
 

 
 
 
 
 
 
 
 
 
 
 

Copyright 

 

By 

 

Nathan Richard Lapierre 

 

2010 

 

 

  



The Thesis committee for Nathan Richard Lapierre 
Certifies that this is the approved version of the following thesis: 

 
 

 
 
 

The Challenges to Integrating Wind Energy: A Study of ERCOT’s Ability to Integrate 

Substantial Amounts of Wind Energy by 2030 

 
  

 
 
 
 
 
 
 
 
 
 
 
APPROVED BY 
 
SUPERVISING COMMITTEE: 
 
Supervisor: ________________________________________ 
Michael Webber 
 
 
__________________________________________ 
Charles Groat 

 

________________________________________ 

Richard Amato 

 

 



 

 

The Challenges to Integrating Wind Energy: A Study of ERCOT’s Ability to Integrate 

Substantial Amounts of Wind Energy by 2030 

 
 
 
 
 

by 
 

Nathan Richard Lapierre, B.S. 
 
 
 
 
 
 
 
 
 

Thesis  
 

Presented to the Faculty of the Graduate School 
of the University of Texas at Austin 

in Partial Fulfillment 
of the Requirements 

for the Degree of 
 
 

Master of Arts 
 
 
 
 
 

The University of Texas at Austin 
 

May 2010 
 



iv 
 

 

 

 

The Challenges to Integrating Wind Energy: A Study of ERCOT’s Ability to 

Integrate Substantial Amounts of Wind Energy by 2030 

 
 

By 
 

Nathan Richard Lapierre, M.A. 
 
 

The University of Texas at Austin, 2010 
SUPERVISOR: Michael Webber 

 

Abstract 

 

The wind energy industry in the U.S. has seen robust growth within the 

last two decades. The amount of renewable resources available throughout the 

U.S. is substantial, and as renewable energy penetration approaches a 

significant proportion of total electricity generation, grid operators and utilities will 

be presented with a myriad of challenges. 

Such is the case in wind’ rich Texas, where the rate of wind installations 

surpasses every other state and rivals that of China. By the end of 2009, the 

ERCOT region of Texas had approximately 9000 MW installed, serving 6.5% of 

the annual electricity load1.  The intermittent nature of wind energy can place a 
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burden on existing generators as they are increasingly relied on to provide 

regulation of power, frequency control and back-up energy services when wind 

production is low.  

Exacerbating the difficulty of integrating wind energy is the mismatch of wind 

generation and electricity demand. Although Texas is blessed with plentiful wind 

resources, the majority of energy produced typically occurs at night when 

electricity demands are low. The result is transmission congestion that prevents 

cost effective generators from serving load. Despite these integration difficulties, 

ERCOT is paving the way forward with transformative infrastructure plans and 

proactive rulemaking.  

This report provides a background on the state of the wind energy industry in the 

U.S., with a review of power system operation strategies and wind integration 

best practices. With that context, this study concludes that ERCOT’s electricity 

market operations, transmission plans, and Texas’ renewable energy policies will 

act to reasonably and reliably accommodate wind generation capacity that 

serves over 15% of annual load by 2030. 
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Chapter 1: Introduction 
 

The wind energy industry in the U.S. has seen robust growth within the last two 

decades. The amount of renewable resources available throughout the U.S. is 

substantial, and as renewable energy penetration approaches a significant 

proportion of total electricity generation, grid operators and utilities will be 

presented with a myriad of challenges. 

Such is the case in wind rich Texas, where the rate of wind installations 

surpasses every other state and rivals that of China. By the end of 2009 Texas 

had approximately 9000 MW installed, serving 6.5% of the annual electricity 

load2.  Several events in the last 2 years exemplify the challenges that lay ahead 

of incorporating large amounts of variable resources onto the grid.  In February, 

2008, wind output dropped from 1700 MW to 300 MW over the course of three 

hours, and due to the unavailability of backup power, grid operators were forced 

to balance the load by reducing the consumption of large industrial facilities 

across the state3

2

. On an opposite note, in the early morning hours of October 

28th, 2009, wind generation accounted for 25% of total load with 5600 MW 

generated .  

This report will provide a background on the state of the wind energy industry in 

the U.S., with a review of power system operation strategies and wind integration 

best practices. With that context, the goal of this report is to discuss Texas’ 
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electricity market operations, transmission plans, and renewable energy policies 

in order to assess the state’s potential wind capacity by 2030 and its’ ability to 

reliably integrate that amount of wind energy.   

 

 

 

 

 

 

 

 

 

 

 
 



3 
 

Chapter 2: Background 

2.1 The State of Wind Energy in the U.S. 
 

The United States contains vast on-shore and off-shore wind resources, with a 

theoretical potential to produce more electricity than we currently consume as a 

country (Map 2.1). With over 25,000 MW of wind installed by 2009, the U.S. is 

the single largest producer of wind energy in the world. However, wind energy is 

only responsible for 1.25% of our electricity supply4

The first notable production of electricity from wind began in the U.S. shortly after 

the 1970’s world oil crisis amid the growing fear of energy dependence and 

environmental degradation

. We have only begun to 

utilize this vast domestic resource and past political and technological efforts to 

cultivate the wind industry are taking root. Current forecasts indicate robust 

growth through 2020 with wind energy is poised to become a significant source 

of electricity in the U.S.  

5. In an effort to address the energy crisis and lay the 

foundation for a competitive, independent electricity market, President Carter 

established the Public Utilities Regulatory Policies Act (PURPA) in 1978. Non-

utility generators or Qualified Facilities (QFs) operated by independent power 

producers were granted preferential payments for their output under PURPA. 

Under the new provision, public utilities were required to purchase energy from 

QF’s such as wind farms, at “avoided cost”, or the cost saved by the utility by not 

generating the energy itself.  In most circumstances, the “avoided cost” of energy 
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is greater than the price that would be negotiated in a power purchase 

agreement. This revenue advantage along with stipulations that granted equal 

access to transmission proved to be an effective tool in stimulating wind capacity 

additions. 

 

Map 2.1: Wind Speed Classes at 50M heights (NREL, 2009) 
 

The first boom in the wind energy market came about during the 1980’s as a 

result of PURPA and federally established tax credits for renewable energy 

generation6. Despite an extension of the early tax credits for wind generators, 

wind energy production did not experience another boom until the 1990’s. During 

this decade wind developers reaped the benefit of worldwide research and 

development which resulted in a markedly decreased cost of wind power. The 

technical advances made were in the areas of turbine design, specifically in 
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blades and turbines optimized for low wind speeds and in turbine output sizes. 

The average size of wind turbines in the 1980’s ranged from 40-200 kW and a 

decade later the U.S. began to see installations with turbine sizes between 

500kW-1 MW. Meanwhile, the cost to produce wind power dropped from 

$0.23/KWh to less than $0.10/KWh from 1985 to 19956. 

 The growth that transpired between 1999 and 2008 provides a constructive 

context in which to view current wind energy trends (Figure 2.1). The following 

sections review the role of tax credits, state renewable portfolio standards, and 

technological advances that enabled such robust growth in the wind energy 

industry, with implications for forecasts through the next 20 years. 
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Figure 2.1: Wind annual capacity additions and cumulative capacity growth4 ,7
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Chapter 3: Enabling Policy 

3.1 The Production Tax Credit and Investment Tax Credit 
 

The tax credits mentioned previously were originally enacted in 1992, and took 

the form of a production based tax credit. The Production Tax Credit (PTC) 

allows a renewable generation operators to collect a tax credit for each MWh 

produced for the first 10 years of operation. The first PTC was set to expire on 

June 30, 1999, meaning that a wind generating resources must have been 

placed in service before that date to qualify for the PTC. The PTC was allowed to 

expire on three occasions between 1999 and 2004, causing uncertainty for 

developers and a subsequent decline of installations in the following years, as 

seen in Figure 2.1.  

The passage of The American Recovery and Reinvestment Act of 2009 (ARRA) 

extended the PTC through 2012 for wind projects and continued to set the value 

of the PTC at $21/MWh. H.R. 1 contained additional provisions aimed at enabling 

the construction of wind farms, in the Investment Tax Credit (ITC) and cash grant 

options. The most pertinent provisions allow PTC eligible facilities installed in 

2009-2013 to elect the ITC or cash grant instead, which is valued at 30% of the 

projects total capital costs8

 

(Table 3.1). 
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Table 3.1: Summary of Project Finance Related Provisions in ARRA 20099

Provides Option to 
Elect ITC in Lieu of 
PTC 

 
 
Allows PTC-qualified facilities installed in 2009-13 (2009-12 in the case 
of wind) to elect a 30% ITC in lieu of the PTC. If the ITC is chosen, the 
election is irrevocable and requires the depreciable basis of the 
property to be reduced by one-half the amount of the ITC.  

 

 
Provides Option 
to Elect a Cash 
Grant in Lieu of 
the ITC  

 

 
Creates a new program, administered by the Treasury, to provide 
grants covering up to 30% of the cost basis of qualified renewable 
energy projects that are placed in service in 2009-10, or that 
commence construction during 2009-10 and are placed in service prior 
to 2013 for wind, 2017 for solar, and 2014 for other qualified 
technologies. Applications must be submitted by October 1, 2011, and 
the Treasury is required to make payments within 60 days after an 
application is received or the project is placed in service, whichever is 
later. The grant is excluded from gross income and the depreciable 
basis of the property must be reduced by one-half of the grant amount.  

 

 
Removes ITC 
Subsidized 
Energy Financing 
Penalty  

 

 
Allows projects that elect the ITC to also utilize “subsidized energy 
financing” (e.g., tax-exempt bonds or low-interest loan programs) 
without suffering a corresponding tax credit basis reduction. This 
provision also applies to the new grant option described above.  

 

 
Extends 50% 
Bonus 
Depreciation  

 

 
Extends 50% bonus depreciation (i.e., the ability to write off 50% of the 
depreciable basis in the first year, with the remaining basis depreciated 
as normal according to the applicable schedules) to qualified 
renewable energy projects acquired and placed in service in 2009.  

 

 
Extends Loss 
Carrryback 
Period  

 

 
Extends the carryback of net operating losses from 2 to 5 years for 
small businesses (i.e., those with average annual gross receipts of $15 
million or less over the most recent 3-year period). This carryback 
extension can only be applied to a single tax year, which must either 
begin or end in 2008.  

 

 
Removes ITC 
Dollar Caps  

 

 
Eliminates the maximum dollar caps on residential small wind, solar 
hot water, and geothermal heat pump ITCs (so now at the full 30%). 
Also eliminates the dollar cap on the commercial small wind 30% ITC. 
Credits may be claimed against the AMT.  

 

 
Expands Loan 
Guarantee 
Program  

 

 
Expands existing loan guarantee program to cover commercial (rather 
than just “innovative non-commercial”) projects. Appropriates $6 billion 
to reduce or eliminate the cost of providing the guarantee; this amount 
could support $60-$100 billion in loans, depending on the risk profiles 
of the underlying projects.  

 

 
Adds Funding for 
Clean Renewable 
Energy Bonds  

 

 
Adds $1.6 billion in new CREBs for eligible technologies owned by 
governmental or tribal entities, as well as municipal utilities and 
cooperatives. With $800 million of new CREB funding previously added 
in October 2008, combined new CREB funding totals $2.4 billion.  

 

 



9 
 

On the surface, the decision to elect the PTC or ITC/cash grant would depend on 

the relative financial values of each tax credit option. Under most capacity factor 

assumptions, projects with installed project costs less than $1500/kW are likely to 

receive greater value be choosing the PTC, whereas installed project costs over 

$2500/kW will find greater value in the ITC9.  

However, project developers are inclined to place great weight on certain 

qualitative considerations when making this decision. The option to elect a cash 

grant equal to 30% of qualified costs may have more value to project owners as it 

obviates the need for tax equity investors with adequate tax appetites. Before 

choosing the PTC or ITC, a tax equity investor would need to ensure that there 

will be an adequate tax base to absorb their value. In today’s tough economic 

environment there are few investors with enough capital and significant taxable 

incomes to justify investment in wind energy development.  

There is also performance risk associated with the PTC. Despite the fact that the 

technology associated with a wind energy facility is relatively mature, investors 

may display their preference for the certainty of the ITC over the risks of the wind 

farm underperforming. 

Additionally, many investors and project owners would prefer to have the option 

to sell their investment at any point in time. The choice between the PTC and ITC 

greatly affects the liquidity of the project.  Once the ITC is realized by the investor 

it is not transferable to the buyers. Additionally, the ITC is vested linearly over 5 
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years, providing the incentive to maintain ownership for the first 5 years of 

service to receive the full ITC value9. With the PTC chosen, the project is much 

more liquid as the PTC will transfer with ownership, allowing project owners to 

sell their investment during earlier stages of operation. 

In light of a dearth of tax equity investors, the cash grant is expected to catalyze 

wind energy development for its duration through 20109. The decision to elect the 

PTC, ITC or cash grant will depend on the unique economics of each project. 

The cash grant option has already provided developers with financing flexibility. 

In early 2009, the San Diego based wind developer Cannon Power Group used 

the cash grant to pay down previous debt which freed up additional equity 

necessary for project expansion. Cannon structured the financing with Siemens 

Financial Services based on an innovative “pre-pay” purchase power agreement 

(PPA) with Southern California Public Power Authority10

ARRA also expanded an existing U.S. DOE loan guarantee program that will 

provide low cost debt to projects. This provision is an effective means to 

combating conservative bank lending practices while the U.S. economy recovers 

and banks replenish their capital bases. 

. Without the cash grant 

provided under ARRA, the project expansion would have been delayed until tax 

equity investors were found. 

Despite the extension of the PTC and ITC through 2012, the long-term success 

of renewable energy still hinges on the establishment of longer-term, more stable 
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energy policies. The boom-bust cycles observed in the history of wind 

development in the U.S. is directly attributed to the expiration of the PTC9. 

However, the two to three year PTC/ITC security provided in ARRA 2009 does 

not adequately address the certainty needed for rational industry planning, 

project development, and manufacturing investments11

An integral aspect of a long-term commitment to the PTC and ITC is decreased 

wind supply costs that would accompany the growth in the domestic 

manufacturing of turbines and various wind components. Thus far domestic 

manufacturing has gained a foothold in U.S. installations, supplying 50% of 

installed turbines4. A more pronounced shift to U.S. made wind products 

eliminates the high costs of shipping large pieces of equipment overseas as well 

as providing a much needed boost to the ailing U.S. job market and weakened 

economy.  

. Integrating large 

amounts of wind energy onto the grid requires careful transmission planning and 

long construction time-lines. The various federal and state efforts underway that 

attempt to address the lack of transmission infrastructure will be discussed 

further on. 

 

3.2 State Renewable Portfolio Standards   
 

Today 29 states have mandated Renewable Portfolio Standards (RPS) that 

requires the utilities operating within the state have a fixed capacity or 
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percentage of their generation derived from renewable energy12

Renewable Portfolio Standards

State renewable portfolio standard

State renewable portfolio goal

www.dsireusa.org / November 2009

Solar water heating eligible *† 
Extra credit for solar or customer-sited renewables

Includes non-renewable alternative resources

WA: 15% by 2020*

CA: 33% by 2020

☼ NV: 25% by 2025*

☼ AZ: 15% by 2025

☼ NM: 20% by 2020 (IOUs)
10% by 2020 (co-ops)

HI: 40% by 2030

☼ Minimum solar or customer-sited requirement

TX: 5,880 MW by 2015

UT: 20% by 2025*

☼ CO: 20% by 2020 (IOUs)
10% by 2020 (co-ops & large munis)*

MT: 15% by 2015

ND: 10% by 2015

SD: 10% by 2015

IA: 105 MW

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

☼ MO: 15% by 2021

WI: Varies by utility; 
10% by 2015 goal

MI: 10% + 1,100 MW 
by 2015*

☼ OH: 25% by 2025†

ME: 30% by 2000
New RE: 10% by 2017 

☼ NH: 23.8% by 2025

☼ MA: 15% by 2020
+ 1% annual increase
(Class I Renewables)

RI: 16% by 2020

CT: 23% by 2020

☼ NY: 24% by 2013

☼ NJ: 22.5% by 2021

☼ PA: 18% by 2020†

☼ MD: 20% by 2022

☼ DE: 20% by 2019*

☼ DC: 20% by 2020

VA: 15% by 2025*

☼ NC: 12.5% by 2021 (IOUs)
10% by 2018 (co-ops & munis)

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

(2) 20% RE & CHP by 2017

29 states & DC
have an RPS

6 states have goals

KS: 20% by 2020

☼ OR: 25% by 2025 (large utilities)*
5% - 10% by 2025 (smaller utilities)

☼ IL: 25% by 2025
WV: 25% by 2025*†

 (Map 3.1). 

Typically, each state allocates the target renewable generation mix based on the 

available renewable energy resources it possesses. To facilitate fulfillment of the 

RPS, various Public Utility Commissions have set up a market for Renewable 

Energy Certificates (REC) to be accumulated and traded. This allows utilities or 

retail electric providers to purchase REC’s instead of owning the renewable 

power project themselves, in efforts to comply with state RPSs.  

 

Map 3.1: States with RPS and target percentages of renewable energy12 
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3.3 Renewable Energy Certificate Markets 
 

RECs represent the unbundling of environmental benefits of renewable electricity 

from the actual electricity generated. They are tradable commodities where 1 

REC is equal to 1 MWh of renewable electricity. As mentioned previously, REC 

markets were initially driven by state RPSs as a means of compliance. While 

REC markets are still used for compliance, they are quickly becoming the 

currency of renewable energy markets due to their flexibility. Unlike the 

commodity electricity, RECs can transcend geographic borders and are not 

hostage to physical constraints. Across the U.S. RECs are being used by utilities 

and marketers to sell renewable energy products directly to end use customers13

The emergence of voluntary renewable energy markets and green power 

programs offered by various utilities has enabled many state REC markets. Many 

residential, commercial, industrial, and institutional electricity consumers are now 

indirectly choosing to purchase RECs as a means to procure renewable 

electricity. The motivations behind the voluntary REC purchases vary, but many 

are choosing to pay a premium for renewable energy for the perceived 

environmental benefits associated, most notably the low carbon nature of 

renewable electricity production

. 

14

One such business model bundles wholesale RECs with electricity for sale to 

retail customers. A notable example of a company that uses this model is Green 

. There are a range of business models that 

use voluntary REC markets to serve end use customers. 
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Mountain Energy Company, which exclusively sells renewable electricity to 

customers in Pennsylvania, New Jersey, Ohio and Texas13. The ability to 

disconnect the environmental benefits from the commodity of electricity is evident 

in the wide distribution of customers that Green Mountain serves. 

 Many utilities also purchase RECs from third parties to supply their retail green 

power purchasing programs. In 2003, NREL estimates that one-third of all green 

power programs were supplied by RECs13. The primary disadvantage to this 

model is that in competitive electricity markets, it is required that customers who 

chose to purchase RECs bundled with their electricity must switch electricity 

providers. Switching retail providers has proved to be a major barrier to selling 

green power in deregulated markets. A solution to this issue is to market retail 

RECs as a stand-alone commodity. This method avoids the inertia that 

accompanies switching providers in competitive markets and is an advantage to 

retail marketers as they no longer must procure renewable electricity through 

spot markets or bilateral contracts in order to sell green power.  

Although purchasing unbundled RECs sourced from renewable generators 

anywhere in the U.S. would enable the most cost effective projects to generate 

RECs, it is a less attractive option to residential consumers who wish to create 

local environmental benefits from local renewable energy projects. Nonresidential 

customers, particularly businesses with facilities in multiple states, are likely to 

place less importance on local environmental benefits and more importance on 
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price. For this reason, electricity marketers are reporting success in marketing 

nationally sourced RECs to larger electricity customers13.  

As has been observed in most commodity markets, the forward selling of RECs 

is gaining traction. This approach allows a renewable energy generator to sell 

their expected stream of RECs upfront and separate from the electricity service. 

The advantage to renewable energy generators is that they are able to monetize 

a long term revenue stream up front. This forward selling of RECs improves the 

economics of a project to the extent developers can use this revenue stream to 

help finance the project and shorten the development timeline, bringing 

renewable energy projects online quickly13. The success of this method lies with 

the comfort the REC buyers have with the uncertainty of purchasing the entire 

output of RECs over the life of the project when there is an inherent risk that a 

project may never get built. 

Lastly, the aggregations of RECs derived from small renewable power systems 

are currently being used for both RPS compliance and to supply retail green 

power programs. Employed by both utilities and retail marketers, this method 

purchases RECs from small scale, distributed renewable generators such as 

residential and commercial solar rooftops. States with RPSs that contain 

aggressive solar energy targets, such as New Jersey, are using this model to 

fulfill compliance and provide an additional incentive for distributed solar 

installations12. 
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3.4 Pending Legislation: H.R.2454 -The American Clean Energy and Security Act of 
2009: The Carbon Cap and Trade Provision 
 

Passed by the U.S. House of Representatives in June, this bill provides the 

foundation for a CO2 cap and trade scheme, as well as mandates a federal 

RPS8. Though the bill must undergo revisions by the senate, senate approval 

and presidential approval, its’ contents ultimately increase the cost for fossil fuel 

power generation which provides room for the rise of the renewable energy 

industry. 

In the context of project finance and advancing wind energy, the cap and trade 

provisions do not necessarily add any value. As is practiced in the European 

Union’s Emissions Trading Scheme (ETS), H.R. 2454 does not allocate 

allowances to non-emitting entities. In this case renewable energy producers 

would not benefit from their lack of emissions, except that their operations will be 

more competitively dispatched. However, the allocation of carbon allowances or 

permits can unfold in a number of ways and there are few policy options that 

provide renewable energy generators with carbon allowances that can be later 

sold or bundled with RECs.  

One allocation option sets-aside a specific number of permits for renewable 

power producers to allow them to capture the value of their emissions benefits. 

The drawbacks to this arrangement are that there is an application process to 

acquire the permits, providing uncertainty and transaction costs to renewable 
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generators attempting to monetize carbon permits, as well as the possibility that 

the permits will become increasingly scarce as renewable energy projects 

proliferate14.  An output based allocation policy allocates permits to generators by 

multiplying the proportion of their share of electricity generation by the pool of 

permits under a cap during the allocation period.  This option provides certainty 

that a wind project will receive permits that can be sold and counted on as a 

revenue stream. The remaining allowance policy options do well to make 

renewable energy projects more attractive generation options, but fail to allow 

generators to improve their bottom lines.  

3.4.1 National Renewable Energy Standards 
 

 The current version of the H.R. 2425 also contains provisions that would 

establish a National renewable energy standard. This would mandate a specific 

renewable generation mix for the U.S. and provide renewable developers with 

another clear signal of commitment to the industry. As currently written, the 

national renewable energy standard would set up a federal market for the 

trading, buying and selling of federal renewable energy credits (F-RECs). The 

starting price for F-REC’s is slated for $25/MWh for qualifying renewable energy 

producers, with a 3x multiplier for small projects under 2 MW8. 
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Chapter 4: Wind Technology and Market Trends 
 

4.1 Wind Technology Status 
 

Wind turbine technology has made great advances during the industry’s steep 

accent in the last 20 years. In order to convey a clear understanding of observed 

market trends and forecasts on where the wind industry is heading, this section 

will be a technical review of wind turbine components with discussion of past 

innovations and on-going efforts being made to further improve wind turbine 

efficiencies.  

The majority of modern wind turbine designs are horizontal-axis turbines that 

place the blades upwind, to prevent the disruption of flow of air by the tower. The 

modern day wind turbine is highly sophisticated with various sensors and power 

controls that allow for an ever increasing range of wind speeds to be utilized 

(Figure 4.1) Currently, turbines begin to produce power with as little as 5 m/s 

winds and are able to safely produce power in high wind speeds over 18 m/s15. 
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Figure 4.1: Wind Turbine Components16

 

 

4.2 The Rotor Hub 
 

The rotor hub is the command center of the wind turbine and is responsible for 

turbine operation at the highest possible efficiency, producing at rated power 

outputs to the drivetrain when wind speeds increase and for cutting-out when 

wind speeds reach unsafe speeds (Figure 4.2). Much of this is done with the help 
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of blade pitch controls which rotate the blades at pitch angles appropriate for 

optimal power production.  

 

 

Figure 4.2: Power Output versus Wind Speed Curve15 
 

The primary focus for rotor improvement is in material design and advanced 

control technologies. Materials with high strength to weight ratios are the most 

desirable as they can decrease the cost of transportation and installation, as well 



21 
 

as improve the power output15. A particularly innovative design being researched 

allows the rotor hub to control variable length blades that can adjust the blade 

swept area depending on conditions and wind speeds. This design would 

lengthen the blades to convert more energy during times of low wind speeds and 

shorten them in high wind speeds in order to extend the operating range of the 

turbine.  

Danish researchers are having success with a 4 MW turbine fitted with LIDAR 

technology. The LIDAR system works by emitting electromagnetic waves and 

analyzing what is reflected back to determine the behavior of incoming winds. 

Early results are a 5 percent increase in energy production through the ability to 

incorporate wind speeds hundreds of meters away into the systems operational 

controls17

Improvements of this variety, along with advances in the structural-aero design, 

are estimated to increase annual energy production 10-25% in each turbine and 

decrease generator and drivetrain overload

. 

15. These advances can decrease the 

rising cost of O&M by avoiding costly generator and drivetrain maintenance, 

while improving project economics with higher capacity factors*

 

. 

 

                                                           
* Capacity Factor is defined as the actual amount of power produced over time, divided by the power that 
would have been produced if the turbine operated at maximum output 100% of the time (AWEA Wind 
Energy Basics, http://awea.org/faq/wwt_basics.html) 
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4.3 Blades 
 

In the beginning of the U.S. wind industry turbines were much smaller with high 

speed rotation and blade lengths of 8 meters (m). Today typical blade lengths 

vary from 40 m for onshore installations and 60 m for off-shore projects15. Again, 

the focus of blade improvements are anti blade-fouling designs and materials 

that allow for added length without significant weight additions. Carbon fiber is a 

popular material for such an improvement but can cost 10 times that of standard 

fiberglass15.  

Innovative airfoil designs are beginning to come to market and are heralded as 

the next site specific design feature for wind projects. New airfoil designs are 

targeting specific wind class regimes and may make previously undesirable 

project sites more accessible due to the ability of the new designs to achieve 

lower cut-in wind speeds.  

Additionally, there is much effort going into blade materials and designs that 

minimize blade edge fouling by insects, dirt and ice. As Corten and Veldkamp et 

al., and others have shown, the fouling of the leading edge of turbine blades can 

result in a 25% decrease in power output especially during high wind speeds18

 

. 

Again, mitigating blade fouling can add substantial improvements to energy 

production and capacity factors. 
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4.4 Controls 
 

The controls for wind turbines are located within the rotor hub and nacelle, and 

are responsible for interpreting numerous sensor signals for the optimal 

adjustment of rotor speed, blade pitch, generator torque and power conversion 

and voltage control15. The control also acts to shut down the turbine during high 

wind speeds and is the primary safety component on a wind turbine. The controls 

aid turbine operation in variable speed mode which adjusts rotor speed and 

generator loading to maximize power output and minimize torque on the 

drivetrain.  

Spurred by the aggressive penetration of wind energy onto the transmission and 

distribution grid and the desire to minimize wind integration issues, the control 

center of the wind turbine is the focus of additional electrical controls that enable 

grid support mechanisms. It is becoming increasingly common for turbines to aid 

in grid support through fault-ride-through controls, voltage control, and voltage-

ampere-reactive (VAR) support15. Advances and innovations in this space will 

greatly enable wind integration and the long term success of the wind industry. 

4.5 Drivetrain 
 

The drivetrain consists of the gearbox, generator and power converter. Wind 

turbines are designed to tolerate some inefficiency in high wind speeds but need 

to operate at maximum aerodynamic and electrical efficiencies with low wind 
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speeds. During times when wind speeds are in excess of a turbines rated power 

the rotor is allowing energy to pass through in order to maintain rated power 

outputs. This places great importance on converting all possible energy from low 

wind speeds and has led to designs that focus on exploiting low wind speed 

situations, in variable speed drivetrains with multi-stage gearboxes15.  

Current drivetrain R&D aims to reduce weight and cost, but most importantly the 

focal point has been remedying a trend of gearbox unreliability. Gearbox 

maintenance and re-builds are very costly, and as more sophisticated multi-stage 

gearboxes are installed the O&M cost associated with the many moving parts 

increases. New gearbox designs being tested rely on the simplification of the 

device by removing one or more stages15.  

There is also a movement to improve upon turbine generators that currently are 

made with copper windings that must be insulated and protected from shorting. 

Instead of using traditional copper windings, rare-earth permanent magnets are 

seen as a solution to increasing generator energy density and reducing weight. 

Despite the obvious upsides to using rare-earth permanent magnets, there 

remain major obstacles for the technology to gain traction in the wind turbine 

industry. As their name denotes, the materials that are necessary for these 

generators are scarce with no major deposits existing in the U.S.15. Additionally, 

rare-earth magnets require specific operating temperatures that would call for 

internal cooling mechanisms within the wind turbine. 
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4.6 Towers 

Tower design has evolved from the lattice design popular with the smaller 

turbines installed in the 1980’s and 1990’s, to a steel monopole and concrete 

foundation design observed in the majority of utility scale installations today. 

Common tower heights range from 60-80 m with 100 m towers making an 

appearance supporting some large land based turbines (2-3MW) and offshore 

installations in recent years.  

Major inroads are being carved in the areas of tower design and construction that 

reduce the costs of transportation and installation. Design improvement goals to 

increase tower heights and structural strength are often in conflict with diameter 

limitations imposed by truck and rail transport. Tower diameters over 4 m are 

rarely able to be transported within the U.S. due to clearance issues, making it 

difficult to raise tower heights and increase thicknesses without effecting tower 

diameters or incurring high transportation penalties. In this light, there has been 

industry R&D aimed to manufacture tower components on site. Though this effort 

can yield taller hub heights, it is accompanied by increased labor costs and 

increased risk in the reliability and corrosion of the additional joints and fasteners 

required for such construction15. Other areas of design improvement include 

adding active controls that reduce tower motion.  

Map 4.1 demonstrates the desirability of constructing wind turbine towers at high 

heights off of the ground. As turbine placement increases from 50m to 70m and 
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from 70m to 100m, the wind resources improve substantially across the state 

from approximately 7.0-7.5 m/s to 7.5-8.0 m/s and 8.5-9.0 m/s, respectively. 

Pursuing ever higher tower heights will result in increased wind energy 

production, increased capacity factors and the ability to site wind projects in 

previously undesirable locations. The benefits of increased tower heights will 

drive R&D in tower design and we can expect the average tower height to 

increase as the wind industry continues to grow.  
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Map 4.1: Nebraska Wind Speeds for Hub Heights of 50 m, 70m, and 100 m19
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4.7 Market Trends 
 

In 2008 the U.S. installed 8500 MW of wind energy, accounting for 42% of all 

new generation capacity additions (Figure 4.3). There are seven states with over 

1000 MW of wind power installed, but dominating a large proportion of capacity 

additions in 2008 were Texas and Iowa with 2671 MW and 1600 MW installed 

respectively4 (Table4.1). In 2008 the U.S. overtook Germany in total wind power 

with Spain, China and India experiencing accelerated growth in wind installations 

as well. There are over 120,000 MW of wind power installed worldwide and 

commitments from wind rich countries such as China and the U.S. will likely lead 

the way toward more unprecedented growth in the next 20 years. At the current 

rate of wind installations observed in China, they will overtake Spain and 

Germany in total installed capacity and exceed their goal of 30,000 MW of wind 

by 20104. 
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Figure 4.3: New generation capacity additions for the U.S. 200820

*Includes solar thermal and PV, wood derived fuels, other biomass, geothermal and 
hydroelectric generation 

. 

 

 

 

 

 

 

 

 

 

Table 4.1: Top 7 cumulative wind power capacity by state, with 2008 
capacity additions and % of In-state generation4 
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Cumulative 
Capacity 
(MW) 

2008 
Additions 
(MW) 

% of In-
State 
Generation 

Texas  7,118 2,671 5.3% 
Iowa 2,791 1,600 13.3% 
California 2,517 89 3.1% 
Minnesota 1,753 456 10.4% 
Washington 1,447 284 3.9% 
Colorado 1,068 1 6.6% 
Oregon 1,067 185 5.4% 
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GE Wind turbines have dominated U.S. wind power installations, with a current 

market share of 43%15. However, the prevailing trend indicates a diminishing 

share of the market for GE as the number of entrants into the U.S. market grew 

considerably in 2008. In 2005 there were only 5 turbine manufacturers with 

significant market shares and in 2008 there were 9 turbine makers with footholds 

in U.S. wind projects15. There is reason to believe that GE will remain the major 

player into the future. The GE 1.5 MW turbines have an extensive track record 

that provides financers and PPA negotiators with certainty in long term operation. 

Additionally, the weak U.S. dollar has made entry by foreign manufacturers into 

the market difficult as their products have difficulty competing on price21

In the U.S. the average size of individual turbines is increasing as well, albeit at a 

much slower pace than the wind projects installed in Europe. The 2008 average 

was 1.67 MW, up from the 2005 average of 1.42 MW

. 

4. The trend in Europe for 

turbine sizes between 2-3 MW is reflective of the relative lack of available land on 

which to build. The U.S. contains such vast tracks of wind rich land that space 

and siting have not become a limiting factor for the overall footprint of a wind 

project. Despite the fact that land size has not become a major hurdle, wind 

installations in the U.S. are beginning to be outfitted with turbines of 2-3 MW. 

Currently there are 240 turbines installed in the U.S. with a rated output of 2.5 

MW and 125 turbines of 3 MW in size4.  



31 
 

The growth of the U.S. wind industry in the last decade has spurred major 

additions in domestic turbine and component manufacturers. Many of the 

facilities are located in states with the most robust installation growth rates, such 

as Iowa and Texas, and in struggling former rust belt states such as Michigan 

and Ohio (Map 4.2). In 2005 30% of installed turbines were made in the U.S. and 

in 2008 this increased to 50%, creating over 8,400 wind related jobs and $2 

billion in investment in 2008 alone4,15. Consistent policy drivers and 

manufacturing incentives within ARRA have led to many new domestic plants.  

The global financial crisis has slowed this growth and delayed the construction of 

many planned facilities, but as the U.S. economy recovers the growth in 

manufacturing plants is expected to resume. 
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Map 4.2: Locations of new and existing manufacturing facilities15 
 

 

The global financial downturn has had a significant impact on wind energy 

development in the U.S.. Using tax incentives as a policy tool to stimulate the 

wind industry has left investment in wind lacking. There were few institutional 

investors in 2008 and 2009 with tax appetites large enough to absorb the value 

of the tax credits generated by the ITC or PTC. Additionally, the investors left 

with sizable taxable incomes began to charge more for the use of their tax base. 

The number of installed projects financed with tax equity dropped 30% from 2007 
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to 2008, despite tremendous growth in installed capacity15. Recently bank 

lending, equity investors and tax equity investors have begun to return to wind 

investment and as the U.S. economy recovers we can expect resurgence in 

traditional investment strategies. 

4.8 Cost and Performance Trends 
 

The issues facing the wind industry in 2008 were rising costs due to the 

weakening dollar, increasing material costs, and turbine and component 

shortages. The capital costs associated with wind installations declined steadily 

until 2006, which is when the trend began to reverse15. Turbine prices continued 

to rise through 2009 as developers exhaust the inventory of turbines purchased 

in 2007 and 2008 at record high prices. However, the slowdown in turbine 

procurements in 2009 has led to a surplus for manufacturers and will likely result 

in reduced pricing through 2010 as they attempt to offload their inventory15. The 

previously mentioned record high turbine prices seen in 2007 and 2008 are the 

result of many converging factors. As stated previously, the weakening dollar and 

increasing costs for raw materials are driving the high costs of wind installations, 

but specific factors such as higher rated outputs, more sophisticated turbine 

designs and component shortages are contributing as well15. 

As can be expected, the performance of wind turbines has increased 

substantially over time. The average capacity factors (CF) of U.S. installed 

projects for the period 2003-2007 ranged from 35-37%15. However, a 
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disconcerting trend observed during 2006-2008 is slightly lower average CFs. 

From 2005 to 2008 there was a 1.9% drop in average CFs, settling on a 2008 

average of 35.0%15. This decline in performance is attributable to operational 

kinks during the break-in period for turbines installed in 2007, such as blade and 

gearbox replacements. Likely having the greatest effect on reduced CFs may be 

the curtailment of wind production in Texas due to an overwhelmed transmission 

grid. Though this performance metric has been reduced due to these factors, it 

should be noted that the upper end of the range of CFs grew.  Projects installed 

most recently, 2004-2007, are commonly experiencing CFs over 40% and two 

notable installations in the panhandle of Texas saw annual CFs of 50%15.  
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Chapter 5: Wind Integration 
 

Integrating wind generating resources on the electric grid presents new 

challenges to power system engineering and utility operating strategies. 

Integration refers to the ability of the power system to accommodate the overall 

effect of distributed, interconnected resources and goes beyond simple 

interconnection. Integration involves transmission design and planning, cost 

allocation of power system changes, and the operation of an increasingly 

dynamic grid.  

Due to its unique characteristics, electricity cannot be easily stored like natural 

gas or water, and the operation of power systems requires the real-time 

balancing of generation and load. The transmission and distribution of electricity 

is mostly a passive operation with relatively few control valves and booster 

pumps to direct the flow electricity. In light of the distinctiveness of electricity as a 

commodity, the following section provides an overview of typical power system 

operating strategies and is intended to provide the context in which wind 

resources must be integrated onto the system.   

5.1 Power System Operating Strategies 
 

Typical system operating strategies are concerned with reliability issues that 

arise from the unique properties of electricity and power grid operation. The 
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coordination of bulk power participants is essential because every action on the 

grid can affect all other power system activities. The grid is also susceptible to 

cascading problems, where one failure or equipment error can lead to rapid 

failure of other grid connected elements. Lastly, properly maintaining power 

system reliability requires instantaneous actions that involve automatic 

computations, communication and control22

At all times grid operators must keep voltage at each node (a point where two or 

more system elements connect) of the system within the set limits, regulate the 

system frequency (the constant electrical speed that generators in the system 

are rotating at) to keep all generating units synchronized, and maintain the 

system in a state that is able to endure and recover from unexpected failures and 

outages

. These reliability issues require 

system management on different temporal scales; scheduling for days and hours 

ahead, intra-hour load following and instant regulation for frequency and voltage 

control.  

23

Additionally, the role of traditional electric utility generators goes well beyond that 

of simply supplying energy. Generators offer various services and performance 

capabilities that grid operators utilize to ensure reliability in the most likely 

contingencies.  

. 
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5.2 Unit Commitment and Economic Dispatch 
 

Unit Commitment is the result of a set of programs that are responsible for 

scheduling weekly and hourly generation to meet forecasted demand. Generator 

information such as current unit status, minimum and maximum output levels, 

ramp rate limits, start-up and shutdown costs and times, minimum run times and 

unit fuel costs for various levels of operation are input into modeling software to 

determine which units are online and offline. This information is then combined 

with load forecasts and the transmission environment in order to appropriately 

dispatch generation to meet load22. This least cost optimization model is called 

‘economic dispatch’, and the means by which most utilities and grid operators run 

their power systems and is often exercised every 5 minutes to meet any 

fluctuations in load. 

5.3 Energy Balancing  
 

System operators rely on energy balancing for load following to ensure that there 

is sufficient generation to ramp up or down depending on changes in the 

electricity load. In deregulated regions such as the Electric Reliability Council of 

Texas (ERCOT), balance energy markets operate on an intra-hour basis and are 

available to participants outside of the utility, such as industrial electricity 

customers24. Industrial customers who have the capability to reduce energy 

usage at any given time can use the price signals from the balance energy 

market to engage in cost saving behavior. Although volatile, the balance energy 
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market prices tend to be lower than the cost of firm generation resources 

procured through bilateral contracts24. Despite participation of industrial 

customers, energy balancing units are typically generators within the power 

system that must be online and able to provide fast response to meet any 

minute-by-minute load fluctuations. 

5.4 Ancillary Services 
 

After system operators schedule firm energy supplies with adequate energy 

balancing to account for different load changing scenarios, they must contract for 

ancillary services that support grid operation. Ancillary services are necessary to 

support the transmission of electricity from the generator to the consumer while 

abiding by the reliability rules set forth by system operators, regional 

transmission organizations (RTO), independent system operators (ISO) and the 

North America Electric Reliability Corporation (NERC). NERC, which is subject to 

oversight by the U.S. Federal Energy Regulatory Commission (FERC), plays a 

prominent role in ensuring the reliability of the North American power system by 

developing and enforcing reliability standards25

In the case of an unexpected loss of a generator, a transmission line, or load 

fluctuation there exist contingency reserves. Reserves that are able to respond 

within 10 seconds and operate at full output in 10 minutes are called spinning 

reserves, meaning they are always online and able to be called upon at 

moment’s notice. Non-spinning reserves are not required to be online nor provide 

. 
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frequency response. Non-spinning reserves can be provided by dispatchable 

demand response, interruptible exports, off-line generators or external imports22. 

Replacement reserves are contracted to restore contingency capacity so that the 

system is prepared for a subsequent unexpected outage and must run with 60 

minutes of being called upon22. Contingency reserves are often procured through 

markets and are designed to provide reliability solutions on various time-scales. 

Due to geographic requirements, black start capabilities are not procured through 

markets. Black starts are needed to restore power systems in the event of a 

major or total power system failure. System operators typically engage in long 

term contracts with black start units that require the units to be capable of coming 

online without any outside assistance and to operate for a minimum of 12 

hours22. 
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Chapter 6: Technical Issues of Wind Integration 
 

Wind generators do not operate as traditional generation resources in that they 

are not dispatchable and do not provide voltage control or reactive support. The 

inherent intermittency of wind power is the source of most integration issues. 

Intermittency can affect system operation on timescales ranging from seconds to 

days and affects dispatch procedure, capacity credits for reserve units, and 

ancillary services.  

The uncontrollable changes in wind output increase the need for load-following 

and regulating generation.  The intermittent nature of wind generators requires 

dispatchable generators to ramp up or down depending on wind output and adds 

to the costs and complexity of system operations26

Ramping burdens imposed by wind generators can be exacerbated by errors in 

day ahead and hour-by-hour forecasts, and often times lead to sub-optimal 

economic dispatch. Additionally, intermittency affects voltage control and 

fluctuations in voltage can occur at a wind farm from changes in wind speed, 

turbine cut-in or cut-out actions, tower shadow effects, wind shear and pitching 

errors of the blades

. 

22. The ability of wind generators to remedy voltage regulation 

is imperfect as traditional turbines lack limited reactive power controls and 

modern turbines with reactive capabilities are just now coming to market. 
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As wind generated electricity becomes more prevalent and penetrates a larger 

proportion of generating capacity the cost of integration increases. Intermittency, 

ramping burdens and regulation are the root of many of these integration 

difficulties, and in this context there exist various technological and market driven 

solutions that ease wind energy’s entry onto power systems. 
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Chapter 7: Integration Solution Technologies 
 

7.1 Generator Interface and Output Controls 
 

As mentioned in Wind Technology Status, there is great movement toward 

increasing the capabilities of wind turbine controls. One way to minimize ramping 

burdens and the effects of intermittency is to improve turbine fault tolerance. The 

protection settings on wind turbines can be tripped when there is a voltage 

disturbance, causing wind generators to go off-line when a utility may prefer it 

stays online and ride through the voltage fluctuation. Adaptive protective relaying 

can be utilized to prevent fault trips that result in cascading off-line measures. 

The adaptive protective relaying can time fault trips accordingly to avoid 

instantaneous cut-outs. As 80-90% of low voltage events are momentary, the 

addition of low voltage ride through circuits is a practical solution that keeps wind 

farms online by feeding reactive power to the grid during system events22. Better 

coordination of protection settings is recognized by the wind industry and power 

system operators as a means to decrease the integration burden imposed by 

wind generation. 

7.2 Wind Forecasting Tools 
 

Accurate wind forecasts rely on physical and statistical models to identify the 

most likely weather outcomes. Better forecasting provides those selling wind 
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output with a greater confidence that they can maximize the value of their wind 

by minimizing energy imbalance penalties. For the purchaser of wind energy, it 

represents less risk associated with output and the improved reliability reduces 

the need to procure generation reserves. Improved forecasting ultimately 

reduces the cost of integration and for system operators allows for greater 

utilization of wind generation with decreased reliability issues. 

In a review of various case studies of wind integration, the Electric Power 

Research institute has identified key aspects of sound forecasting 

methodology22: 

1) Numerical weather forecast data from the National Centers for 

Environmental Protection (NCEP) 

2) Calculation of wind flow around wind plant using Meso-scale or wind-flow 

model 

3) Apply model operating statistics (MOS) to estimate adjusted wind speed 

and direction of wind at wind plant 

4) Estimate of hourly power generation at 100% availability using wind plant 

model 

5) Apply MOS to estimate adjusted wind speed and energy generation 

6) Issuance of 48-hour forecast of hourly wind speed and energy generation 
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Forecast systems differ in how they use their physical and statistical models to 

adjust wind flow patterns and energy generation, but the development of more 

encompassing statistical and probabilistic methodologies will improve the 

accuracy of forecasts22. 

The benefits that accompany accurate output forecasting have been embraced 

by utilities, RTO’s and ISO’s operating in areas with growing wind capacity. 

Minneapolis based utility Xcel Energy produces 13% of their generation from 

wind. The use of advanced, day-ahead forecasting has given the utility and its 

system operator’s comfort in dealing with wind variability and confidence in the 

scheduling of reserve generation27. The embrace of operator provided wind 

forecasts can also be seen in recent changes to ERCOT’s planning operations. 

Following an unprecedented ramp-down in 2008 of west Texas wind due to 

inaccurate participant forecasting, ERCOT has forged ahead with plans to 

conduct their own wind output forecasts that replaces participant forecasting with 

their own 80% confidence forecast28

7.3 Aggregating Resources 

.  

 

Energy production variability is significantly reduced with an increasing number of 

wind turbines and with geographic dispersion. An analysis of wind output 

variability as a function of time and the number of turbines reveals that the 

average variability in energy production is reduced with a greater number of wind 

turbines15 (Figure 7.1). 
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Figure 7.1: Wind variability as a function of time and number of wind turbines15 
 

The increase in variability of energy output associated with greater time intervals 

is due to changes in weather, but the general trend of the analysis reveals that 

system operators find less variation in wind output with more wind capacity 

installed. 

7.4 Coordinated Regional Grid Operations 
 

A key element to facilitating the integration of intermittent renewable energy onto 

the grid is to create larger, more regional balancing energy systems. Most power 

system operators rely on generation from within a defined operating area to 

balance supply and demand, often times relying on expensive reserve generation 
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to balance any fluctuations in generation and load. Expanded balance energy 

zones allow system operators the ability to rely on a larger pool of resources to 

accommodate variability in wind farm energy production.  

When operating under a regional balancing area the integration costs associated 

with wind energy are significantly reduced. Key findings within a recent Eastern 

U.S. wind integration study by the National Renewable Energy Laboratory 

(NREL) state that the costs of integrating significant amounts of wind energy 

(20% of generation) are manageable with the creation of large regional pools in 

which to procure reserve margins29. In many scenarios the study found that 

spreading out wind generation over regional operating pools can greatly reduce 

the impact of variability from individual wind sites by smoothing out production 

differences. Additionally, the pooling of resources allows system operators to 

share reserve generation and avoid the need to have redundant reserves30. 
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Map 7.1: Regional Transmission Organizations in the under FERC jurisdiction31

 
 

RTOs and ISOs facilitate regional electricity planning and provide operational 

communication that coordinates transmission across large regions from a 

multitude of generators. They are a way to enhance grid reliability and provide 

least cost energy to customers32. FERC, who has jurisdiction over RTOs and 

ISOs, previously penalized electricity generators in RTOs or ISOs, whose energy 

output varies more than 1.5% of the advanced energy schedules.  In 1999, 

FERC order 2000 waived this penalty for energy producers and required system 

operators to implement real time balancing markets that allow transmission 

customers to balance their energy schedules33. Order 2000 has resulted in 
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recent ISO and RTO regulatory changes aimed at facilitating renewable energy 

generation and easing compliance with state RPSs.  

In early 2009 the Midwest Independent System Operator (MISO) launched 

operations under a single, centralized grid operator. Traditionally, MISO grid 

operation for the 15 state ISO had been divided into 26 autonomous operating 

regions, known as balancing areas. With the newly acquired ability to access 

generation resources across the entire MISO region, the need for costly reserves 

in each balancing area is greatly reduced due to the utilization of distributed wind 

installations that smooth out production differences and to the pooling of reserve 

generators through their new ancillary market. The achieved efficiencies from the 

new initiatives will save between $115 and $205 million for customers across the 

Midwest34. These efficiency gains have come to the attention of other RTOs such 

as Southwest Power Pool (SPP), as a recent report on wind integration within 

SPP highlights the importance of large energy balancing areas with 

recommendations to enact changes similar to recent MISO grid coordination 

improvements35

7.5 Energy Storage 

. The embrace of larger balancing areas will offer economic 

advantages to those operating within it, as it would reduce reserve generation 

operating costs and the costs of increasing wind energy penetration. 

 

An ideally integrated power system would not necessitate the use of energy 

storage to back-up or firm renewable energy resources because of the sharing of 
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resources. The grid requires balancing of the net system load and focusing on 

balancing individual loads or generators is a suboptimal solution to renewable 

energy integration15. With that in mind, energy storage can add significant value 

to renewable energy systems and power systems that are isolated or 

constrained. Energy storage can ameliorate various integration issues such as 

intermittency, ramping burdens, reactive power and fluctuating power output22. 

Energy Storage can reduce the production uncertainty associated with the 

intermittency of renewable energy and optimize revenue by firming and shaping 

energy supplies during times of the day associated with higher on-peak energy 

prices22. The daily fluctuations in energy prices provide an arbitrage opportunity, 

taking advantage of the difference between cheap off-peak power prices and 

more costly on-peak prices. In fact, the only Compressed Air Energy Storage 

(CAES) operation in the U.S. does just that. The 110 MW plant in McIntosh, 

Alabama compresses air with inexpensive off-peak power and discharges the 

stored energy during peak demand hours36

Energy storage technologies that are able to change output quickly while 

maintaining low operating costs while idle are well suited to participate in 

ancillary service markets. In many deregulated markets, the value of ancillary 

services often exceeds the coincident value for energy

. 

22, and the potential for 

energy storage to provide contingency reserves, frequency regulation and black 

starts is significant.  
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In power systems with transmission constraints energy storage can provide much 

needed relief to the grid. Regions with great amounts of wind energy put onto the 

grid at the same time and with a lack of available regulation in response to 

intermittency are particularly suited to benefit from the transmission reprieve 

provided by energy storage. The wind energy that would otherwise congest the 

transmission line is removed from the grid and used to store energy. The stored 

energy can then be discharged when there is adequate load to absorb it, thus 

avoiding the urgency of upgrading transmission to facilitate the off peak wind 

production. 

Additionally, during times of curtailment wind generators may pay for any power 

they place on an already overloaded grid. For projects that have chosen the 

federal PTC, there exists a perverse incentive to keep the turbines running 

despite the congestion charges so that the tax equity investors can achieve their 

target rates of return. It becomes clear that this situation makes grid operation in 

transmission constrained wind corridors difficult because they cannot effectively 

free up transmission capacity when necessary. Energy storage may prove to be 

a novel solution to this problem by storing wind energy during times of 

congestion and discharging it when line capacity becomes available. This 

operational strategy monetizes otherwise curtailed wind energy by discharging 

the storage energy into an electricity market. 
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Wind generation forecasts are an essential tool for integrating wind resources 

onto the power system, and to ensure that the grid can balance generating 

resources and load there are penalties for wind generators that deviate from their 

forecasted output. Energy storage would act as a hedge against forecast errors 

and would benefit both wind generators and grid operators in balancing system 

loads. 

7.5.1 Energy Storage Technologies  
 

Energy storage can be tailored to address both power or energy applications and 

are generally divided into three functional categories. Power quality applications 

are used on short timescales of seconds or less, and are used to ensure the 

continuity of quality power such as voltage fluctuation and frequency regulation. 

To assure a seamless transition from one energy generation source to another, 

energy storage can be used to bride power for seconds to minutes at a time. 

Lastly, energy storage can be used as a management tool used to decouple time 

of generation with time of consumption. Energy management applications often 

rely on shaping or firming energy supplies to take advantage of the price 

differential between periods of generation and periods of high energy costs due 

to peak electricity demand37.  Although some energy storage technologies can 

be applied to more than one functional category, most options are not 

economically viable when applied to all three applications.  
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Selection of energy storage devices involves careful consideration of its 

application and characteristics such as energy density, capital and operating 

costs, round-trip efficiency, and life cycle costs. Table 7.1 outlines the more 

feasible storage options for power applications and large scale energy 

management, as they address the most pressing wind integration issues.  
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Table 7.1: Advantages and Disadvantages of energy storage technologies 
to support wind power intermittency and output fluctuation22 37 38 39

 

 

Technology Application Advantages Disadvantages 
Cost 
($/kWh) 

Cost 
($/kW) 

Cycle 
Efficiency 

Lead-Acid 
Batteries Power 

Low 
maintenance 
and capital 
cost 

Intolerant of 
temperature 
extremes, 
limited life cycle 402 1800 70% 

Ni-Cad 
Batteries Power/Energy 

High 
power/energy 
densities, 
high 
efficiency, 
mature 
technology Low cell voltage  865 3600 65% 

Flow Batteries: 
Vanadium 
Redox (VRB), 
Zinc-Bromide 
(Zn-Br) Power/Energy 

High capacity, 
Independent 
power and 
energy 
ratings 

Low energy 
density, 
unproven life 
cycle and 
maintenance 
costs  400-500 

2300-
2800 70-75% 

Other 
Advanced 
Batteries: 
Lithium ion, 
Nickel-Metal 
hydride, 
Sodium sulfur Power 

High power 
densities, 
High 
Efficiency 

High production 
costs, Relatively 
untested 

370-
1417 

2000-
6800 65-75% 

Ultracapacitors Power/Energy 

Long life 
cycle, high 
efficiency 

High Capital 
Costs, low 
energy density 1000's 500 90% 

Flywheels Power 

High current 
density, long 
life cycle 

Low energy 
density 1000's 250 85% 

Pumped Hydro Energy 

Mature 
technology, 
long life, low 
cost for large 
scale energy 

Requires 
suitable 
topography, 
difficult 
environmental 
siting 125 900 90% 

Compressed 
Air (CAES) Energy 

High capacity, 
low cost, 
mature 
technology 

Requires 
suitable 
geography/siting 75 450 75% 
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7.5.2 Enabling Policies for Energy Storage: DOE Grants 
 

Apart of ARRA and the stimulus package the US DOE has appropriated $400 

million for energy storage grants and thus far has awarded over $184 million in 

research grants to various energy storage technologies40

40

.  The first wave of grant 

awards reflects the industry sentiment that a modern grid must incorporate 

energy storage and that the cost of storage technologies must be reduced 

through commitments to research and development. Technology winners in the 

first round of grant awards include Lithium-Ion batteries ($31 million), flywheels 

($28 million), CAES ($59.8 million), flow batteries ($17.4 million) and advanced 

battery technologies ($7.2 million) . 

7.6 Integration Solutions Summary 
 

As reported by the U.S. DOE, many power system studies conclude that a 20% 

penetration of wind energy production can be reliably accommodated by 2030 

with costs for integration found to be on average 10% of wind energy’s wholesale 

value15. Through proper interconnection, integration, transmission planning, fair 

cost allocation for transmission upgrades, and system and market operation 

upgrades, the impacts of significant wind resources can be managed. For the 

realization of the 20% wind energy penetration scenario in the U.S. by 2030, 

construction of high voltage transmission lines that deliver electricity from remote 

wind sites to population centers is necessary (Map 7.2). Currently, there are a 
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myriad of transmission studies, plans and projects under way that are aimed at 

this issue15: 

• Planning by the Western Governors’ Association’s (WGA) Clean and 

Diversified Energy Advisory Committee   

• The collaboration of Minnesota utilities in the Capital Expansion Plan for 

2020  

• The creation of Competitive Renewable Energy Zones (CREZ) by the 

state legislature in Texas   

• The creation of state transmission or infrastructure authorities in Wyoming, 

Kansas, South Dakota, New Mexico, and Colorado  

• The proliferation of large interstate transmission projects in the West   

• The SPP “X Plan” and Extra High Voltage analysis  

• The Midwest ISO Transmission Expansion Plan 2006  
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Map 7.2: Transmission additions required for 20% wind by 2030, modeled by 
U.S. DOE15 

 

An important distinction that can alleviate the burden of adding reserve margins 

that accompany wind installations, is to discount wind capacity credits15. Wind 

resources are energy sources, not sources of capacity as they cannot be 

dispatched. Typically, RTOs and ISOs overseen by NERC require minimum fixed 

percentages of total capacity to act as reserve margins to ensure reliability. The 

appropriate discounting of wind capacity credits would remove the need to add 

reserve margins as outlined in reliability standards. 
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It is important to note that grid operators have vast experience in balancing the 

supply and demand of electricity, and therefore are accustomed to reconciling 

imbalances brought about by variability of load. Power systems are able to 

handle the variability in loads with existing technologies and market solutions that 

are necessary for the integration of intermittent renewable generators41

 

. 

Developments in wind forecasting tools and enlarging energy balancing areas 

will enable utilities to access more diverse generation supplies for reserve 

purposes, as well as take advantage of the smoothing of wind production due to 

geographic diversity of wind installations while minimizing the costs for 

integrating high penetrations of wind energy. Energy storage will play a vital role 

in wind integration so long as transmission congestion, regulation concerns and 

opportunities for arbitrage remain. An idealized grid will be a flexible system with 

the ability to address both supply and demand resources while maintaining 

stringent reliability standards.  
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Chapter 8: A Snapshot of ERCOT 
 

As grid operator, The Electric Reliability Council of Texas (ERCOT) is 

responsible for maintaining power system reliability through planning and 

operations, providing open access to transmission, assisting retail switching for 

customer choice and facilitating wholesale market settlements for electricity 

production and delivery. Serving over 22 million customers and 85% of the Texas 

electricity load, ERCOT is a unique grid operator as it is not subject to federal 

oversight by FERC and has little capacity to transfer electricity with the Eastern 

and Western interconnects42. As a relatively isolated grid system with limited 

transfer capabilities with the eastern and western interconnects, ERCOT must 

rely on in-state generators to supply the bilateral wholesale market (95% of 

electricity bought and sold), balancing energy, and ancillary service markets. 

These markets are identified by Commercially Significant Constraints (CSCs), or 

major transmission paths grouped by available generation and loads, and divided 

into four Congestion Management Zones, ERCOT North, West, South and 

Houston zones (Map 8.1). 
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Map 8.1: ERCOT Congestion Management Zones43

 
 

The generation fuel mix within ERCOT has remained heavily reliant on natural 

gas for the last 20 years (Figures 8.2 & 8.3)42 44. Coal and nuclear power act as 

baseload generators with natural gas units used for load following. The natural 

gas units set the marginal price of electricity in ERCOT as they are used to meet 

any incremental changes in electricity demand. ERCOT’s self imposed reserve 

margin, or percentage of capacity that can exceed forecasted peak demand, is a 

minimum of 12.5%. The dominance of natural gas capacity can be explained by 

the range of load that must be served from summer to winter months, which is 

nearly 10,000 MW 45. Such large seasonal changes and hourly deviations in load 

require significant natural gas reserve margins. 



60 
 

 

Figures 8.2 and 8.3: ERCOT generator portfolio, generation (2008) and capacity 
(2009)42  
 

 

8.1 Transition to the Nodal Market 
 

In 2003 the Public Utility Commission of Texas (PUCT) ordered ERCOT to 

change from a zonal pricing system to a nodal one, to be implemented in 2010. 

The current zonal market design divides Texas into four Congestion 

Management Zones, which are defined by Commercially Significant Constraints. 

This system design assigns energy prices to each zone, regardless of the 

congestion characteristics at transmission points within the zone. This results in 

inadequate price transparency and subsequent inefficient power dispatch, 

congestion management and unclear price signals for investment46. The zonal 

system also limits ERCOT’s ability to resolve congestion issues, as Qualified 
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Scheduling Entities (QSE’s, who procure a portfolio of energy resources for 

distribution) submit schedules to ERCOT for a group of resources. From a 

system operator standpoint it is difficult to resolve transmission issues on a 

portfolio basis as each generating resource is operating in a unique transmission 

environment and cannot be easily reconciled in response to congestion.  

The new nodal design will address these issues and provide market participants 

with greater certainty. More detailed pricing, to occur at 4000 nodes within 

ERCOT (Map 8.1), will encourage generation and transmission investment by 

providing more granular, transparent market signals46

Major market design changes that accompany the nodal system include a day-

ahead wholesale energy market, reliability unit commitment, real-time or security 

constrained economic dispatch (SCED) and congestion revenue rights. The day-

ahead energy market will arrange for energy and ancillary services and provide 

price certainty for the next day. This co-optimized model manages congestion at 

the resource-specific level, enhances load frequency control and determines the 

. The nodal market will 

incorporate mechanisms that directly assign costs to those participants who 

contribute to congestion. The settlement prices in nodal markets are based on 

locational marginal prices (LMP), or the marginal cost of serving the next 

increment of demand at that node consistent with the costs of transmission 

constraints. Adding to the improved dispatch efficiency that nodal LMPs will 

provide is implementation of dispatch at the resource specific level by QSEs.  
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most efficient procurement of energy, ancillary services and congestion revenue 

rights46.   

 

Map 8.1: Location of Nodes in ERCOT Nodal market46 
  

8.2 Nodal Market Effects on Wind Generators 
 

The nodal market contains a number of provisions that are aimed to better 

integrate wind resources into the market by taking into account their unique 

characteristics.  

One of the nodal protocols requires ERCOT to conduct long-term resource 

assessments, ranging from one week to multi-year reports. For wind generating 

resources (WGRs) this includes detailed load, generation and transmission 

forecasts inclusive of long term wind resource assessments provided by 

individual WGRs47. The long-term wind forecasts that result will be used to 

determine capacity values of WGR’s, in lieu of the zonal market system that 
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assigns capacity credits based on a fixed percentage of nameplate capacity. This 

market design ensures that excess conventional and reserve generation is not 

built and will help minimize the cost of long-term resource investments. 

The operation of day and hour-ahead reliability commitments under the nodal 

system is meant to ensure adequate generation is available to meet load while 

maintaining system reliability. Wind forecasting will obviously play a key role in 

how WGR’s are treated in these markets, especially as wind penetration levels 

increase and have a large portion of off-peak load periods. The nodal market 

assigns the responsibility of wind resource forecasting solely to ERCOT to 

ensure a consistent methodology is used for each WGR. The hourly forecasts 

will use a combination of physical models for regional weather patterns, statistical 

models using historic and real-time wind data, and telemetered real-time data 

from WGRs47. These models will be incorporated to generate an hourly 

probability distribution of generation for each WGR for the next 48 hours. The 

probability distribution is then used to generate a Wind Generation Resource 

Production Potential (WGRPP), which assigns a generation level with an 80% 

probability of exceedance. In other words, ERCOT will assign capacity availability 

to WGRs at an output level that has an 80% chance of being exceeded. This is 

then used in Day-ahead Reliability Unit Commitment in a manner that avoids 

over-commitment of generation by WGRs. This provision was designed with 

consideration of the February, 2008 event that saw a 1300 MW load loss that 

forced ERCOT to call upon its’ demand side resources to curtail nearly 1100 MW 
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of electricity use. Nodal provisions do allow WGR’s to bilaterally commit more 

output than the WGRPP allows, with the caveat that any under generation must 

be procured by the WGR in a load loss event. 

Finally, the Security Constrained Economic Dispatch (SCED) treats WGRs based 

on the WGRPP and does not assign penalties for under generation. Over 

generation by WGRs during periods of curtailment are assigned penalty 

payments only if curtailment is over 2 MW and WGR output is greater than 10% 

its’ dispatch instructions. 

In summary, the nodal market design will further enable wind energy integration 

in ERCOT by enabling wind investment at nodes with sufficient transmission 

capacity and by incorporating the uncontrollable nature of wind into the market 

protocols. Considering that the LMP of energy is set at the price to deliver that 

energy at a specific transmission bus, the WGR operating with the least 

transmission constraint will have SCED preference. These transparent price 

signals will direct wind investment in areas most suitable to wind capacity 

additions. 
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Chapter 9: How Much Wind Can be Installed in ERCOT by 2030? 
 

In 2008 the U.S. DOE published a paper addressing the feasibility of generating 

20% of the Nation’s electricity from wind energy by 2030. With extensive data 

analysis and modeling the report examines the costs, challenges, and impacts of 

this scenario while focusing on the specific technological, manufacturing, 

transmission, and market requirements necessary to generate 20% of the U.S. 

electricity with wind by 2030. In the spirit of the U.S. DOE report, the following 

sections will attempt to characterize the limits to growth to wind generation within 

the ERCOT control area of Texas, with focus on transmission, ancillary services, 

energy storage, load growth patterns and ERCOT’s market forces. 

Using econometric modeling, ERCOT’s long-term forecast for energy 

consumption uses a 2.0% growth rate through 201948

In order to meet 20% of this consumption with wind energy, Texas needs to 

generate 95 million MWh.  Assuming a capacity factor of 35%, this translates into 

31,000 MW of wind installed by 2030, an increase of 20,000 MW from today’s 

capacity. Can ERCOT reach this level of wind production? What needs to 

happen for this to be realized? Is 20% a penetration ceiling for reliably integrating 

wind in ERCOT? The following chapters will address these questions.  

. Extending this growth rate 

to 2030 results in a 34% growth in electricity consumption within ERCOT 

between 2009 and 2030, to a total of 475 terawatt-hours (TWh), or 475 million 

megawatt-hours (MWh) in 2030 (Figure 9.1).  
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Figure 9.1: Energy Consumption Forecast in ERCOT through 203048 
 

9.1 Texas’ RPS and the Growth of Wind in Texas 
 

In 1999 the Texas state legislature passed Senate Bill 7 which established the 

groundwork for deregulating the electricity market, as well as founding a state 

Renewable Portfolio Standard (RPS). The Public Utility Commission of Texas 

(PUCT) set up a renewable energy credit (REC) trading program and renewable 

energy purchasing requirements to facilitate achieving the targets outlined in the 

state RPS. The initial standard set in 1999 required 2,000 MW of new 

renewables to be installed by 2009. As Texas has outpaced the RPS targets they 

have been amended with increasing goals for renewable installations. In 2005 
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Senate Bill 20 reset the goal to 5,880 MW by 2015 and 10,000 MW by 2025, 500 

MW of which must come from non-wind renewables49

The rapid rise of wind power in Texas can be attributed to the several elements 

of the state RPS and subsequent legislation (Figure 9.2). The initial RPS was 

technology neutral and promoted the development of the most cost effective 

renewable generation technologies. Given the immense wind resources in Texas 

and the lower capital cost of wind relative to the other renewable technologies, 

wind was the obvious benefactor. Senate Bill 20 also instructs the PUCT to 

require utilities to upgrade their transmission infrastructure to accommodate RPS 

goals, with the costs for upgrades to be recovered through electric rate 

increases. This process now known as Competitive Renewable Energy Zones 

(CREZ) will be discussed in the following chapters.  

.  
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Figure 9.2: Wind annual capacity additions and cumulative wind capacity 
installed50 51

 
 

The RPS requirements in Texas are based on the amount of renewable energy 

capacity, not the amount of electricity generated. This market design feature 

resulted in the rapid development of remote wind farms, regardless of 

transmission availability and renewable energy delivered to the grid. Recent 

amendments to the state RPS have included a capacity conversion factor (CCF) 

that converts the MW installed to MWh requirements, based on the actual 

performance of the wind resources for the previous two years49. The Texas RPS 

places the burden of compliance on the state’s Retail Electricity Providers 

(REPs), or the middleman of the deregulated electricity market, by allocating a 

share of the RPS mandate based on the pro rata share of statewide retail energy 
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sales. The REPs can engage in long-term contracts to buy electricity bundled 

with RECs or RECs alone. REPs are allowed to bank RECs for three years, trade 

RECs and are provided certainty of future REC needs as all new renewable 

generation facilities are allowed to sell a minimum of 10 years of RECs to help 

recover capital costs49. In addition to high non-compliance fees of $50/MWh, the 

REC market structure in Texas has facilitated the growth of the wind industry as 

its’ design intended52

The current price for RECs hovers around the $1/MWh level, reflecting low 

demand due to the reality that the abundant renewable generating capacity 

already installed throughout Texas is adequately meeting RPS targets. In 2009, 

Texas set records for having the most active REC program in the U.S., with its’ 

135 REPs retiring 6.7 million RECs and an additional 6.7 million RECs retired in 

the voluntary market that supports ‘green energy’ purchases

.  

53

It is clear that Texas has again outpaced the goals set out in the RPS, 10,000 

MW by 2025. The efficient, organized and competitive REC market is well 

designed, but needs a loftier target to pursue. Developments in areas of 

transmission and the ERCOT nodal market design should provide the Texas 

legislature with the impetus and comfort necessary to increase the renewable 

energy mandate during the legislative sessions of 2011. Achieving 20% of 

electricity generation from wind energy is not possible without appropriate 

incentives provided by the REC market. An increase in the RPS target and 

.  
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extended REC market lifetime (scheduled to expire in 2019) would drive 

additional wind development as more utilities would demand renewable power 

purchase agreements (PPAs) and developers would have the certainty of 

monetizing their RECs. 

9.2 Transmission Congestion in ERCOT 
 

Today, wind installations in Texas have stressed the transmission infrastructure 

to a point that many wind farms are given instructions to curtail production. The 

lack of transmission capacity is exacerbated by the long distances between wind 

farms and the majority of ERCOT’s load (Map 9.1). The four largest urban 

centers in Texas constitute approximately 70% of the total ERCOT load and 

contain none of ERCOT’s wind capacity. ERCOT handles transmission 

congestion in two ways, through market forces and non-market reliability 

procedures. 
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Map 9.1: Wind Speed Classes in Texas54 and ERCOT load centers55

 
. 

When CSCs become congested ERCOT’s system operator reduces line loading 

by increasing generation in the zone that is importing energy and decreasing 

generation in the zone exporting the energy. These operational instructions are 

determined by the generator bids in the balance energy market concluding with 

ERCOT settling payment with generators that comply with the congestion relief 

instructions. The costs incurred by ERCOT are then passed on to QSE’s 
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responsible for the scheduled congestion and distributed to generators 

scheduled by the QSE on a pro rata basis56

When congestion occurs outside CSCs thusly preventing generators from 

participating in zonal balance energy markets, ERCOT’s next recourse is a non-

market reliability procedure. This is a simple process by which ERCOT identifies 

a generator that by coming online can reduce the need for importing energy from 

the congested area

.   

56. For example, the transmission line that connects the West 

to the South is not considered a CSC, and therefore is not monitored within a 

balance energy market. When this line reaches its limits, ERCOT identifies a 

generator in the South that can alleviate the congestion and pays the generator 

the coincident price for balancing energy.  

For intra-zonal congestion ERCOT employs Out-of-Merit Energy(OOME), Out-of-

Merit Capacity (OOMC), and Reliability Must-Run (RMR) markets. These costs 

are also spread to all load serving entities within the congestion management 

zone. 

 

As the installed capacity of wind generators increases in ERCOT, so does the 

congestion on the existing transmission lines. This is particularly true for the 

West zone which makes up about 75% of all wind capacity within ERCOT54.  

From 2007 to 2008, the total installed wind capacity in ERCOT grew by 3570 

MW, from 4541 MW to 8111MW installed.  During this time the incidences of 
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negative pricing in the balance energy market in the West zone of ERCOT grew 

significantly (Figure 9.3). 

 

Figure 9.3: Balance Energy negative price occurrences57

 
 

 The Market Clearing Price for Energy Resources (MCPER) on the balance 

energy market is set by the lowest bids placed by generators. With a near zero 

marginal cost of production, wind generators often will place negative bids to 

ensure they will realize federal and state wind subsidies. The total value of PTCs 

and RECs are determined by how much energy is produced by wind operations, 

regardless of the price paid for that energy. Many financing structures in the wind 

industry secure funds with PTCs and rely on REC revenues. Wind producers will 

continue to accept negative prices for energy so long as the marginal cost plus 
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the payment to ERCOT is less than the value of the PTC and the REC. 

Ultimately, the money ERCOT receives from wind generators for putting power 

onto the grid is passed through to consumers in lower electricity costs. 

The occurrence of negative pricing in regional power markets is not uncommon. 

Natural gas steam turbines and coal fired power plants have been known to 

accept negative pricing to avoid costs associated with ramping down production 

and operating off-line58

 The total value paid out to generators through the balance energy market is 

defined as congestion costs. In 2008, the congestion costs in ERCOT reached 

an all time high of $375 million but in 2009 costs returned to a more historic level 

of $70 million

. In this case, negative prices are an indicator of 

congestion often occurring at night or in the early morning when wind generation 

is plentiful and demand for energy is minimal. 

59.  The contribution of wind generation to this cost is difficult to 

ascertain as rising fuel costs and market changes also played a significant role. 

Considering ERCOT’s generation portfolio is reliant on natural gas generators for 

incremental generation, the rise in the price of natural gas may more 

appropriately explain such high congestion costs in 2008 as the price of natural 

gas for electric power was $9.26/mmbtu in 2008 compared to $4.29/mmbtu in 

200960

 

.  

As mentioned previously, the nodal market design slated for completion in 2010 

will address congestion issues by directly assigning costs to those who contribute 
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to congestion, opposed to assigning costs to QSE’s. The settlement prices, 

LMPs, will reflect the transmission environment in which generators operate and 

will result in the dispatch of those generators who are best able to serve loads. 

9.3 The CREZ Initiative 
 

Along with amendments to the RPS and REC market protocols, Senate Bill 20 of 

2005 provided the groundwork for addressing the transmission congestion issues 

within ERCOT. The statute requires the PUCT to consult with transmission 

operators such as ERCOT in order to “designate competitive renewable energy 

zones…”, “develop a plan to construct transmission…”, and “consider the level of 

financial commitment by generators for each (CREZ) in determining whether to 

designate an area as a (CREZ)”61

The CREZ planning process was initiated in 2006 with ERCOT conducting a 

yearlong study that included informal stakeholder meetings, meso-scale analysis 

of the states’ wind potential, and production cost modeling to compare the costs 

and benefits of CREZ scenarios. Technical studies were conducted to identify the 

most productive wind regions of Texas, areas of existing generation 

development, and areas of probable development (projects with signed 

interconnection and lease agreements). The synthesis of the reports resulted in 

the identification of 5 CREZs and proposed transmission build outs, seen in map 

9.2 and table 9.1. 

. 
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Map 9.2: Competitive Renewable Energy Zones (CREZ)62

Table 9.1: CREZ’s and Potential Wind Additions
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CREZ’s Wind Additions 

Panhandle A 3,191 MW 

Panhandle B 2,393 MW 

McCamey 1,859 MW 

Central 3,047 MW 

Central West 1,063 MW 

Total New Wind 11,553 MW 

Capacity Reserved -2059 MW 

Existing Wind 2009 +8962 MW 

Total All Wind =18,456 MW 
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The CREZ transmission additions will span 2300 miles and cost $4.93 billion and 

are slated for completion by 201462. Since the announcement of the CREZ 

scenario an additional 2059 MW of wind has reserved capacity on the proposed 

lines, bringing potential wind additions to 9494 MW and the total amount of wind 

energy CREZ will accommodate to 18,456 MW. With over 44,000 MW of wind in 

the ERCOT interconnection queue64 the wind build out of the new 9494 MW can 

be expected to come online between 2011 and 2015. As of March 2010, ERCOT 

has signed interconnection agreements for 7419 MW with expected commercial 

operation dates for 2299 MW in 2010, 3219 MW in 2011 and 1901 MW in 201265

42

. 

Assuming the remaining 2075 MW are built at a moderate rate of 692 MW/year, 

there will be a total of 18,456 MW of wind installed in ERCOT by 2015. With 

ERCOT load growth projections indicating 363 TWh of consumption in 2015 , 

the installed wind capacity equates to about 16% of total generation given a 35% 

Capacity Factor†

9.4 Compressed Air Energy Storage (CAES) Potential in Texas 

. 

 

With all of the CREZ created transmission capacity accounted for by 2015, there 

again will be the need to alleviate congestion for wind installations above the 

18,456 MW accommodations. As discussed previously energy storage can 

                                                           
† The average CF for all U.S. installations was 35% in 2008. CF figures for Texas in 2008 were below the 
national average due to curtailment. Assuming adequate transmission capacity, a 35% CF is conservative 
as common CFs in areas of the CREZ build out are currently 40% and in some cases 50%15 
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obviate the need for transmission additions, minimize impacts of wind energy on 

system ramping and enable greater wind integration by improving wind 

production profiles. With comparatively low capital and operational costs, and the 

ability to store utility scale amounts of energy and provide regulation, CAES may 

be the preferred technology in the future. With great geologic storage potential in 

Texas (Map 9.3), CAES can provide Texas the means to target 20% wind 

generation by 2030.  

CAES systems are very similar to conventional natural gas turbines except with 

the compression and expansion operations separated and operating 

independently. Storage of the compressed air must occur in geologic formations 

that have permeability and reservoir thickness that allow for deliverability of the 

compressed air and porosity characteristics that provide large volumes of 

storage36. Typical formations with these attributes include both domal and 

stratigraphic salt formations, aquifers and porous rock formations such as 

limestone.  

 With wind energy paired to CAES (noted as Wind/CAES), the wind supplies the 

energy necessary for the compression components to store compressed air 

underground. Typical natural gas turbines use 2/3 of the energy they produce to 

compress air for the expansion operation, giving a clear advantage to wind/CAES 

as the result is 60% less natural gas consumption for one MWh of energy 

produced66.  A wind/CAES system has an approximate efficiency between 72 
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and 80 percent and expansion components maintain quick ramp up times usually 

in the 10 minute range36 66

 

.  

Map 9.3: Geologic requirements for CAES and wind resource potential in 
Texas36 
 

A wind/CAES operation has the ability to shape energy delivery for times of peak 

load. In the a case where a transmission constraint would prevent wind energy 

from entering the grid, the wind energy would be used to store compressed air 

until the constraint was removed or until there exists an acceptable load to 

absorb the energy. Wind/CAES systems are also suitable for taking advantage of 

arbitrage, by storing wind energy during times associated with low prices for 

dispatch during times of higher energy prices. Wind/CAES operators will also 

have the ability to bid on ancillary service markets as the regulation components 
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on the system are the same as other natural gas thermal plants currently able to 

provide regulation services.  

Recent economic and life cycle analyses of wind/CAES systems36 66 67 68 show 

that the costs are very comparable to other low GHG baseload power 

technologies, such as Integrated Gasification Combined Cycle (IGCC) plants and 

carbon capture and sequestration (CCS) facilities. Understanding the widespread 

deployment of wind/CAES in Texas requires a more in depth characterization of 

existing geologic storage options and strong energy storage and GHG policy 

incentives. Additionally, CAES development will be pursued by developers when 

the arbitrage value is greater than the cost of development. However, given 

Texas’ industrial expertise in natural gas and gas storage, U.S. DOE funded 

research and recent plans to develop wind/CAES operations throughout Texas‡

9.5 Shifting Load Patterns and Demand Side Management 

, 

this report assumes that an additional 500 MW of wind can be integrated each 

year between 2016 and 2030 in the form of a wind/CAES system. 

 

For much of electricity’s history the traditional strategy for meeting the growing 

demands of electricity customers was to build additional generation resources. 

This antiquated view of utility strategy is increasingly being replaced by the view 

that the demand side of the equation can be managed to optimize existing 

resources. This is commonly called Integrated Resource Planning (IRP), and 
                                                           
‡ Ridge Energy Storage & Grid Services L.P is developing 540 MW, and TXU and Shell have announced 
plans to explore a 3000 MW Win/CAES system in the panhandle (Succar, 2008). 
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involves evaluating all resource options, both supply and demand side, with the 

goal of minimizing costs and remaining operationally flexible.  

The promise of reducing and shifting energy consumption through demand-side 

management (DSM) has attracted many utilities to plan for a future smart grid.  

Within Texas many utilities such as Oncor, CenterPoint, Austin Energy and TXU, 

to name a few, have initiated smart grid technology roll outs and ARRA has 

provided $435 million to smart grid demonstration projects throughout the U.S.69

In Texas, the mismatch of wind production and demand is an essential 

integration issue. Figure 9.4 shows ERCOT’s normalized load and normalized 

wind generation throughout ERCOT for August 4, 2009, and demonstrates the 

wind generation and load mismatch problem. On this date, and typical for wind 

generation throughout Texas, wind energy production increased at night and into 

the early morning hours with a significant drop in production occurring at the time 

load is ramping up. 

. 

The aim of these programs is to enable end users to consume energy more 

intelligently, saving them money and reducing costs incurred by utilities. Smart 

appliances and thermostats that communicate with each other through home 

area networks (HAN) will allow consumers to change their pattern of energy use. 

Smart meters will provide utilities with more detailed load information and 

consumption patterns that will enable them to reliably and efficiently plan for 

generation throughout the day.  
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Figure 9.4: Normalized wind generation and normalized ERCOT load mismatch, 
August 4, 200951 

 

Much of the cost savings associated with the smart grid are attributable to energy 

conservation and time-shifting of demand. Of particular interest to integrating 

substantial penetrations of wind energy onto power systems is the time-shifting of 

demand. Supplying energy to meet peak demand loads is comparatively 

expensive in Texas as natural gas units are dispatched to meet this demand. 

Natural gas generators typically have higher operational costs and fuel costs 

than conventional baseload generators such as nuclear and coal.  Shifting the 

demand of flexible loads (smart appliances, plug-in hybrid vehicles) to times of 

low demand allows less expensive generation the opportunity to serve load. 
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These practices can smooth electricity demand and open a larger market for off-

peak wind generation15. 

 

Using ERCOT’s load growth forecasts, federal and state policy signals and utility 

actions, this report assumes an additional 760 MW of wind can be integrated 

through time-shifting of demand by 2030. The assumptions for this forecast are 

that 2% total load in 2015 and 10% of annual load growth through 2030 are 

shifted to off-peak times when wind generation is more able to accommodate 

load. 

 

9.6 Off-Shore Wind 
 

The wind resources on the gulf coast of Texas are well suited for wind energy 

development. Unlike inland wind patterns, gulf coast winds are relatively 

consistent both seasonally and daily70

55

.  Texas’ vast experience with gulf coast oil 

and natural gas rigs have resulted in detailed mapping of the subsea floor and 

indicate an abundance of shallow water depths along the coastline. Gulf coast 

wind projects would also be able to take advantage of the close proximity of load, 

as Houston constitutes 28% of ERCOT load .  

During the CREZ process gulf coast transmission capabilities were identified as 

being able to “easily” absorb between 600 and 900 MW of off-shore wind energy 

without any significant transmission upgrades71. Given the developments in off-
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shore wind turbine technology, load growth in the Houston area and the 

transmission capabilities along the Texas coast, this report assumes 100 MW of 

off-shore wind energy will be developed each year from 2021 and 2030.  

9.7 Texas Wind Capacity in 2030 

  
The wind capacity potential for Texas by 2030 totals 27,716 MW given the 

previously mentioned assumptions, constituting 17.9 % of total load (Figure 9.5). 

The growth rate and total wind energy capacity determined in this report is not a 

product of a comprehensive resource and transmission analysis, but a synthesis 

of recent studies and developments in wind energy. This particular scenario was 

developed in order to assess ERCOT’s ability to integrate high penetrations of 

wind energy in 2030. 
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Figure 9.5: Wind capacity additions and percent generation from wind energy. 
 

The pace of wind development in this scenario is highly dependent on several 

policy drivers. As shown in Chapter 3, the growth of the wind industry slowed 

considerably with the expiration of tax credits which are slated to expire again in 

2012. Despite the strong influence the tax credits continue to have on project 

development, the long term need for them to drive the industry is partially 

obviated with enactment of either a carbon cap and trade system or a national 

renewable energy standard. A cap and trade system would make wind energy 

highly competitive with natural gas power plants and result in increased demand 
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for wind and renewable PPAs.  It is also likely that the Texas State Legislature 

will increase the RPS goal in light of attaining the current target years ahead of 

schedule. Combining a more robust state RPS with a national renewable 

standard may provide developers with access to two REC markets that can 

provide revenues sufficient enough to remove the dependency on federal tax 

credits. As currently written in Senate Bill 2425, the starting price for Federal 

RECs is equivalent to the current PTC value of $21/MWh, indicating the desire to 

replace the tax credits incentives with an equivalent subsidy provided by a 

national renewable energy standard. Regardless of which policies are passed, 

renewable energy must be assigned priority status by state and federal 

lawmakers in order for them to produce a significant percentage of our electricity 

generation.  

Furthermore, the percentage of load met by wind generation, 17.9% in this 

scenario, is largely affected by the load growth forecasts. Recent PUCT 

mandates imply a slower rate of load growth. PUCT rule §25.181, mandates all 

utilities to meet portions of their residential and commercial load growth with 

energy conservation and efficiency measures. The goals are set such that 20% 

of residential and commercial load growth must be offset by 2012, with 

increasing percentages of 30% by by 2013 and 50% by 201472. By assuming that 

industrial, commercial and residential loads within ERCOT each constitute 1/3 of 

load, these goals combined with a decreased load growth rate of 1.0% result in 

this wind scenario generating 21.3% of the 2030 load. This reduced load growth 
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scenario highlights the potential range of wind energy’s contribution the 2030 

load forecast.  

Furthermore, any significant reductions in wind capacity additions in the scenario 

will dictate wind’s role in providing energy to meet load. If the CAES parameter is 

reduced to 1000 MW added by 2030, instead of the current assumption of 7500 

MW, wind energy will make up nearly 14% of expected load. Despite deviations 

in the wind scenario on either the wind supply or demand side, we can 

reasonably assume wind energy’s proportion of load may range between 14 to 

23% by 2030. 
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Chapter 10: Wind Integration in ERCOT  
 

ERCOT’s ability to integrate 27,716 MW of wind energy hinges upon nodal 

market features, access to a flexible generation portfolio and energy storage, the 

establishment of reliability rules for WGRs, and the utilization of enlarged balance 

energy areas. The following sections will review these issues, concluding with a 

high level assessment of ERCOT’s ability to integrate such a significant level of 

wind energy penetration.  

10.1 Nodal Market Wind Forecasting 
 

The nodal market wind forecast method prescribed by ERCOT, the WGRPP, will 

provide system operators with comfort in dealing with wind variability and 

confidence in the scheduling of reserve generation. The 80% exceedance 

method ensures WGR’s do not over-commit generation and often times will result 

in reserve generation ramping down in response to wind production. The use of 

48 hour ahead forecasting should allow ample time for system operators to 

schedule other generation resources and will greatly reduce the costs of 

integration while maintaining reliability protocols. 
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10.2 ERCOT’s Flexible Generation Portfolio and Ancillary Services 
 

The presence of natural gas generators within ERCOT will greatly aid wind 

integration. With 65% of installed capacity in 2009, natural gas generation has a 

strong position into the future. With a reserve margin of 16% in 200959 and an 

additional 18,000 MW of natural gas units in the interconnection queue65, 

ERCOT will be able to maintain reliable system operations throughout the CREZ 

build out and into 2015. 

ERCOT’s minimum reserve margin of 12.5% will dictate any future additions of 

natural gas generation§

The impacts of wind integration on ancillary services cannot be properly 

evaluated without considering load patterns. Net load variation is an indicator of 

how much regulation is required to maintain system balance, and is defined as 

the total load minus wind production. A 2008 analysis of wind generation impacts 

 and is set to ensure there is adequate, flexible 

generation to meet peak demand, despite generator down times and wind output 

fluctuations. ERCOT rules have recently been amended for the calculation of 

available total generation, anchoring generator capacity credits to generator 

availability, or capacity factor. This is an important distinction in the case of wind 

energy as a result of using nameplate capacity in calculating the reserve margin 

would be an over commitment to building reserve generation.  

                                                           
§ Reserve Margin defined as (Generation-Peak Demand)/Peak Demand 
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on ERCOT ancillary services reinforces the notion that net load variability 

increases coincide with increased wind penetration levels73

The wind generation scenario developed in the study assumes 15 GW of wind 

capacity in ERCOT. At that level of generation there appears to be sufficient up-

regulation to handle time periods of low wind output but there remain a limited 

number of hours per year that there is insufficient down-regulation capable of 

balancing high levels of wind output

.  

73. For a solution to this problem the study 

recommends modification of unit commitment and dispatch to ensure down-

regulation facilities are not already committed and rendered unavailable for 

down-regulation service. 

Key finding in the analysis of CREZ wind additions indicate that wind variability is 

greatly reduced with geographically dispersed wind operations and that ERCOT’s 

current market operations and non-spinning reserves can meet unanticipated net 

load changes. Currently ERCOT procures non-spinning reserve service for ‘high 

risk’ periods when “hot weather, cold weather, or uncertain weather is expected, 

and when amounts of spinning reserve is less than 4,600 MW are projected”73.  

These criteria, only focused on load behavior, need to be amended to include 

wind variability in the ‘high risk’ period definition. Furthermore, the analysis 

suggests ERCOT should consider introducing a new non-spinning reserve 

service to reduce the amount of responsive reserves needed for periods of wind 

production drop risk. The need for an increase in spinning reserves is only 
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necessary when the change in net load occurs in less time than non-spinning 

reserves require and with proper wind forecasting the need for more spinning 

reserves can be greatly minimized73. 

The introduction of a step between day-ahead and hour-ahead unit commitments 

is also vital to providing improved system reliability and to ensure sufficient unit 

commitment during times of wind forecast uncertainty. A one to six hour-ahead 

timeframe will allow thermal units to respond to schedule adjustments based on 

revised wind and load forecasts73. 

Ancillary service market design needs to maintain sufficient incentives to make 

certain their availability. The rules of ancillary services should encourage 

emerging resources, such as wind generation, energy storage, and loads acting 

as resources (LAARs), to participate in the markets and prove their value73. Wind 

resources can be effective down-regulation resources and so should be allowed 

to participate in ancillary markets. 

Significant penetrations of wind energy will pose operational issues to the 

ERCOT system. These impacts can be wholly addressed through existing 

technology and operational flexibility, without requiring any major deviation from 

current operations. While increased wind capacity results in an increase in the 

total amount of regulation procured, it also drives down the price of regulation. 

For this reason the overall costs of wind induced regulation are low, between 

$0.18/MWh to $0.27/MWh, depending on wind forecast accuracy73. 
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10.3 Energy Storage and Access to Greater Energy Balancing Areas 
 

Regulation in response to wind production variability and intermittency can be 

greatly aided by energy storage. With an assumed 7500 MW of wind/CAES 

installed by 2030, the burden of regulation will be alleviated from many spinning 

and non-spinning reserves. With fast start ramp-ups, CAES can be dispatched in 

the range of 10 minutes in the case of unforeseen wind lags. The great benefit of 

wind/CAES is that much of the energy produced by CAES expanders has 

already been injected into storage in the form of wind energy driven air 

compressors. With heat rates half of those in traditional natural gas generators 

(4500 btu/kWh for CAES38compared to 9500 btu/kWh for Combined Cycle Gas 

incremental units74

The development of Tres Amigas also bodes well for wind integration in ERCOT. 

To be located in Clovis, New Mexico, Tres Amigas will connect the three 

asynchronous power grids in the  U.S., the Western Interconnection, ERCOT and 

the Eastern Interconnection. Currently, there is very limited power transfer ability 

between the three grids. Using voltage source converters, superconducting 

power cables, and advanced battery technology, the Tres Amigas superstation 

will provide renewable generators with previously inaccessible markets and with 

the ability to firm intermittent power

) wind/CAES systems will be able to bid on ancillary markets 

well below other reserve generators.  

75.  
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Access to the Eastern and Western Interconnections would have a profound 

effect on the integration of renewable energy within ERCOT. The ability to utilize 

the vast pool of generation resources throughout the U.S. will enhance grid 

reliability and provide least cost energy to customers. It should be noted that 

ERCOT is reluctant to connect to the proposed Tres Amigas superstation 

because doing so may strip the Texas grid of its operating autonomy. Currently, 

ERCOT does not fall under FERC jurisdiction which allows the grid operator to 

pursue independent cost allocations methods, to benefit from streamlined 

transmission expansion approval and to remain under the PUCT as the single 

statutory enforcement authority. Interconnection with the other grids may have 

wide ranging implications for ERCOT namely abiding by the wholesale market 

and reliability rules set by FERC.  

Interconnection to larger balancing authorities, aside from Tres Amigas, would 

ease renewable energy integration but is not necessary for ERCOT. Current 

reliability rules and an already diverse generation portfolio should allow ERCOT 

to remain autonomous while responsibly integrating substantial proportions of 

renewable energy.  

10.4 ERCOT Reliability Rules for Wind Generators 
 

Within ERCOT there is growing pressure placed on wind operations to abide by 

the same reliability rules traditional, thermal generators do. The ability of WGR’s 

to supply reactive power and low-voltage ride through (LVRT) are the main 
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concerns of ERCOT operators and market participants. Currently, ERCOT is 

considering recommendations from their Technical Advisory Committee (TAC) on 

such issues. 

FERC explains reactive power in the following: 

“Almost all bulk electric power in the United States is generated, 
transported and consumed in an alternating current (AC) network. Elements of 
AC systems produce and consume two kinds of power: real power (measured in 
watts) and reactive power (measured in volt-amperes reactive, or var). Real 
power accomplishes useful work (e.g., running motors and lighting lamps). 
Reactive power supports the voltages that must be controlled for system 
reliability.”76

 
 

Initially, WGR’s were exempt from ERCOT reliability rules regarding reactive 

power and LVRT because they are intermittent resources. As wind has 

substantially increased its footprint within ERCOT, it became apparent that 

WGR’s were imposing additional costs to their transmission service providers. In 

September, 2009, ERCOT ruled that WGR’s must comply with existing variable-

reactive power rules by either paying their transmission service providers to 

offset the costs or by retrofitting existing turbines77

Despite advancements made in the control center of turbines such as fault-ride-

through controls, voltage control, and voltage-ampere-reactive (VAR) support

.  One year earlier, TAC 

recommended that LVRT controls be retrofitted as well, but that suggestion was 

rejected by the ERCOT. 

15, 

retrofitting existing turbines would cost operators approximately $30,000/MW77. 
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Both of these issues are currently under review by the PUCT with an expected 

ruling to emerge in the summer of 2010.  

Also at issue is the allocation of costs associated with ancillary service 

procurement. Many market participants, namely those with natural gas 

generating assets, prefer WGR’s to absorb the costs based on cost causation. 

However, this issue conflicts with ERCOT’s cost allocation directive which does 

not assign costs to individual generators because ancillary services are procured 

for the reliability of the entire network and not any single entity.  

The reliable integration of wind within ERCOT will require revised rule makings 

as issues are brought to light. Thus far WGR’s have been preemptive in several 

areas by encouraging rulemakings for ramp rate limits and LVRT. The approval 

of new reliability rules should consider grandfathering in existing WGRs, while 

making all new wind participants abide by the new turbine specifications that 

support grid reliability. If retrofitting is required the result of the increased costs to 

operators will reach electricity consumers that have chosen ‘green energy’ 

programs supplied by Texas wind energy. It is important for these rules to be in 

place and vetted by market participants before much of the CREZ wind build out.  
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10.5 Conclusion 
 

ERCOT has the ability to reliably integrate near 20% wind generation by 2030 

provided the right reliability regulations and the continued competitiveness of the 

wholesale and retail electricity markets.  

The variability of wind generation will be ameliorated with ERCOTs robust wind 

forecast tools and a nuanced ancillary service market. An already flexible 

generation portfolio will be aided by emerging resources such as energy storage 

and potential interconnection to larger balancing authorities.  

Stringent standards for wind turbine interface and output controls will augment 

the resiliency of grid and its diverse generation resources. Technological 

developments, such as synchrophasors that monitor grid conditions 30 times a 

second 78

Opponents of wind energy point to the costs of integration as reason for a more 

measured rate of development within ERCOT. As National and state policy 

directives indicate, the cost of a diverse, low carbon generation mix is justified by 

its benefits. A move towards wind energy is an excellent hedge against any 

, and operational experience with forecasting and extreme weather 

events will continue to refine reliable wind integration practices and ancillary 

market operations. As wind penetration levels increase it is imperative that 

reliability rules for WGRs are adopted to preempt any expensive retrofits that 

may result from the delay of reliability standards.  
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future GHG limits imposed in either a cap and trade or carbon tax scheme, and 

fuel volatility seen in natural gas markets. Additionally, traditional electricity 

generating fuels like coal and natural gas have many external costs not captured 

in the market in addition to GHG emissions, such as the environmental effects 

associated with their exploration, refinement and production. The negligible 

environmental impact and low carbon attributes of wind energy make it an 

attractive resource into the future. 

The competitiveness of ERCOT facilitated wholesale and retail markets are well 

suited to pass on the costs of wind integration in the most cost effective manner. 

The economic benefits brought to Texas by the wind industry and the on-going 

development of best integration practices not only make 20% wind integration 

possible by 2030, but imminent.  
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