dispatch curves (Posner 2015; EIA 2012; Lelic 2016a). 

Figure 10 shows a hypothetical generation stack. In this case, a demand of 36 GW produces a 
marginal cost of $65.65 per MWh. When the demand increases to 42 GW, the marginal price 
increases to $103.44 per MWh. 

 
Figure 10. Hypothetical generation stack 

Unit commitment is a process used by system operators to select generation units to meet 
demand reliably. Unit commitment takes into account each resource’s characteristics, such as 
ramp rates, minimum run time, and minimum notification time. Large numbers of generators 
participate in each energy market in the United States. This means that balancing electricity 
demand and supply can be accomplished in more than one way at any given time. The objective 
of economic dispatch is to meet electricity demand at the lowest cost. Generally, operators use 
both unit commitment and economic dispatch to commit and dispatch generation to balance 
supply and demand (Lelic 2016b). 

                                                 
6 In spot markets, the contracts under which commodities are sold are effective immediately and delivery is 
scheduled in the short-term. 
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3.1.2 Locational Marginal Pricing and Power Delivery Schedules 
ISOs/RTOs within the United States use locational marginal pricing (LMP) to price energy 
transactions at each network node. LMP includes the marginal cost of energy plus the cost of 
transmission congestion and losses. ISOs/RTOs use LMPs as a market-based mechanism to price 
the efficient use of transmission infrastructure in cases where congestion prevents the least-cost 
dispatch from reaching the nodes where power is needed (Ea Energy Analyses and Hagman 
Energy 2012). Security-constrained unit commitment and security-constrained economic 
dispatch are unit commitment and economic dispatch algorithms used to calculate LMPs while 
taking generation and transmission limitations into account (CAISO 2009; DOE 2007).  

  
Figure 11. ERCOT’s contour map showing LMPs at different nodes in ERCOT on May 11, 2015 

Source: ERCOT (2016) 

ISOs/RTOs in the United States run day-ahead and real-time markets. These two terms refer to 
the time at which the buy-and-sell transaction is made relative to the delivery of energy. Most of 
the energy volume is traded in day-ahead markets, where market participants submit bids and 
offers for electric energy delivered on the next day. In real-time markets, the volume of energy 
traded is the difference between energy commitments cleared in day-ahead markets and the 
energy actually needed in the system to meet demand. Real time prices are based on actual 
operating conditions and costs (Hausman et al. 2006). In real-time markets, LMPs are calculated 
in 5-minute intervals7 or more frequently if the network is experiencing extraordinary conditions 
(Price, n.d.). In day-ahead markets, the commitment and dispatch interval is typically one hour. 

                                                 
7 Market operators set dispatch intervals. Most U.S. markets have adopted five-minute intervals (Cochran et al. 
2013). 
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Day-ahead markets and other longer-term procurement options help participants hedge against 
the volatility of real-time markets (Turner 2016; Hausman et al. 2006). Longer-term price 
certainty helps generation plant developers secure long-term financing (Hogan 1993).  

3.2 Ancillary Service Compensation 
Competitive markets have financial compensation mechanisms to encourage participants to offer 
non-energy products and services that contribute to the safe and efficient operation of the grid. 
Ancillary services are those services necessary to support the reliability of the transmission 
system, such as frequency regulation and black-start capabilities. The compensation for these 
services can be cost- or market-based. Prices paid to ancillary service suppliers reflect the 
marginal cost to provide services, which may include the cost of not selling energy in order to 
provide—or being available to provide—ancillary services (i.e., opportunity cost). Additional 
costs for ancillary service providers may come from less-efficient plant operation and increased 
equipment wear and tear maintenance (Kirby 2004). 

FERC Definition of Ancillary Services 

FERC defines ancillary services as: “those services necessary to support the 
transmission of electric power from seller to purchaser, given the obligations of control 
areas and transmitting utilities within those control areas, to maintain reliable operations 
of the interconnected transmission system. Ancillary services supplied with generation 
include load following, reactive power-voltage regulation, system protective services, loss 
compensation services, system control, load dispatch services, and energy imbalance 
services” (FERC 2016b.) 

 
3.2.1 Market-Based Services: Regulating and Contingency Reserves 
Regulating reserves are energy generation resources that can automatically change their output 
to compensate for short-term changes in load and keep the system frequency within pre-
established parameters (as close to 60 Hz as technically possible in the case of the United States). 
Participants are paid to make their dispatchable generation available to ramp up or down as 
needed. Load-following resources work in a similar way, but at much slower ramp rates and 
higher output capacity swings. Both regulating and load following resources are used during the 
normal operation of the grid (Kirby 2007).  

Contingency reserves are able to provide backup generation during unexpected events such as 
extreme weather and higher-than-average generator outages. Their response time is less than 10 
minutes after notification. Spinning contingency reserves are capable of almost immediate 
response, but they consume fuel on standby mode. Supplemental contingency reserves offer a 
slower response of 30 to 60 minutes (Kirby 2007), but they do not consume fuel when they are 
not contributing electricity to the system. Replacement reserves, used to restore contingency 
reserves to their pre-contingency status, have a response time of up to 30 minutes after 
notification (Kirby 2004). Ramping reserve is the available capacity used to support active 
power balance during infrequent events of longer duration, such as during load or net load 
ramping events or errors in variable generation (VG) and load forecasting. Ramping reserve is a 
relatively new service currently under consideration by the California Independent System 
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Operator (CAISO) and MISO (Ela et al. 2014; CAISO 2016; MISO 2016). Insufficient ramping 
capabilities may lead to the need for higher-cost peaking power generating units, which can 
cause electricity prices to increase (Ela et al. 2011).  

Regulating and contingency reserves may be procured in day-ahead and real-time ancillary 
service markets administered by the system operator.  

 
Figure 12. Illustration of reserve types 

Adapted from Ela et al. (2011) 

3.2.2 Cost-Based Services: Voltage Support and Black Start Capability 
Cost-based services do not participate in bid-based markets. Typically, the need for these 
services depends on location.  

Voltage support services entail the injection or absorption of reactive power from the grid to 
maintain transmission voltages and power factors within established limits. Service providers are 
paid according to a tariff calculated by the system operator. Transmission customers pay for 
voltage support through a tariff proportional to their monthly peak usage. Providers of voltage 
support services include generators and transmission owners. Under certain conditions, 
generators may need to curtail their real power output to provide reactive power, in which case 
they would receive compensation for lost revenues (Craan 2009). 

Black start is the capability of certain types of generation units to start operation without the 
need of an alternative source of electric power. This type of unit is needed to restore power in the 
event of a complete system shutdown. Black start capability is a cost-based service. Providers 
submit their revenue requirements to the system operator based on operation and maintenance 
costs. 

3.3 Financial Transmission Rights 
As discussed in Section 3.1.2, LMPs include the cost of transmission congestion. The actual cost 
of congestion is uncertain and is unknown until the day-ahead market clears. Financial 
transmission rights (FTR)8 allow the holder to pay ahead for transmission congestion costs, 
guaranteeing the price paid for the transmission congestion component of LMPs. FTRs can result 
in revenue if clearing prices are higher than the FTR, or FTRs can result in a charge when 
                                                 
8 FTRs have different names depending on ISO/RTO, including Congestion Revenue Rights (CAISO and ERCOT), 
Transmission Congestion Contracts (NYISO) and FTR (ISO-NE, PJM, and MISO). 
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clearing prices are lower. FTRs can help holders hedge against congestion costs. Market 
participants can also use FTRs to profit through arbitrage (ISO-NE 2016b). 

3.4 Capacity Markets 
Capacity markets have been established in different ISOs/RTOs in the United States since the 
1990s. They aim to ensure network reliability by assisting in maintaining pre-established levels 
of planning reserve margins. Capacity markets are generally structured to provide a minimum 
level of revenue for a specified period of time (e.g., three years) for generators, which reduces 
operating and investment risks (Spees et al. 2013). 

Revenue insufficiency, due to price volatility, caps on market prices, and other regulatory limits 
to market operations, could spur early power plant closures and discourage investments in new 
generation capacity (European Commission 2012). As a result, capacity may not keep pace with 
demand growth and the reliability of the grid could be compromised. Capacity payments aim to 
supplement generators’ energy and ancillary services revenue streams and provide investors with 
more predictability (Caplan and McCullar 2013). Capacity payments are cleared in public 
auctions where load-serving entities (LSEs) seek to contract generation capacity—in addition to 
the capacity LSEs own or have contracted—in order to reach adequacy requirements. 
ISOs/RTOs coordinate and oversee capacity auctions and enforce a prescribed set of rules to 
determine capacity prices (Griffith 2008; FERC 2012). 

Data from a study by Pfeifenberger and Spees (2013), covering more than ten years of capacity 
market experience in the United States, show that the capacity markets can guarantee a preset 
level of resource adequacy if the capacity payment is set appropriately. A few characteristics of 
successful capacity markets include well-defined resource adequacy goals, clear understanding 
of why an energy-only market is not achieving its resource adequacy goals, capacity products 
designed to address specific energy-only market shortcomings, and participation from all 
resource types, including DR (Pfeifenberger and Spees 2013). 

Not all energy-only markets experience revenue inadequacy and capacity markets are not the 
only way to ensure network reliability in the face of revenue adequacy (Spees et al. 2013). In the 
United States, ERCOT does not have a capacity market. Alternatives to capacity markets include 
strategic reserves that are only used in case of resource inadequacy, operating reserve demand 
curves, emergency-only DR resources, high or no maximum price caps, and other mechanisms 
for administrative emergency intervention (Spees, et al. 2013; European Commission 2012). 
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4 Nonconventional Resources Integration 
With the rapid growth of renewable, energy efficiency, distributed generation, and other 
nonconventional energy resources, market mechanisms (e.g., DR) and tools (e.g., renewable 
energy forecasting), have been implemented by various system operators in the United States.  

4.1 Demand Response 
DR uses tariffs or programs to encourage short-term changes in electricity use by end consumers. 
Incentive-based demand response programs pay participating customers to reduce their load 
during shortage events or when the cost of generating electricity is higher. Load reduction on the 
customer side can be achieved through automatic controls or through pricing mechanisms that 
vary according to the time of day, the season, or grid conditions (DOE 2006).  

DR can provide economic benefits by displacing the most expensive resources in competitive 
markets; that is, resources in the far-right side of the generation stack (see Figure 10). In 2013, 
the potential peak reduction in ISOs/RTO areas from demand response program was 29 GW 
(FERC 2014). DR can also provide reliability, ancillary, and energy services cost-effectively; 
provide emergency resources to avoid outages; and increase system reliability, flexibility and 
market efficiency (Hurley et al. 2013).  

4.1.1 Demand Response in Energy Markets 
Reducing load during times of high demand can avoid the need for the most expensive 
generation resources. Typically, DR providers submit offers to curtail load in day-ahead and 
real-time energy markets (PJM 2016a). The payment that providers receive can be the market 
clearing price or a fraction of it. In 2011, FERC issued Order 745, establishing guidelines for the 
participation of DR in energy markets and called for ISOs/RTOs to pay DR resources the full 
market price of energy (Hurley et al. 2013). Order 745 was challenged in court under the 
argument that DR is a retail transaction and therefore outside the jurisdiction of FERC. However, 
the Supreme Court recently upheld Order 745, reaffirming FERC’s jurisdiction to regulate the 
demand side of wholesale markets (Dyson and Kelly 2016).  

4.1.2 Demand Response in Capacity Markets 
In capacity markets, DR is used to ensure resource adequacy. Currently, DR participation in 
certain markets represents a significant portion of available capacity. In PJM, for example, DR 
accounts for almost 10% of total available system capacity (Paulos 2014). Experience shows that 
DR can deliver resource adequacy cost-effectively. Payments to PJM capacity market 
participants were $11.8 billion lower than what they would have been if no DR resources had 
been offered into the auction, according PJM’s independent monitor (Monitoring Analytics 
2010). 

4.2 Renewable Energy 
Renewable energy has unique characteristics that challenge the traditional operation of the 
electric grid and electricity markets. The characteristics that differentiate VG from conventional 
sources of electricity include: 
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• VG increases net load9 variability  

• VG has near-zero variable operation costs 

• VG has a limited capacity value relative to its rated capacity (Ela et al. 2014). 

The variable nature of wind and solar generation requires a higher amount of flexibility to 
maintain safe levels of short-term grid reliability. Operating conventional resources on a more 
flexible schedule could increase their operation costs. At moderate to high levels of VG, wind 
and solar variability may also require more operating reserves, which could result in higher 
clearing prices in reserve markets.  

VG’s low variable operation costs enable them to bid at zero or negative prices,10 reducing the 
clearing price paid to all energy markets participants. Additionally, VG variability can increase 
LMP volatility. This can lead to revenue uncertainty and insufficiency for conventional 
resources. Given the limited capacity value of wind and solar, revenue insufficiency (or 
uncertainty) for conventional resources could negatively affect the long-term reliability of the 
system (Ela et al. 2014). 

The operational and institutional changes described in this section can help cost-effectively 
mitigate the challenges of variable renewable energy integration. 

4.2.1 Resource and Operation Flexibility 
System flexibility allows for the integration of higher levels of renewable energy integration. 
Adding flexible sources of generation or cycling existing plants more frequently increases the 
flexibility of the system. Cycling conventional resources, such as fossil-fuel thermal plants, 
increases wear and tear and can decrease their efficiency, which in turn increase operational 
costs. However, the operational cost increase is not very significant and in one recent study 
represented 2% of the savings in fuel costs (Lew et al. 2013).  

Other sources of system flexibility include fast, automated DR resources and storage systems 
with high ramping rates such as flywheels, compressed-air energy storage, and pumped hydro. 

Hourly dispatch may constrain operators’ ability to manage variability. In contrast, sub-hourly 
resource scheduling and dispatch allow system operators to use the flexibility of existing 
resources to manage variability. Systems that use five-minute scheduling intervals serve most of 
the load in the United States (DOE 2011). 

4.2.2 Transmission and Geographic Diversity 
Additional transmission infrastructure can enable VG integration from diverse geographical 
locations, interconnect renewable energy generators in remote locations, and deliver ancillary 
services needed to equalize supply and demand (NERC 2009). 

Geographic diversity in the location of variable resources helps smooth the variability of wind 
and solar resources. Figure 13 shows the effect of aggregating the output of a large number of 

                                                 
9 Net load is defined as total load minus variable generation.  
10 Negative prices are the result of VG’s near-zero variable costs coupled with incentives such as the federal 
production tax credit. 
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PV plants in Southern California. The blue line shows a pattern that matches day-ahead forecasts 
more closely (Lew and Brinkman 2013).  

 
Figure 13. Aggregation of solar PV plants in Southern California 

Source: Lew and Brinkman (2013) 

Larger balancing areas increase the flexibility of the system because their larger geographic 
footprint includes a more diverse set of power generation sources (DOE 2011). 

Different rules and designs for adjoining wholesale electricity markets can create inefficiencies 
at the interfaces, or seams, between two adjoining RTO/ISOs. Increasing coordination between 
neighboring markets helps address inefficiencies at the seams and can improve the economic 
value of capacity and energy transfers between markets (Garg 2015). For example, MISO 
coordinates with adjoining markets, such as PJM and the Southwest Power Pool, as well as other 
neighboring entities to put in place agreements and procedures to manage congestion at the 
seams. Multi-stakeholder working groups meet regularly to discuss joint operation agreements 
(MISO 2015). 

Energy imbalance markets (EIMs) are voluntary real-time markets that aggregate the load and 
generation of several balancing areas or utility territories with the purpose of increasing system 
flexibility, geographic diversity and economic efficiency. CAISO and PacifiCorp, one of the 
largest utilities in the western United States, started an EIM in 2014 under CAISO’s 
coordination. This EIM is designed to trade energy only in real-time; day-ahead trading and 
ancillary services are not included in the design (Hinman 2014). EIM participants waive normal 
transmission fees for power transfers. NV Energy in Nevada, Puget Sound Energy in 
Washington, and Arizona Public Service joined the EIM in 2016 (CAISO 2016b).  

4.2.3 Forecasting 
Wind and solar forecasting can help reduce the costs of integrating VG to the electric system. 
System operators can use VG forecasts to more efficiently commit or de-commit dispatchable 
generators to balance load and supply (Bird, Milligan, and Lew 2013). Shorter forecast horizons, 
combined with increased dispatch frequency, help operators reduce the amount of operating 
reserves at a given time (Figure 14). CAISO was the first operator to implement centralized wind 
forecasting in 2004. In a 2014 survey of system operators in the Western Interconnection, nearly 
all system operators reported using wind forecasts for day-ahead unit commitment (NREL 2015). 
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Figure 14. Effects of forecast lead time and dispatch schedule on reserve requirements 

Source: King et al. (2011) 

Advances in forecasting techniques, models, and computational capabilities have increased VG 
forecasting accuracy. Wind forecast errors range from 3% to 6% of rated capacity one hour 
ahead and 6% to 8% a day ahead. Compared to wind forecasting, solar forecasting is at an earlier 
developmental stage (NREL 2015). Forecast systems generally follow the same steps: prediction 
of wind or solar patterns based on weather forecasts and on-site observations, simulation of 
power generation, and regional power forecast (GIZ 2015). 
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5 Summary 
The electricity system in the United States is a complex mechanism where different technologies, 
jurisdictions, and regulatory designs interact. Today, two major models for electricity 
commercialization operate in the United States. One is the regulated monopoly model, in which 
state commissions regulate vertically integrated electricity providers. The other is the 
competitive model, in which power producers can openly access transmission infrastructure and 
participate in wholesale electricity markets. Regulators introduced competition in electricity 
markets with the goal of improving efficiency, lowering consumer cost, and reducing the barriers 
to participate as a producer. Competitive markets serve two-thirds of the customers in the United 
States. The goal of both models is to provide electricity safely and reliably to end consumers.  

Independent entities with no financial stake on the outcome of electricity transactions operate 
wholesale markets. To participate in the market, power producers submit their bids for each 
scheduling period, which is typically five minutes long. Bids include asking price (based on the 
plant’s marginal costs of operation) and capacity offered. In general, system operators dispatch 
the least cost resources first until demand is met. The most expensive resource sets the market’s 
energy price. LMPs include three components—the market’s energy price, congestion costs, and 
transmission losses.  

Competitive markets are not limited to energy trading. Generation plants can provide other 
services to support the transmission of electricity. These services are known as ancillary services 
and include operating reserves, voltage support services, and black start. Some ancillary services 
are traded in wholesale markets. System operators also coordinate the trading of financial 
transmission rights, which allow the holder to pay ahead for transmission congestion costs and 
can be used as a form of hedging against cost volatility. Capacity payments have been introduced 
to increase network reliability by providing an additional source of revenue for power producers 
proportionally to their capacity factor. 

The recent emergence of DR and renewable energy technologies has posed new challenges to 
competitive system administrators. DR mechanisms encourage consumers to change their use in 
the short term, mainly through tariffs and incentive programs. DR can displace the most 
expensive resources, increasing the economic efficiency of the system, and DR can provide 
reliability and ancillary services cost-effectively. FERC’s Order 745 called for system operators 
to pay DR resources the full market price of energy. The Supreme Court recently upheld Order 
745.  

Wind and solar generation increase net load variability and uncertainty which, holding other 
factors equal, can increase the cost and complexity of balancing the system’s load. Measures that 
can cost-effectively mitigate the costs of integrating variable renewable energy into the system 
include resource and operation flexibility, adequate transmission infrastructure, geographic 
diversity, and forecasting.  

Wind and solar have near-zero variable cost, which reduces the market clearing price 
proportionally to the amount of variable energy generation resources bidding on the market at a 
given time. This can create revenue uncertainty and deficiency for other current and prospective 
generators. In the long term, revenue uncertainty can decrease the reliability of the electricity 
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system because existing participants may retire and prospective participants may choose not to 
participate. The goal of capacity markets is to increase revenue certainty for generators and, in 
turn, increase grid reliability. 

The experience with competitive markets in the United States could offer lessons to markets in 
other regions of the world. The structure of the U.S. markets and their components are the results 
of a long evolution and the incorporation of lessons learned from market inefficiencies and 
failures. The Appendices—two for competitive markets, one for a regulated monopoly—can 
assist the reader in understanding the actual application of the concepts presented.  
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Appendix A. Midcontinent Independent System 
Operator 
Start of operations 1998   
Total capacity available 193 GW   
Reserve margin 17.2%   
Renewable energy capacity 14.5 GW   
Day-ahead energy market LMP-based   
Real-time energy market LMP-based   
Sub-hourly scheduling 15-minute intervals    
Financial transmission rights Yes   
Capacity market Yes   
Ancillary service markets Regulation and contingency reserves, demand response 
Territory served All or most of Illinois, Indiana, Iowa, Michigan, 

Minnesota, Nebraska, South Dakota, and Wisconsin; 
parts of Arkansas, Kentucky, Louisiana, Mississippi, 
Missouri, Montana, and Texas. 

Sources: MISO (2016a); MISO (2016b); FERC (2016) 

History 
In 1998, with encouragement from FERC, several transmission owners came together to 
establish the Midcontinent ISO (MISO). After obtaining FERC approval as an RTO in December 
2001, MISO began providing reliability coordination and regional planning services, generation 
interconnection, regional planning, market monitoring, and dispute resolution. In 2013, MISO 
expanded to areas in Arkansas, Mississippi, Louisiana and Texas, and became the ISO/RTO with 
the largest territory in North America (RTO Insider 2013).  

Markets and Operations 
MISO’s Open Access Transmission Tariff ensures unbundled transmission rates and allows 
MISO to provide regional transmission services. MISO launched a Competitive Regional Energy 
Market and began administering a Financial Transmission Rights market in 2005. MISO became 
the region’s BA with the launch of the Ancillary Services Market in 2009.  

MISO uses LMPs to clear its day-ahead and real-time energy market, known as the Day-2 
market, at specific times and locations. LMPs in the real-time market are calculated at five-
minute intervals and hourly for the day-ahead market. Hourly LMPs are aggregated into five 
regional hub prices. A market for FTR allocation is administered in a monthly auction.  

Renewable Energy Integration 
The share of non-hydro renewable generation in MISO’s system increased from 1% in 2005 to 
6% (Figure A-1) in 2015. Most of the growth in non-hydro renewable capacity is from wind 
energy, which accounted for 6% of total generation in 2015. 
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Figure A-1. MISO annual generation by fuel 

Source: SNL 

Energy Markets Participation. Most VG resources are classified as a Dispatchable Intermittent 
Resource (DIR) and required to participate in the real-time market. A VG resource classified as 
an Intermittent Resource (IR) can set the market price if it is designated as a “capacity resource.”  

Ancillary Services. VG resources are not presently allowed to provide ancillary services. 

Forecasting. MISO has a centralized wind power forecasting service that provides hourly 
forecasts for each hour of the next week. Short-term generation forecasts for the next six hours, 
are updated every five minutes.  

Capacity Market. VG resources are allowed to participate in MISO’s capacity market. VG 
capacity value is determined using unit-specific Effective Load Carrying Capacity performance 
data.  
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Appendix B. PJM Interconnection 
Start of operations 1927   
Total capacity available 165 GW   
Reserve margin 25%   
Renewable energy capacity 10 GW   
Day-ahead energy market LMP-based   
Real-time energy market LMP-based   
Sub-hourly scheduling Yes   
Financial transmission rights Yes   
Capacity market Yes   
Ancillary service markets Regulation, synchronized and supplemental reserves. 
Territory served All or parts of Delaware, Illinois, Indiana, Kentucky, 

Maryland, Michigan, New Jersey, North Carolina, 
Ohio, Pennsylvania, Tennessee, Virginia, West 
Virginia, and the District of Columbia. 

History 
The origins of PJM date to 1927, when three utilities in New Jersey and Pennsylvania formed an 
interconnection to share their generating resources and operate more efficiently. Since then, more 
than a dozen utilities and transmission system owners have joined PJM. In 1997, PJM became 
the first ISO in the United States, and in 2001, the first RTO. 

Markets and Operations 
PJM has operated its energy market since 1997. PJM uses LMPs to clear its day-ahead and real-
time energy markets at specific times and locations. LMPs in the real-time market are calculated 
at five-minute intervals and hourly for the day-ahead market.  

PJM’s capacity market is called the reliability pricing model and was established in 2007. PJM 
requires LSEs to have enough capacity to meet demand, plus a contingency reserve. LSEs can 
meet this requirement through their own capacity, bilateral contracts, or through PJM’s reliability 
pricing model. Electricity generation, energy efficiency, and DR are eligible to participate in the 
capacity market. 

Renewable Energy Integration 
The share of non-hydro renewable generation in PJM’s system has increased from 1% in 2005 to 
2% in 2015 (Figure B-1). Non-hydro renewable resource capacity currently represents 5% of the 
total capacity available in PJM. 
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Figure B-1. PJM annual generation by fuel 

Source: SNL 

Energy Markets Participation. VG resources are allowed to bid into PJM’s day-ahead markets 
and set the market price. Deviations from day-ahead schedules are settled at the real time price.  

Ancillary Services. Wind resources that comply with eligibility requirements are allowed to 
participate in day-ahead and real-time markets for ancillary services, except for regulation. PJM 
requires PV systems to provide reactive power regulation, limit ramping rates, and limit ride 
through voltage frequency disturbances.  

Forecasting. PJM has a centralized wind power forecasting service used to determine next-day 
unit commitments and encourage wind resource participation in the day-ahead energy market. 
The forecasting service is also used to evaluate day-ahead congestion and to allocate resources to 
respond to wind fluctuations. PJM does not have a forecasting system for PV. 

Capacity Market. VG resources are allowed to participate in PJM’s capacity market. VG 
capacity value is determined by the average plant performance over the three previous summers, 
or 38% of nameplate capacity for wind and 13% for PV if performance data are not available. 
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Appendix C. Public Service Company of Colorado 
(PSCo) Balancing Authority 
Start of operations 1924   
Total capacity available 14 GW   
Reserve margin 16.3%   
Renewable energy capacity 4.4 GW   
Day-ahead energy market No   
Real-time energy market No   
Sub-hourly scheduling Yes   
Financial transmission rights No   
Capacity market No   
Ancillary service markets No 
Territory served Colorado 

History 
The Public Service Company of Colorado (PSCo) was created in 1924 after a series of mergers 
and acquisitions among gas and electric utilities servicing Denver and several rural Colorado 
towns. By 1943, the company served 80% of Colorado’s gas and electric needs. PSCo is 
currently an operating subsidiary of the utility holding company Xcel Energy Inc., which serves 
more than 3.3 million electric customers across eight Western and Midwestern states. The 
American Wind Energy Association (AWEA) ranked Xcel Energy as the top wind energy 
provider for twelve consecutive years from 2004-2015. By the end of 2015, Xcel had 2,505 MW 
of wind capacity installed in Colorado. Wind generation contributed to 16% of the annual load of 
PSCo’s BA in 2015 (Figure C-1). The company projects a 31% reduction in carbon emissions by 
2020 compared to 2005 levels.  

Markets and Operations 
PSCo, operating under the name Xcel Energy Colorado, functions as a vertically integrated 
utility that provides electric service to 1.3 million wholesale and retail customers in Colorado. 
PSCo is not part of an RTO and does not operate a day-ahead or real-time energy market. The 
BA’s peak load was 6,646 MW in 2013.  

Daily system resource planning is handled by determining the capacity, responsiveness, and 
flexibility of each generator in the system. In 2011, PSCo adopted sub-hourly scheduling under 
the Wind Reserve Guideline to ensure that enough stand-by generation capacity is available to 
respond to wind ramp-down events. Since January 2016, PSCo uses 15-minute intervals in its 
intra-hour scheduling.  
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Renewable Energy Integration 
The share of non-hydro renewable generation in PSCo’s system has increased from less than 1% 
in 2001 to 16% in 2015 (Figure C-1). Wind power capacity represented 19% of the total summer 
capacity available in 2015 (SNL). To accommodate larger penetrations of wind capacity, PSCo 
has made technological modifications to lower the minimum generation level of combined cycle 
gas plants and updated gas turbines to improve start-up times.  

 
Figure C-1. PSCo annual generation by fuel 

Source: SNL 

Regulated Monopoly. PSCo operates as a monopoly regulated by the Colorado Public Utilities 
Commission. Therefore, PSCo does not operate or participate in competitive electricity markets. 
PSCo, as the sole IOU in Colorado, must comply with the state’s 30% by 2020 renewable energy 
standard. 

Integrated Resource Plans. The PUC requires PSCo to file an integrated resource plan 
approximately every five years. The plan helps regulators determine the need for additional 
generation resources. The plan must contain expected load growth for the relevant period and 
several portfolios that would meet expected demand through different combinations of 
generation, energy efficiency, and DR resources. The PUC regulators examine the cost and 
benefits of each portfolio and the methodology that PSCo used to calculate costs, benefits, and 
technical reliability. The PUC selects the portfolio that best meets demand and other state goals, 
such as energy efficiency and renewable energy standards, in a reliable and cost-effective 
manner. The PUC also stipulates the rate of return that it deems sufficient for PSCo to raise 
equity. 

Forecasting. PSCo uses an advanced wind forecasting system that was developed in 
collaboration with the National Center for Atmospheric Research (NCAR). The forecast is 
updated every 15 minutes based on inputs from satellites, planes, weather stations, and sensors 
on wind turbines.  
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