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Abstract 

Wind power has the potential to significantly reduce air emissions from the electric 

power sector, but the best wind sites are located far from load centers and will require new 

transmission lines. Texas currently has the largest installed wind power capacity in the U.S., but 

a lack of transmission capacity between the western part of the state, where most wind farms are 

located, and the major load centers in the east has led to frequent wind curtailments. State 

policymakers have addressed this issue by approving a $5 billion transmission project, the 

Competitive Renewable Energy Zones (CREZ), which will expand the transmission capacity to 

18,456 MW by 2014.  

In this paper, we examine the impacts of large-scale wind power in ERCOT, the power 

market that serves 85% of the state’s load, after the completion of the CREZ project. We assess 

the generation displaced and the resulting emissions reductions. We then examine the public 

costs of wind to estimate the CO2 abatement cost. We develop an economic dispatch model of 

ERCOT to quantify the generation displaced by wind power and the emissions reductions in 

2014. Since there is uncertainty about the amount of new wind developed between now and 

2014, three wind penetration scenarios were assessed that correspond to wind supplying 9%, 

14% and 21% of ERCOT’s total generation.  

In the 21% wind energy penetration scenario, the CREZ transmission capacity is fully 

utilized, and wind displaces natural gas 74% of the time and coal 26% of the time. This results in 

CO2, NOX, SO2 and Hg emissions reductions of 19%, 17%, 13%, and 15%, and a CO2 abatement 

cost of $60 per ton of CO2. Lower wind penetrations result in gas being displaced more 

frequently, lower emissions reductions and an abatement cost up to $91 per ton of CO2. Our 

results should be compared with other technologies and policies so that policymakers can cost-

effectively reduce emissions.  
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Chapter 1 – Introduction 

1.1 Overview 
At the end of 2010, the United States entered uncharted territory by moving above 40,000 

megawatts (MW) of installed wind power capacity (AWEA, 2011). Reaching this point required 

nearly four decades of development, but the largest installations have occurred over the past 

decade. Although thirty-eight states have utility-scale wind, over half of the capacity is located in 

Texas, Iowa, California, Minnesota, and Washington. This unprecedented rise in installed wind 

power capacity partially comes as a result of state and federal policies favoring renewable 

energy. The most notable and widely applied regulatory mechanisms encouraging wind power 

installations are the federal Production Tax Credit (PTC) and state Renewable Portfolio 

Standards (RPS).  

At the federal level, the PTC provides wind developers with a 10-year income tax credit 

of $22 per megawatt-hour (MWh) of wind energy generated (DSIRE, 2010). The PTC was first 

established in the Energy Policy Act of 1992 and it has had a positive impact on the growth of 

wind power development (Wiser and Bolinger, 2010). This is evident from the boom-and-bust 

cycle of wind development caused by the expiration and extension of the PTC.  

An RPS is a state-level regulation that requires electricity providers to supply a specific 

amount of the load with renewable energy (EPA, 2010a). Renewable energy requirements and 

eligible technologies vary across states. For example, Texas’s RPS requires an installed 

renewable power capacity of 5,880 MW by the year 2015, while Illinois’s RPS requires 

renewable energy to generate 25% of the state’s overall electricity supply by 2025. The 

importance of state RPS programs is apparent from the fact that 61% of the wind power capacity 

installed in the U.S. from 1999 through 2009 occurred in states with an RPS (Wiser and 

Bolinger, 2010). Additionally, existing state RPS programs will require the installation of 73 

gigawatts (GW) of new renewable capacity by 2025.  

In many of these states, wind power will be the least-expensive technology to comply 

with their RPS; however, the best wind resources (i.e., highest capacity factor) are located far 

from load centers and will require new transmission lines (Hoppock and Patiño-Echeverri, 2010). 

The state of Texas suffers from this problem in that their best wind resources are located in the 

sparsely populated western region of the state, while major load centers such as Dallas, Houston 
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and San Antonio are located in the east. Section 1.2 describes this issue in detail as well as the 

policy solution adopted by Texas to develop transmission lines for large-scale wind integration. 

1.2 Wind Power in Texas 
Since Texas enacted its RPS in 1999, its installed wind power capacity has grown to 

10,085 MW (AWEA, 2011). This amount ranks the state first in the country, and is larger than 

the combined wind capacities of the next three largest states: Iowa (3,675 MW), California 

(3,177 MW) and Minnesota (2,192 MW). The Texas RPS program created a Renewable Energy 

Certificate (REC) trading program where every qualified renewable energy facility in the state is 

issued one REC for each MWh of electricity that they generate (SECO, 2010). Electricity 

providers, such as competitive retailers, municipal electric utilities and electric co-operatives, 

must purchase RECs to comply with the RPS requirements.  

The Electric Reliability Council of Texas (ERCOT) is the power market that 

encompasses 75% of the state’s land area and 85% of its load. ERCOT serves as both the 

independent system operator (ISO) and as one of the three North American interconnections 

(FERC, 2000). ERCOT is not synchronously connected with the Eastern or Western 

interconnections, but maintains direct current (DC) ties with the Southwest Power Pool and 

Mexico (FERC, 2008). Additionally, almost all of the wind capacity in Texas is located in 

ERCOT. Figure 1.1 illustrates the location problem in ERCOT, where existing and planned wind 

resources are located in the western part of the state. 

Although ERCOT contains significant quantities of wind capacity, the current 

transmission infrastructure constrains wind power from reaching its full potential. Figure 1.2 

illustrates how the output of wind plants in west Texas is limited by transmission.  In 2009, 17% 

of potential wind generation in ERCOT was curtailed, up from 8% in 2008 and 1% in 2007 

(Wiser and Bolinger, 2010). Transmission constraints have become such an issue that wind 

power producers have begun paying ERCOT to take their energy (i.e., they offer negative 

balancing energy prices) so they can continue to receive PTCs and RECs (Nicholson et al., 

2010). In addition, NextEra Energy Resources constructed a private 345-kilovolt transmission 

line to carry 950 MW of power from two of their wind farms in west Texas to south Texas 

(NextEra Energy, 2010).  
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Figure 1.1 ERCOT Wind Resources (ERCOT, 2011a) 

 

 
Figure 1.2 Transmission Infrastructure Constrains Wind Output (Blossman et al., 2009) 

!
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As a solution to ERCOT’s transmission problem, the Texas legislature included an 

innovative transmission plan in Senate Bill 20 to remove the transmission constraint and ensure 

additional wind capacity in the future (SECO, 2007). The idea was to break the “chicken and 

egg” problem which has plagued renewable energy investments across the country: wind plant 

developers won’t install turbines in an area unless transmission exists to move their power, but 

transmission companies won’t build transmission lines unless generating resources are located 

nearby. Senate Bill 20 required the Public Utility Commission of Texas (PUCT) to identify 

twenty-five areas that would attract strong financial commitments from wind developers while 

bringing the highest economic benefit if extra transmission was built. In 2008, five of the 

original 25 areas were designated as Competitive Renewable Energy Zones (CREZ). At a cost of 

$5 billion, this transmission plan will expand the west-to-east transmission capacity to 18,456 

MW by the end of 2013 (Smitherman, 2010). Figure A.1 in the Appendix provides a detailed 

map identifying the location of the five zones and the planned transmission infrastructure.  

1.3 Objectives 
Policymakers have adopted Renewable Portfolio Standards and provided economic 

incentives, such as the production tax credit, with the expectation that renewable energy will 

reduce emissions by displacing fossil fuel power plants. In particular, wind power has been 

touted as a technology that can significantly reduce CO2 emissions from the electric power sector 

(DeCarolis and Keith, 2005). Determining the emissions displaced by wind energy is complex, 

but it is necessary for policy and regulatory decision-making (National Research Council of the 

National Academies, 2007). The complexities arise from the load and wind output constantly 

changing, the diversity of generating resources and transmission factors. Three commonly used 

methods for calculating displaced emissions are discussed in Section A.1 of the Appendix.  

This Masters Project (MP) is intended to provide policy makers with an understanding of 

the potential emissions reductions from integrating large-scale wind power as well as the costs of 

reducing these emissions. We use ERCOT as a case study, because they are at the forefront of 

integrating large-scale wind power with the CREZ transmission project. Additionally, the 

isolation of ERCOT relative to other balancing areas allows us to assess the impacts of wind 

without considering imports or exports of electricity.  

Our MP has three related objectives. The first is to identify the type of conventional 

generation that is displaced by wind power. To do so, we develop an economic dispatch model 
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that simulates the wholesale energy market of ERCOT in 2014, with and without wind. Because 

it is not known how much wind power will be installed before the completion of the CREZ 

transmission project, we evaluate three possible wind penetration scenarios. To calculate the 

generation displaced, we compare each wind penetration scenario to a scenario without wind. 

The second objective is to quantify the resulting emissions reductions. Using the generation 

results from the model and plant-level emissions rates for CO2, NOX, SO2 and Hg, we calculate 

the emissions reductions across the three wind scenarios. Our final objective is to determine the 

public cost of using wind power to reduce emissions as well as the environmental benefits. We 

quantify the public costs of wind and use the emissions reduction results to calculate the cost of 

emissions reductions (“abatement cost”). In addition, we monetized the environmental benefits 

of wind power so they can be used in a complete economic analysis. 

Our paper proceeds as follows. In Chapter 2, we discuss the economic dispatch model of 

ERCOT used in our analysis. In Chapter 3, we present the generation and emissions results of 

our model for three possible wind penetration scenarios. In Chapter 4, we discuss the public 

costs of wind, such as the CREZ transmission project, federal Production Tax Credits, state 

Renewable Energy Certificates, and wind integration costs. In Chapter 5, we calculate the 

abatement cost from wind power in ERCOT, and compare it to other pollution control 

technologies. In addition, we monetize the environmental benefits of reduced emissions. Chapter 

6 concludes with a summary of the results, policy implications, and future work.  
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Chapter 2 – Methods 

2.1  Section Overview 
We develop an economic dispatch model of ERCOT to quantify the generation displaced 

by wind power and the corresponding impact on air emissions. The model simulates a 

competitive electricity market where generating units offer to supply energy at their marginal 

cost to meet an inelastic demand.  The year 2014 is the baseline for our results, since this is the 

first year post-CREZ. To validate the use of our model, we use it to determine the generation in 

2010 and compare it to the actual generation as provided by ERCOT.  

Section 2.2 describes the three wind penetration scenarios analyzed and the sources of 

our wind data are described in Section 2.3. The load data is described in Section 2.4 and Section 

2.5 characterizes the model’s dispatchable units. The mathematical formulation of our model is 

presented in Section 2.6. Finally, we validate our model in Section 2.7. 

2.2  Wind Penetration Scenarios 
At the end of 2010, the installed capacity of wind power in ERCOT was 9,528 MW 

(ERCOT, 2011b). While the CREZ transmission project provides 18,456 MW of transmission 

capacity, it is uncertain how much new wind capacity will be constructed between 2010 and 

2014. Each year ERCOT publishes a Capacity, Demand, and Reserves (CDR) Report that 

projects the amount of capacity that will be installed, retired or mothballed in the near-term. We 

use ERCOT’s CDR Reports to determine which wind resources are firmly planned (with 

interconnection agreements), tentative (with public letters), and potential (additional wind 

resources both in and outside CREZ). 

Firmly planned units are those that have received both an interconnection agreement (IA) 

and air permit (ERCOT, 2010a). An IA sets forth the requirements for physical connection 

between an eligible transmission customer and a transmission or distribution service provider. A 

signed IA is the final of several complex steps such as a high level screening and a more detailed 

interconnection study. The capacity of new firmly planned wind plants that will be in-service by 

2014 totals 1,108 MW. In addition, a public letter (PL) is a financially binding agreement 

between the generator and transmission service provider (TSP) or a commitment letter from a 

municipal electric provider or an electric cooperative building a generation project (ERCOT, 

2010b). The capacity of new wind plants with PLs that could be in-service by 2014 totals 4,945 
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MW. Even if all potential wind plants with IAs and PLs were interconnected, the total wind 

capacity in ERCOT would still be less than the available CREZ transmission capacity. 

Moreover, if the 3,188 MW of wind capacity located outside the CREZ is excluded, then an 

additional 6,107 MW of wind plants would be needed to match the capacity of wind plants in the 

CREZ to the transmission capacity (18,456 MW).  

To account for these uncertainties, we assessed three wind penetration scenarios. The 

Low Wind scenario represents the case where only existing wind plants plus those with IAs are 

modeled. This totals 10,636 MW or 9% of ERCOT’s 2014 load. The Medium Wind scenario 

includes all wind sources in the Low Wind scenario plus those with PLs for a total of 15,581 MW 

or 14% of the load. The High Wind scenario fully utilizes the CREZ transmission capacity. This 

totals 21,688 MW and represents 21% of ERCOT’s load. Each of these three scenarios is 

compared to a No Wind scenario to evaluate the impacts of wind on generation and emissions. 

Table 2.1 summarizes the capacity of wind in each scenario by CREZ location. 

 

Table 2.1 Wind Capacity by Scenario (MW) 

Zone Scenario 
Low Wind Medium Wind High Wind 

Panhandle A 207 707 2,526 
Panhandle B 0 1,001 3,074 
Central 5,713 6,928 8,143 
Central West 1,328 2,157 2,157 
McCamey 1,200 1,600 2,600 
Non-CREZ 2,188 3,188 3,188 

Total 10,636 15,581 21,688 
 

The name, capacity, location, and in-service year of all the wind plants in our study are 

located in Table B.1 of the Appendix.  

2.3  Wind Data 
To characterize the existing wind plants, we use 15-minute time resolution total wind 

power output data from 2010 (ERCOT, 2011c). This represents the aggregate power output of 86 

wind plants in ERCOT with a cumulative capacity of 9,528 MW. Three of these wind plants, 

Penascal Wind, Papalote Creek Phase 2, and Cedro Hill Wind, were intra-year additions in 2010 

(ERCOT, 2010d; ERCOT, 2010e; ERCOT, 2010f). Their total capacity is 551 MW, and the total 
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wind output data was scaled up to reflect these intra-year additions. This scaling increased the 

total energy generated by wind in 2010 by 2.4%.  

 For the wind units placed in-service after 2010, we use simulated hourly wind data from 

AWS Truewind (ERCOT, 2006). The dataset comes from a 2006 study initiated by ERCOT 

when they were ordered by the PUCT to designate CREZs. AWS Truewind was contracted to 

identify areas of the state with the best wind resource potential. They identified 25 zones that 

contained 4,000 MW of high capacity factor (30–45%) wind potential. In 2008, five of these 

zones were eventually designated as CREZs. The data set contains forty 100-MW wind sites for 

each zone. Each site is ranked by their capacity factor and one year of typical hourly wind output 

for the specific wind location. We matched the counties of the (potentially) new wind sites with 

the appropriate zone and selected the highest ranked (best capacity factor) 100-MW sites first. 

We paired this data with the 2010 15-minute data by assuming that the power output from the 

simulated data remains flat over its four 15-minute intervals.  

In addition to the 2006 ERCOT study, the National Renewable Energy Laboratory 

(NREL) conducted two additional studies, the Eastern Wind Integration Study (EWITS) and the 

Western Wind and Solar Integration Study (WWSIS), which evaluated wind and solar resources 

throughout the country. These studies provide simulated 10-minute resolution data, but we did 

not use this data, because they do not cover many sites in Texas. 

2.4  Load Data 
The load in 2014 is based on ERCOT’s 2010 historical load data scaled up to reflect 

demand growth (ERCOT, 2011d). ERCOT forecasts that the demand for electricity will grow by 

1.3% per year from 2010 to 2019 and we assume that this load growth is uniform across each 

time interval (ERCOT, 2010c). Figure 2.1 displays the load duration curve as well as the net load 

(load minus wind) duration curves for each wind scenario.  
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Figure 2.1 2014 ERCOT Load Duration Curves 

 

2.5  Generating Units 
We created a database of the dispatchable units in ERCOT that includes the following 

information for each unit: unit name, fuel type, technology, capacity (by season), availability (by 

season), heat rate, emissions rates, ramp rate, fuel price, variable O&M cost, and marginal cost.  

 
 Unit Information 

Unit name, capacity and fuel type information about generating units is derived from the 

most recent CDR reports (ERCOT, 2010a; ERCOT, 2011b). These reports describe units that are 

currently operational as well as those that are planned to be operational by 2016. The CDR 

reports characterize capacity into the following categories: operational capacity, capacity from 

private use networks, switchable units and firmly planned units.  

 

• Operational Capacity: units that are already in-service and will not be mothballed 

or retired before 2014. 

•  Private Use Networks (PUN): units that are meant to serve on-site load and sell 

excess electricity to the balancing energy (spot) market. These are primarily 
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cogeneration units at large industrial sites, such as refineries, that self-dispatch. 

While the identities of these units are kept confidential by ERCOT, they need to 

be included since combined heat and power plants have generated ~20% of the 

electricity in Texas since 1990 (EIA, 2010a). Of the 4,800 MW of capacity from 

PUN, only one unit is not fueled by gas. This is easily identified as Sandow Unit 4 

and we model it as a dispatchable conventional pulverized coal unit. We model 

the rest of the PUN as a natural gas combined cycle plant with a very low heat 

rate to incorporate the fact that these units need to serve their on-site 

steam/electricity demand before selling excess power (CRAI, 2006).  

• Switchable Resources: units that are connected to both the ERCOT grid and other 

electric grids. We model these units as only dispatching in ERCOT, which is 

consistent with their historical production (ICF International, 2008). 

• Firmly Planned: units that have obtained interconnection agreements and air 

quality permits. 

 
Technologies 
Units were categorized into the following electric power technologies: natural gas 

combined cycle (NGCC), gas engine (GE), gas turbine (GT), hydro, landfill gas, nuclear, 

biomass steam turbine, coal steam turbine, natural gas steam turbine, petroleum coke steam 

turbine and other. Gas turbine and gas-fired steam turbine units in a combined cycle 

configuration were merged into one NGCC unit. Heat rate and emissions data was obtained from 

the EPA’s eGRID database (EPA, 2007). Since eGRID data only contains information for units 

in service before 2005, we use generic cost and performance data for units in-service after 2004 

and those that are planned. Table B.2 in the Appendix contains this information.  

 
Capacity 
Ambient air temperatures affect the rated capacity of generating units and ERCOT 

provides capacity for both the summer and winter months. We use the summer capacity data for 

June, July and August, and the winter capacity data for January, February and December. For the 

other six months in the year, we use the average of these two values. Table 2.2 summarizes the 

rated capacity of the dispatchable units used in our model by technology and season. 
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Table 2.2 Rated Capacity of Technologies by Season (MW) 

Technology Season 
Summer Winter Average 

Combined Cycle   33,148   35,437   34,292  
Gas Engine  228   228   228  
Gas Turbine  3,497   3,806   3,652  
Hydro  566   572   569  
Landfill Gas  79   79   79  
Nuclear  5,131   5,133   5,132  
Other  12   12   12  
Steam Turbine [biomass]  150   150   150  
Steam Turbine [coal]  19,957   20,025   19,991  
Steam Turbine [natural gas]  12,808   12,862   12,835  
Steam Turbine [petroleum coke]  139   140   140  

Total  75,716   78,444   77,350  
 

Availability 
Information about unit availability is derived from the EPA’s National Electricity Energy 

Data System (NEEDS) v.4.10 (EPA, 2010b). Availability is given as a percentage and includes 

forced and planned outages. We simplify availability by de-rating the capacity of the unit by its 

availability factor for the winter, summer and non-seasonal months. Table B.3 in the Appendix 

provides the summer, winter and annual availability factors for different technologies.  

 
Fuel Prices 
Fuel prices for 2014 are derived from forecasts from the Annual Energy Outlook (AEO) 

2011’s Reference Case and the Integrated Planning Model’s Base Case (EIA, 2011a; EIA, 

2011b; EPA, 2010c). We use regional-specific assumptions about prices. The natural gas and 

steam coal prices are estimates of delivered energy prices to the electric power sector in the West 

South Central census division (Arkansas, Louisiana, Oklahoma and Texas). Almost half of 

ERCOT’s coal plants are mine mouth lignite coal plants and we use Texas lignite prices from the 

AEO. Biomass prices are based on biomass’ cost of production in the West South Central census 

division. Table 2.3 summarizes the fuel prices used in the economic dispatch model. 
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Table 2.3 2014 Fuel Prices 
Fuel Price (2010$/mmBtu) 

Biomass 2.55 
Coal 1.87 
Lignite Coal 1.45 
Natural Gas 4.56 
Petroleum Coke 1.57 

 

Variable operations and maintenance (O&M) costs and ramp rates for each technology 

are provided in Tables B.4 and B.5 in the Appendix. We recognize that the ramping of thermal 

units to accommodate the variability of wind power increases their O&M costs, but we exclude 

this from our analysis (Troy et al., 2010).  

 
Marginal Costs 
Marginal costs are used in our model to determine which units are dispatched first and 

they are calculated as follows: 
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Figure 2.2 is an illustration of the marginal cost curve for ERCOT in 2014. The marginal 

cost of each dispatchable unit is calculated using the assumptions mentioned above, and the 

minimum and maximum loads for that year are provided. Units are dispatched to meet the load 

for each 15-minute time interval. Since hydro, nuclear and some coal units have very low 

marginal costs, they are always dispatched. As demand increases from the minimum load, 

additional coal units and then NGCC units are dispatched. High marginal cost natural gas units 

are only dispatched during peak periods. 
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Figure 2.2 2014 ERCOT Supply Stack* 

*Other includes biomass, petroleum coke, landfill gas. Excludes wind.  

 

  In Figure 2.2, the capacity of wind is excluded since the power output is constantly 

changing. When the wind is blowing, it would shift the supply curve to the right, because wind 

plants have a marginal cost of zero. Figure 2.3 illustrates how the original supply curve from 

Figure 2.2 changes when wind power is included. In this example, the total wind power output in 

ERCOT is 10,000 MW and the load is 50,000 MW. Without wind, all the units to the left of the 

vertical demand curve on the original supply curve (in red) would be dispatched. With 10,000 

MW of wind, a new supply curve (in blue) is created by shifting the original supply curve to the 

right by 10,000 MW. These units displaced by the wind output are those between 40,000 MW 

and 50,000 MW on the original supply curve, or those between 50,000 MW and 60,000 MW on 

the new supply curve.  

0 

10 

20 

30 

40 

50 

60 

70 

80 

90 

0 10,000 20,000 30,000 40,000 50,000 60,000 70,000 80,000 

M
ar

gi
na

l C
os

t (
$/

M
W

h)
 

Cumulative Capacity (MW) 

Coal Hydro NG Combined Cycle Nuclear Other Gas Turbines 

Min. Load Max. Load 



14	  
	  

 
Figure 2.3 Displacement Example 

2.6  Model Setup 
Our economic dispatch model simulates the operations of ERCOT by dispatching units at 

least-cost, subject to ramping and availability constraints, to meet load. Dispatch occurs every 15 

minutes over a year since we only have load and wind data at a 15-minute time resolution. 

Additionally, our model does not include the ancillary services market.  Equation 3-1 is the 

general formulation for the dispatch model that minimizes the cost of producing power during 

each interval. 

 

Equation 3-1 

min
!
!"#$ =    !!,! ∗!"!

!"#

!!!

!",!"!

!!!

 

where 

 

! = !"#$  !"#$% 

! = !"#$  !"#$% 

0 

10 

20 

30 

40 

50 

60 

70 

80 

0 10,000 20,000 30,000 40,000 50,000 60,000 70,000 80,000 90,000 

M
ar

gi
na

l C
os

t (
$/

M
W

h)
 

Cumulative Capacity (MW) 

Supply - No Wind Supply - 10 GW Wind Load 

Displaced Units  



15	  
	  

!!,! = !"#$%  !"#$"#  !"  !"#$  !  !"#$%&  !"#$  !"#$%&'(  !  (!") 

!"! = !"#$%&"'  !"#$  !"  !"#$  !  (
$

!"ℎ) 

 

such that the sum of the power output for each interval is equal to the net load (1), the 

units operate within their upper and lower power limits (2) and units change their power output 

within their ramping limitations (3).   

 

(1) 

!!,!

!"#

!!!

= !"#$%&'! ,∀! 

 

(2)  

!!"#,!   ≤   !!,! ≤   !!"#,! ,∀!, ! 

 

(3) 

!!"#,!   ≤   !!,! ≤   !!"#,!,∀!, ! 

 

We determine the power output of each unit for each time interval by using MATLAB’s 

linprog function to solve the linear programming problem in Equation 3-2 (Mathworks, 2010).   

 

Equation 3-2 

min
!
!! ∗ !!                           ! = 1:! 

 

such that 

 

(1) 

!"# ∗ !! = !"#!              ! = 1:! 

 

(2) 

!" ≤ !! ≤ !"                      ! = 1:! 
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The power limit and ramping constraints are combined into constraint (2). In our model 

we make four major assumptions. The first is that ERCOT is a competitive market, and units 

always bid to supply electricity at their marginal cost. Second, we assume that there are no 

imports or exports of electricity, which is consistent with historical production. Third, there are 

no transmission constraints. The CREZ project is intended to enable the high penetrations of 

wind that we are analyzing, and our goal is to understand how large-scale wind affects 

generation and emissions. Finally, wind generation is considered as negative load or a “must-

take” resource. That is, all conventional units are dispatched to serve the net load.   

2.7  Model Validation 
We validate the use of our model by using it to simulate ERCOT in 2010. The only 

differences between the 2010 run and 2014 run are the fuel prices and capacity of generating 

units. A summary of the 2010 capacity is provided in Table B.6 of the Appendix. We use 

historical monthly Henry Hub Gulf Coast Natural Gas Spot Prices to capture the seasonal effects 
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of natural gas price volatility (EIA, 2011c). The historical fuel prices we used are summarized in 

Table 2.4 below. 

 

Table 2.4 2010 Fuel Prices 
Fuel Price (2010$/mmBtu) 

Biomass 2.07 
Coal 1.83 
Lignite Coal 1.40 
Natural Gas   

January 5.83 
February 5.32 

March 4.29 
April 4.03 
May 4.14 
June 4.80 
July 4.63 

August 4.32 
September 3.89 

October 3.43 
November 3.71 
December 4.25 

Petroleum Coke 1.44 
 

Table 2.5 compares the results of our model and ERCOT’s actual 2010 generation. These 

results suggest that our model is appropriate for this analysis. 

 

Table 2.5 2010 Annual Generation by Fuel Type (%) 
Fuel Type Model Actual 

Coal 40.2% 39.5% 
Gas 38.6% 38.2% 
Hydro 0.3% 0.3% 
Nuclear 12.8% 13.1% 
Other 0.5% 1.1% 
Wind 7.7% 7.8% 
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Chapter 3 - Results 

3.1 Generation 
The columns in Figure 3.1 display the annual generation for natural gas and coal by wind 

penetration scenario. Additionally, we include generation for each wind scenario as a reference. 

Only the fuels with major generation changes were included. For example, since the PUCT has 

stated in Docket No. 33672 “…as a matter of policy, there is an expectation that no nuclear 

facilities will be curtailed during periods of high wind generation,” nuclear was set in our model 

to run at a constant output (PUCT, 2008). Without setting this constraint, there were some 

instances in the High Wind scenario where nuclear units would have been curtailed by wind 

generation. The annual generation for each technology is presented in Table C.1. of the 

Appendix.  

 

 
Figure 3.1 2014 Generation by Fuel Type 

 

Without any wind generation, coal and natural gas generation are roughly the same in 

2014. As wind generation increases, the generation displaced changes across the scenarios. As 

the figure indicates, natural gas is the fuel primarily displaced, while coal is not heavily affected 

until the High Wind scenario. In the Low Wind scenario, we find that 1 MWh of wind displaces, 

on average, 0.86 MWh of natural gas and 0.13 MWh of coal. In the Medium Wind scenario, 1 
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MWh of wind displaces 0.82 MWh of natural gas and 0.17 MWh of coal, and in the High Wind 

scenario, 1 MWh of wind displaces 0.74 MWh of natural gas and 0.25 MWh of coal.  

Our results for the Low and Medium Wind scenarios are consistent with an emissions-

displacement analysis of ERCOT during 2005 – 2007, which found that 1 MWh of wind 

displaced 0.81 MWh of natural gas and 0.19 MWh of coal (Cullen, 2008). The greater 

displacement of coal generation in the High Wind scenario is a result of more frequent low load, 

high wind periods.  

Other balancing areas with different generating resources will see different resources 

being displaced. For example, the marginal fuel displaced by wind generation in PJM in 2010 

was coal ~70% of the time (Monitoring Analytics, 2011). In addition, a study assessing the 

impacts of 8 GW of wind in NYISO in 2018 found that 84% of the generation displaced by wind 

would come from natural gas units, while 13% and 3% would be oil and coal generation, 

respectively (NYISO, 2010).   

One of the key benefits of using a dispatch model is that it can be used to understand how 

different wind penetrations affect conventional unit dispatch during the course of a day, week or 

year. Figures 3.2 through 3.5 illustrate one week of dispatch in ERCOT in 2014 during different 

wind scenarios. Without any wind generation, nuclear and coal units almost always run at their 

rated capacity, while gas units follow the variations in load. In the Low and Medium Wind 

scenarios, wind generation heavily displaces natural gas during the daytime and coal during the 

nighttime when load drops. In the High Wind scenario, wind generation significantly displaces 

both coal and gas generation and there are many instances where wind is supplying greater than 

50% of the system’s load.  
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Figure 3.2 Dispatch for One Week – No Wind 

 

 

 
Figure 3.3 Dispatch for One Week – Low Wind 
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Figure 3.4 Dispatch for One Week – Medium Wind 

 

 

 

 
Figure 3.5 Dispatch for One Week – High Wind 
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3.2 Emissions 
Using the results from above, we calculate the annual CO2, NOX, SO2 and Hg emissions 

for each unit by multiplying its annual generation by its emissions rate. We calculate emissions 

reductions by taking the difference between total ERCOT emissions in the No Wind scenario and 

the alternative wind penetration scenarios. Table 3.1 illustrates the annual CO2, NOX, SO2 and 

Hg emissions reductions across the wind scenarios.  

 

Table 3.1 Percent Change in Emissions for Different Wind Penetration Scenarios 
Wind Penetration Scenario Pollutant 

Scenario Energy Penetration (%) CO2 NOX SO2 Hg 

Low 9% -7% -5% -3% -4% 
Medium 14% -12% -9% -6% -7% 
High 21% -19% -17% -13% -15% 
 

 Our results show that the percentage change in emissions reductions is always less than 

the wind energy penetration. This is mostly due to the fact that natural gas, which does not 

contain SO2 and Hg, is the fuel primarily displaced. In addition, CO2 and NOX emissions rates 

for gas-fired units are less than coal units. Major NOX, SO2 and Hg emissions reductions are only 

achieved under the High Wind scenario, where noticeable declines in coal and biomass 

generation occur.    

The existing generation mix of a power system affects the emissions displaced by wind 

power. To illustrate this, we compare our results to ISO New England (ISO-NE). In 2010, ISO-

NE published a wind integration study evaluating the impacts of a 20% wind energy penetration 

in 2020 (GE Energy, 2010). They found that a 20% wind energy penetration scenario compared 

to a no wind scenario would result in the following emissions reductions: 25% for CO2, 26% for 

NOX and 6% for SOX (they did not evaluate Hg). 

 The emissions displaced on a pound per MWh of wind basis are presented in Table 3.2. 

For all pollutants, displacement intensity increases across the scenarios. Cullen found that 1 

MWh of wind in ERCOT during 2005 – 2007 avoided 1,831 lbs of CO2, 1.16 lbs of NOX and 

2.28 lbs of SO2 (Cullen, 2008). These avoided emissions rates are much higher than our results. 

One possible explanation is the fact that between Cullen’s study and 2014, many inefficient 
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natural gas steam units have or will be retired or mothballed, while new NGCC units have also 

been constructed or will be in-service by 2014. 

 

Table 3.2 Emissions Displaced per MWh of Wind 

Pollutant Wind Scenario Unit Low Medium High 
CO2  1,067   1,118   1,221  lbs/MWh 
NOX  0.45   0.49   0.59  lbs/MWh 
SO2  0.99   1.26   1.82  lbs/MWh 
Hg  5.11   6.05   8.15  g/GWh 
  

The ramping of thermal units, particularly natural gas turbines, to accommodate the 

variability of wind power detrimentally impacts their emissions rates (Katzenstein and Apt, 

2009). To account for emissions from ramping Crane et al. apply an emissions factor of 40 g 

CO2 per kWh of wind (Crane et al., 2011). If we applied this emissions factor to our analysis, 

displaced CO2 emissions in each scenario would decrease by 7 to 8%. We do not model 

emissions impacts of units ramping in ERCOT, so our results represent the upper bound of 

emissions displacement.  
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Chapter 4 – Public Costs of Wind 

4.1 Chapter Overview 
The public costs to support wind power are discussed in this chapter. Section 4.2 

discusses transmission costs, while Section 4.3 explains the economic incentives for wind. Wind 

integration costs are explained in Section 4.4 and Section 4.5 summarizes the costs. Unless stated 

otherwise, all costs are in 2010 dollars.  

4.2  Transmission  
Transmission costs in Texas are spread equally among all consumers as a postage-stamp 

tariff. The estimated cost of the CREZ transmission project is $4.93 billion for the transmission 

lines and $580 - $820 million for the collection system (ERCOT, 2008). These costs were 

reported in 2008 dollars and are overnight capital costs. They were estimated using straight-line 

lengths, and do not include the right-of-way, financing or project escalation costs. Sioshansi and 

Hurlbut note that the transmission infrastructure cost will be much higher than the original 

estimate (Sioshansi and Hurlbut, 2010).  

Since we are only assessing the impacts of wind for one year, we determined the annual 

transmission costs by converting the costs to 2010 dollars and then annualizing them assuming a 

35 year lifetime and 10% discount rate. Using the average of the collection system estimate, the 

annual cost of the CREZ project is $592 million per year. A sensitivity of the annualized cost 

with respect to the discount rate and project life is provided in Table 4.1. 

 

Table 4.1 CREZ Transmission and Collection System Cost (2010$ million) 

Discount Rate Project Life (years) 
30 35 40 

5%  371.2  348.5  332.5 
10%  605.3  591.6  583.5 
15%  869.0  862.4  859.1  

 

4.3  Economic Incentives 
Owners of wind generating facilities receive a federal and state subsidy for each MWh 

they produce. The federal PTC provides $22/MWh of electricity generated from wind, and it is a 

public cost, because it results in lost federal tax revenues. They also receive a REC for each 
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MWh produced, which Load Serving Entities (LSE) must purchase to meet the state’s RPS. 

Surplus RECs can also be sold onto a voluntary market. 

 Texas REC prices have collapsed recently since there is more installed renewable power 

capacity than is mandated by the RPS (Center for Energy Economics, 2009). Based on these 

recent trends and the expectation that wind capacity will continue to grow, we use a REC price 

of $1/MWh as the public cost for meeting the state’s RPS. Figure D.1 in the Appendix illustrates 

how REC prices in Texas and other states with surplus renewable energy (with respect to their 

RPS) have declined.   

4.4  Wind Integration Costs 
Electricity generated from wind power cannot be dispatched or perfectly forecasted, and 

it increases variability and uncertainty on a power system (DeCarolis and Keith, 2005). NREL 

defines wind integration costs as “…those incremental costs incurred in the operational time 

frames that can be attributed to the variability and uncertainty introduced by wind generation” 

(NREL, 2011). Power systems operate on three time scales: regulation, load following, and unit 

commitment and scheduling (Milligan and Kirby, 2009).  

The regulation time scale covers the minute-to-minute imbalances in the load. Certain 

units have governors that automatically change their output to maintain the frequency.  The load-

following time scale encompasses intervals ranging from 5-10 minutes to a few hours. Deviances 

during this time frame are met by spinning reserves. The time scale that covers several hours to 

several days is known as unit commitment or scheduling. This is when power plants decide if 

they should be on or off. The three time scales are illustrated in Figure 4.1. 

Numerous wind integration studies have tried to model these costs by simulating a power 

system with and without wind power. The total integration cost is the difference in total system 

production costs for each scenario. The EWITS study found wind integration costs ranging from 

$3.10 to $5.13 per MWh (in 2009$) for wind energy penetrations of 20% to 30% in the Eastern 

Interconnect. Figure 4.2 plots the results of various wind integration cost studies in the U.S. The 

wind penetration is calculated on a capacity basis, where the total nameplate capacity of wind is 

divided by the balancing area’s peak electricity demand.  Here, the wind integration costs include 

the sum of regulation, load following, and unit commitment costs.  
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Figure 4.1 Time Scales of Power Systems (Milligan and Kirby, 2009) 

 

 
Figure 4.2 Wind Integration Costs from Various Studies (Wiser and Bolinger, 2010) 
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Figure 4.2 illustrates that wind integration costs vary significantly across power systems. 

Integration costs depend heavily on numerous factors, such as the size of the balancing area, the 

availability of flexible generation and the market structure. Large balancing markets and intra-

hour energy markets reduce wind integration costs (DeCesaro et al., 2009). Integration costs also 

depend on the cost of ancillary services. Ancillary service costs in ERCOT are correlated with 

balancing energy service (BES) prices, which are highly correlated with natural gas prices 

(Potomac Economics, 2010). In addition, the new ERCOT nodal market dispatches every 5 

minutes, while others occur on an hourly basis. 

Wind integration costs are considered public costs, because ancillary service costs in 

ERCOT are shared equally among the load (MJB, 2010). Consumers are essentially paying to 

integrate wind power. However, not all balancing areas share these costs equally. In the 

Bonneville Power Administration (BPA), wind plants are charged a “Wind Integration Rate” of 

$5.70 per MWh to cover the increased costs (Stoel Rives, 2009). Therefore, wind plant owners 

internalize the cost of integrating their power instead of the costs being shared.  

To date there have been no studies on the total wind integration costs in ERCOT. GE 

Energy was hired by ERCOT to study the ancillary service requirements of accommodating high 

penetrations of wind (GE Energy, 2008). They found that more regulation was procured as the 

wind capacity increased, but the increased wind reduced the per-MWh cost of non-wind units 

providing regulation. The incremental cost of regulation ranged from -$0.18/MWh to 

$0.28/MWh, and it depends on the wind capacity scenario and the forecasting assumption. These 

regulation costs are summarized in Table 4.2 below. 

 

Table 4.2 Wind Integration Regulation Costs (GE Energy, 2008) 

Wind Capacity (MW) 
Incremental Cost of Regulation ($/MWh) 

State of the Art Wind Forecast Perfect Wind Forecast 

5,000 0.112 0.179 
10,000 (1) 0.277 0.107 
10,000 (2) 0.200 0.076 
15,000 (0.180) 0.144 
*Note: (1) and (2) designate two different 10,000 MW wind scenarios where the wind 
resources are located in different parts of the state. 
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Katzenstein estimated the load-following costs of 20 wind plants in ERCOT individually 

and interconnected in 2008 and 2009 (Katzenstein, 2010). In 2008, load-following costs for 

individual wind plants ranged from $6.79 to $11.50 per MWh. In 2009, the range decreased to 

$3.16 to $5.12 per MWh as ancillary service prices (and natural gas prices) decreased. The load-

following cost of twenty interconnected wind plants in 2008 was $4.35 per MWh. Figure 4.3 

displays how the costs decrease as wind plants are interconnected.  

 

 
Figure 4.3 Variability Costs of Interconnected Wind Plants in ERCOT (Katzenstein, 2010) 

 

 These results fall within the range of wind integration studies. Determining the exact 

wind integration costs in ERCOT in 2014 under different wind penetration scenarios is outside 

the scope of this Masters Project. Based on the studies cited above, we use a wind integration 

cost of $5 per MWh, and consider a range from $0 to $10 per MWh for our sensitivity analysis.  

4.5  Summary of Costs 
Table 4.3 summarizes the public costs associated with supporting wind power in ERCOT. 

Using the base case values, we find that the public cost of wind for the Low, Medium and High 

wind scenarios are $48, $41 and $37 per MWh of wind, respectively. These translate into annual 

total public expenditures of $2.5, $1.9 and $1.4 billion. The per MWh costs are similar to those 

found by Baldick (2010) and Dobesova et al. (2005).  
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Table 4.3 Summary of Public Wind Costs 

Parameter Value Unit Base Low High 
CREZ Transmission and Collection System  591.6   332.5   869.0  $ million 
Production Tax Credits 22 22 22 $/MWh 
Renewable Energy Certificates 1 0 2 $/MWh 
Wind Integration 5 0 10 $/MWh 
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Chapter 5 – Cost of Emissions Abatement 

5.1 Overview 
Our third research objective is to calculate the cost of abating emissions with wind 

power, as well as monetizing the social damages avoided through greater wind generation. 

Despite leading the nation in wind capacity, the Texas power sector also ranks first in annual 

CO2 emissions, second in annual NOX emissions, and fifth in total SO2 emissions (EIA, 2010a). 

Moreover, 21 counties, which represent approximately 13.5 million Texans, were in non-

attainment for 1-hr and/or 8-hr ozone in 2010 (EPA, 2011).  

Section 5.2 outlines the abatement costs for wind power in ERCOT and section 5.3 

describes the costs of four pollution control technologies available at a conventional pulverized 

coal plant. Section 5.4 explains the monetized environmental benefits from emissions reductions 

in Texas. 

5.2 Abatement Costs 
Using the results from Chapters 3 and 4, we calculate the cost of emissions abatement for 

CO2, NOX, SO2 and Hg by dividing the annual public cost of wind ($) by the annual emissions 

reductions (tons). Table 5.1 summarizes these costs for each wind scenario. It is important to 

note that these average costs of abatement should only be interpreted individually for each 

pollutant, because we are allocating all of the costs to one pollutant as if the benefit of reducing 

the other three pollutants had no economic value.  

  

Table 5.1 Average Costs of Abatement ($ per ton) 

Wind Scenario Pollutant 
CO2 NOX SO2 Hg 

Low $91 (63 - 120) $216k (149 - 285) $98k (68 - 129) $8.6b (5.9 - 11.3) 
Medium $73 (52 - 94) $166k (119 - 215) $65k (46 - 84) $6.1b (4.4 - 7.9) 
High $60 (44 - 76) $124k (91 - 158) $40k (29 - 51) $4.1b (3.0 - 5.2) 

 

5.3 Coal Plant Emission Control Technologies 
We used the Integrated Environmental Control Model (IECM) version 6.2.4 to calculate 

the costs of alternative abatement technologies for a conventional pulverized coal plant. The coal 

technologies were evaluated using the default characteristics for a sub-critical combustion boiler 
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with a net output of 479.3 MW. Additionally, we only evaluated post combustion abatement 

technologies available within IECM (NETL, 2009). Below is a general description of each 

technology we use for comparison to wind and the cost per ton of pollutant removed is displayed 

in Table 5.2.  

 

• Carbon Capture and Sequestration (CCS): CCS is a CO2 mitigation technology that captures 

the CO2 found in power plant emissions and then transports the emissions to a geological 

formation that can store the CO2 for the long-term. IECM utilizes an amine CCS system 

(IECM, 2009) 

• Selective Catalytic Reduction (SCR): SCR is a NOX reduction technology that uses a catalyst, 

typically anhydrous or aqueous ammonia or urea, to convert NOX emissions into N2 and 

H2O. Although SCR can be placed at various points along the flue gas path, this version of 

IECM only incorporates Hot-Side SCR (IECM, 2009).  

• Flue Gas Desulfurization (FGD): FGD removes SO2 from the flue gas through wet and dry 

mechanisms. IECM utilizes Wet FGD where a slurry of lime, an alkaline material, is used to 

pull the SO2 from the flue gas.   

• Lime Spray Dryer: The Lime Spray Dryer uses an alkaline material similar to FGD, however, 

the spray dryer creates a dry powder from the slurry by rapidly drying the slurry once it is 

sprayed.  

• Activated Carbon Injection (ACI): ACI is a process that injects carbon (wet or dry) through a 

pneumatic process into the flue gas that removes Hg from plant emissions. Although Hg is 

typically believed to be removed throughout normal processes in power plants, ACI is used 

to ensure a more complete removal of Hg (Hoffman, 2003). 
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Table 5.2 Pulverized Coal Plant Pollution Control Costs 

Pollutant Control Technology Levelized Annual Cost ($/ton removed) 
Stand-Alone Simultaneous* 

CO2 Amine-based CCS  46.85   39.00  
NOX Hot-Side SCR  925.50   892.30  
SO2 Wet FGD  723.70   606.00  
  Lime Spray Dryer  554.60   493.10  
Hg** Carbon Injection  2.28   0.04  
*All control technologies simultaneously deployed 
**Removal costs for mercury are not available, so the increased LCOE is presented (in $/MWh) 
 

 The results from IECM suggest that currently available pollution control technologies are 

more cost-effective than wind power at reducing air emissions in Texas. For example, only in the 

best circumstances (High Wind scenario and low cost estimates) does wind compete with CCS to 

reduce CO2 emissions.  

5.4 Monetized Environmental Benefits 
 In evaluating the effectiveness of reducing emissions with wind power, we also estimate 

the annual environmental benefits of avoiding these emissions and compare them to the annual 

public costs as calculated in Chapter 4. The environmental benefits are represented by marginal 

damage estimates for NOX and SO2.  These damage estimates represent the environmental and 

human health damages avoided as emissions are reduced. For example, as NOX emissions are 

reduced, harmful Ozone (O3) formation decreases and society benefits from greater visibility and 

less hospital visits that would have occurred had that marginal unit of NOX not been abated.  

 We use the Air Pollution Emissions Experiments and Policy (APEEP) model and surveys 

of the literature to get the marginal damage estimates for NOX and SO2 (Mueller and 

Mendelsohn, 2009; Matthews and Lave, 2000). For CO2, we use the social cost of carbon (SCC) 

estimates used by the EPA (2010). The SCC values used are specific to the year 2014, which 

matches our analysis. Mercury is left out of this analysis. Table 5.3 presents these marginal 

damage estimates as well as the total environmental benefits (avoided damages) for each 

pollutant. 
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Table 5.3 Monetized Benefits from Emissions Reductions 
  CO2 NOX SO2 
Avoided Emissions (tons) [a] 15.5m - 42.2m 6.5k - 20.3k 14.4k - 63.0k 
Envir. Damages ($/ton) [b] 5.3 - 36.0 501 2,002 
Total avoided damages ($) [a x b] $82.1m - $1.5b $3.3m - $10.2m $28.8m - $126m 

  

In every case, the annual monetized environmental benefits are less than the annual 

public cost. However, this type of analysis is limited as we are not accounting for the reduced 

water consumption at thermal power plants, particulate matter emissions, coal ash, and the 

externalities associated with extracting coal. Despite these limitations, these values can be useful 

in a broader cost-benefit analysis that is able to capture more impacts.  
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Chapter 6 - Conclusions 
Twenty-nine states have adopted Renewable Portfolio Standards (RPS) that will require 

the installation of new renewable capacity. In many of these states, wind power will be the least-

expensive technology to meet their RPS, but similarly to Texas, the best wind sites are located 

far from load centers and will require new transmission lines. This MP assesses one state, Texas, 

which has led the way in integrating wind resources, but has already faced substantial 

transmission issues connecting distant wind plants to load centers. The Competitive Renewable 

Energy Zones (CREZ) transmission project is intended to alleviate this transmission problem and 

encourage large-scale wind integration. Other states with very ambitious RPS targets, such as 

California and Illinois, will need to invest in similar transmission projects. Results in this MP are 

intended to provide policymakers with an understanding of the public costs associated with 

integrating large-scale wind, the emissions reductions that can be achieved and their 

corresponding environmental benefits.  

6.1 Summary of Results 
 In Chapter 2, we developed an economic dispatch model to determine how wind power 

affected conventional generation and emissions in ERCOT. We have validated the use of our 

economic dispatch model by comparing our 2010 model results to actual 2010 generation results 

and an ex post econometric study of wind displacement.  This model is free and can be applied to 

evaluate other policies and technologies for ERCOT.  

In Chapter 3, we used this model to examine ERCOT in 2014, the first year after the 

completion of the CREZ, and assessed three possible wind energy penetration scenarios: Low 

(9%), Medium (14%) and High (21%). We found that in the Low and Medium scenarios, wind 

displaced natural gas units 82-86% of the time, while natural gas units are displaced ~74% of the 

time in the High scenario. This varying displacement of fuels has a significant impact on the 

reductions of CO2, NOX, SO2 and Hg emissions. In the Low scenario, the pollutants are reduced 

by 7%, 5%, 3% and 4%, respectively. In the High scenario, emissions reductions are 19%, 17%, 

13% and 15% respectively, a non-linear increase due to the greater displacement of coal 

generation.  

In Chapter 4, we assessed the public costs required to integrate large-scale wind in 

ERCOT. This includes the CREZ transmission project cost, RPS obligations (in the form of 

purchasing RECs) and wind integration costs, all of which are borne by Texas residents. The 
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Production Tax Credit, which is a federal subsidy, is a public cost shared nationally. Depending 

on the utilization of the new CREZ transmission lines, the public cost of wind is $35.56 to 

$48.37 per MWh of wind generated. This is equivalent to an annual public cost between $1.4 

billion to $2.5 billion.  

In Chapter 5, we used the emissions reductions results from Chapter 3 and the public 

costs of wind from Chapter 4 to determine the cost of emissions reductions (“abatement cost”) 

from wind power in ERCOT. The abatement cost for a pollutant serves as a cost-effectiveness 

measure, and it was compared to the abatement cost of other technologies (i.e., CCS, FGD, SCR 

and ACI) at a conventional pulverized coal plant. We found that only in the best circumstances 

(High Wind scenario and low cost estimates) did wind compete with CCS to reduce CO2 

emissions. In addition, we compared the total annual environmental benefits of wind power to 

the annual public costs. We calculated annual monetized environmental benefits by multiplying 

the emissions reductions (in tons) by their marginal damage estimate (in $ per ton) from the 

literature. In all cases the monetized environment benefits were less than the public costs, but we 

stress that this is not a reason to reject wind power. Public investment in wind is undertaken for 

numerous policy goals, and our results can be used in a broader economic analysis.  

6.2 Policy Implications 
 It is important to stress that our results are specific to ERCOT in 2014. There are 

significant uncertainties about the long-term capacity makeup of ERCOT that could affect the 

emissions displaced by wind power. Moreover, the EPA is currently promulgating new 

regulations to control the criteria air pollutants, hazardous air pollutants, cooling water discharge 

and coal combustion byproducts. It is estimated that if all of these regulations come into effect, 

13 GW of coal plants in ERCOT could be forced to retire by 2020 (Celebi et al., 2010).  

 The current governor of Texas, Rick Perry, strongly supports new coal units, and in 2005 

issued an executive order to fast track the construction of 11 new coal plants by TXU (Ratcliffe 

and Babineck, 2007). However, Texas Pacific Group and Kohlberg Kravis Roberts & Co. 

purchased TXU in 2007 and brokered a deal with the Environmental Defense Fund to cancel 8 of 

the 11 coal-fired power plants (Anderson and Creswell, 2010). In contrast, Texas Lieutenant 

Governor David Dewhurst is drafting a bill to provide financial and regulatory incentives to 

phase-out the oldest coal plants to encourage the consumption of natural gas produced in the 

state (Platts, 2011).  
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Our results suggest that wind power in ERCOT can result in substantial CO2 emissions 

reductions (19%), primarily at the expense of natural gas units. If the policy goal is to reduce 

CO2 emissions, then other abatement policies should also be considered. For example, MIT 

studied the impacts of displacing coal in ERCOT by dispatching NGCC units first 

(“environmental dispatch”) (MIT, 2010). They found that if this coal to gas displacement 

strategy were implemented in 2008, CO2 emissions in ERCOT would decrease by 22%. The cost 

of this policy would be the difference in marginal costs between NGCC and coal units.  

 The large displacement of natural gas units also brings up power market design issues. 

We found that in the High Wind scenario, natural gas generation declines by 35% compared to a 

No Wind scenario, and this could make many plants unprofitable and lead to them being 

mothballed or retired. Wind power in ERCOT depends on fast-ramping natural gas units to firm 

wind’s variability, and new ancillary services might need to be developed to ensure that adequate 

flexible generation exists in the future to accommodate wind.  

6.3 Future Work 
 Our results provide a first order look at the costs and impacts of large-scale wind power 

in ERCOT. Future work should include similar analyses for other states and power markets 

which have different wind resources and generating capacities. Our analysis could be improved 

by using better wind data for the new wind plants as well as a more complex model that takes 

into account both economic dispatch and unit commitment. Additional research should also 

attempt to estimate the total wind integration costs (regulation, load-following and unit 

commitment) in ERCOT. The long-term impacts of wind on the capacity makeup of ERCOT are 

also uncertain. Future research should assess how wind generation affects investment in other 

generating sources and the impacts on emissions.  
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Appendix 

Appendix A 
 

 
Figure A.1 Competitive Renewable Energy Zones Map (ERCOT, 2008) 

 

A.1 Methods for Calculating Displaced Emissions  
	  

A.1.1. Average Emissions Rate Analysis 

 This method assumes that renewable energy equally displaces all units on the grid 

(Denholm et al., 2009). A system’s total emissions are divided by its total generation to calculate 

an average system emissions rate. To calculate the annual emissions avoided, the annual 

renewable generation (MWh) is multiplied by the average emissions rate of a pollutant (pounds 

per MWh). This simplification ignores the fact that renewables should displace the highest-cost 

units first. In ERCOT, nuclear power generates approximately 12% of the electricity each year, 

and this method would assume that 1 MWh of wind would always displace 0.12 MWh of nuclear 

power.  
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A.1.2 Marginal Emissions Rate Analysis 
 Marginal emissions analysis expands upon the first method by using historical emissions 

and generation data to determine the emissions rate of the marginal unit in a balancing area 

(EPA, 2008). Since the marginal unit in a power system is constantly changing, a marginal 

emissions rate must be calculated for many time periods. This method is only appropriate for 

small-scale renewable projects, because significant penetrations of renewables change the 

dispatch order, and hence, the marginal emissions rate.  

 
A.1.3 System Dispatch Models 
 Electric system dispatch models (sometimes called production cost models) simulate the 

dispatch of plants in a power system (Keith et al., 2003). This is the most credible method for 

evaluating the generation displaced and emissions avoided from renewable energy, because it 

takes into account both unit and power system constraints. In these models, units are typically 

dispatched each hour at least cost (“economic dispatch”), subject to constraints such as 

transmission and outages. Denholm et al. used the PROSYM model to evaluate the emissions 

avoided from different solar photovoltaic (PV) penetration scenarios in the Western United 

States (2008). Denny and O’Malley used an economic dispatch model to evaluate the emissions 

impacts of wind in Ireland (2006). Ireland and Texas are both isolated power systems, and we 

based much of our MP on this study.  
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Appendix B 
 
 

Table B.1 Wind Plants in ERCOT 

Unit Name County Year In 
Service 

Capacity 
(MW) CREZ 

2W Whatley Phase 1 Ector 2012 45 Central West 
2W Whatley Phase 2 Ector 2013 290 Central West 
Archer-Young Young 2012 250 No 
B&B Panhandle Wind Carson 2012 1,001 Panhandle B 
Barton Chapel Wind Jack 2007 120 No 
Buffalo Gap 4 and 5 Nolan 2011 465 Central 
Buffalo Gap Wind Farm 1 Taylor 2006 121 Central 
Buffalo Gap Wind Farm 2 Taylor 2007 233 Central 
Buffalo Gap Wind Farm 3 Taylor 2008 170 Central 
Bull Creek Wind Plant Borden 2009 88 Central West 
Bull Creek Wind Plant Borden 2009 90 Central West 
Callahan Wind Callahan 2004 114 Central 
Camp Springs 1 Scurry 2007 134 Central 
Camp Springs 2 Scurry 2007 124 Central 
Capricorn Ridge Wind 1 Sterling 2007 215 Central 
Capricorn Ridge Wind 2 Sterling 2008 186 Central 
Capricorn Ridge Wind 3 Sterling 2007 150 Central 
Capricorn Ridge Wind 4 Sterling 2008 113 Central 
Cedar Elm Shackelford 2014 136 Central 
Cedro Hill Wind Webb 2010 150 No 
Champion Wind Farm Nolan 2008 127 Central 
Cottonwood Wind Shackelford 2014 100 Central 
Delaware Mountain Wind Farm Culberson 2010 29 No 
Desert Sky Wind Farm 1 Pecos 2002 84 McCamey 
Desert Sky Wind Farm 2 Pecos 2002 77 McCamey 
Elbow Creek Wind Project Howard 2008 119 Central West 
Forest Creek Wind Farm Glasscock 2007 124 Central 
Fort Concho Wind Farm Tom Green 2013 400 McCamey 
Gatesville Wind Farm Coryell 2012 200 No 
Goat Wind Sterling 2008 80 Central 
Goat Wind 2 Sterling 2010 70 Central 
Green Mountain Energy 1 Scurry 2003 99 Central 
Green Mountain Energy 2 Scurry 2003 61 Central 
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Gulf Wind 2 Kenedy 2011 400 No 
Gulf Wind 3 Kenedy 2011 400 No 
Gulf Wind I Kenedy 2010 142 No 
Gulf Wind II Kenedy 2010 142 No 
Gunsight Mountain Howard 2013 120 Central West 
Hackberry Wind Farm Shackelford 2008 162 Central 
Horse Hollow Wind 1 Taylor 2005 213 Central 
Horse Hollow Wind 2 Taylor 2006 184 Central 
Horse Hollow Wind 3 Taylor 2006 224 Central 
Horse Hollow Wind 4 Taylor 2006 115 Central 
Inadale Wind Nolan 2008 197 Central 
Indian Mesa Wind Farm Pecos 2001 83 McCamey 
King Mountain NE Upton 2001 79 McCamey 
King Mountain NW Upton 2001 79 McCamey 
King Mountain SE Upton 2001 40 McCamey 
King Mountain SW Upton 2001 79 McCamey 
Kunitz Wind Culberson 1995 40 No 
Langford Wind Power Tom Green 2009 145 McCamey 
Loraine Windpark I Mitchell 2009 126 Central 
Loraine Windpark II Mitchell 2009 125 Central 
M Bar Wind Andrews 2012 194 Central West 
McAdoo Energy Center II Dickens 2013 500 Panhandle A 
McAdoo Wind Farm Dickens 2008 150 Panhandle A 
Mesquite Wind Shackelford 2006 200 Central 
Notrees-1 Winkler 2009 153 Central West 
Ocotillo Wind Farm Howard 2008 59 Central West 
Panther Creek 1 Howard 2008 143 Central West 
Panther Creek 2 Howard 2008 116 Central West 
Panther Creek 3 Howard 2009 200 Central West 
Papalote Creek Wind San Patricio 2010 200 No 
Papalote Creek Wind Farm San Patricio 2009 180 No 
Pecos Wind (Woodward 1) Pecos 2001 83 McCamey 
Pecos Wind (Woodward 2) Pecos 2001 77 McCamey 
Penascal Wind Kenedy 2009 161 No 
Penascal Wind Kenedy 2009 142 No 
Penascal Wind Kenedy 2010 101 No 
Penascal Wind Farm 3 Kenedy 2013 202 No 
Pistol Hill Energy Center Ector 2012 300 Central West 
Post Oak Wind 1 Shackelford 2007 100 Central 
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Post Oak Wind 2 Shackelford 2007 100 Central 
Pyron Wind Farm Scurry 2008 249 Central 
Red Canyon Borden 2006 84 Central West 
Roscoe Wind Farm Nolan 2008 209 Central 
Sand Bluff Wind Farm Glasscock 2008 90 Central 
Scurry County Wind III Scurry 2012 350 Central 
Senate Wind Project Jack 2013 150 No 
Sherbino I Pecos 2008 150 McCamey 
Sherbino Mesa Wind Farm 2 Pecos 2012 150 McCamey 
Silver Star Eastland 2008 59 No 
Snyder Wind Farm Scurry 2007 63 Central 
South Trent Wind Farm Nolan 2008 101 Central 
Stanton Wind Energy Martin 2008 124 Central West 
Sweetwater Wind 1 Nolan 2003 37 Central 
Sweetwater Wind 2 Nolan 2006 16 Central 
Sweetwater Wind 3 Nolan 2004 98 Central 
Sweetwater Wind 4 Nolan 2005 129 Central 
Sweetwater Wind 5 Nolan 2007 79 Central 
Sweetwater Wind 6 Nolan 2007 104 Central 
Sweetwater Wind 7 Nolan 2007 118 Central 
Texas Big Spring Howard 1999 34 Central West 
Throckmorton Wind Farm Throckmorton 2011 400 Central 
Trent Wind Farm Nolan 2001 150 Central 
TSTC West Texas Wind Nolan 2008 2 Central 
Turkey Track Wind Energy Center Nolan 2008 170 Central 
West Texas Wind Energy Upton 1999 74 McCamey 
Whirlwind Energy Floyd 2007 57 Panhandle A 
Wolfe Flats Hall 2007 10 No 
Wolfe Ridge Cooke 2008 113 No 
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Table B.2 Generic Cost and Performance Characteristics 

Technology Heat Rate 
(Btu/kWh) 

Emissions Rates (lb/MWh) 
Sources 

CO2 NOX SO2 Hg 

Biodiesel Engine 7,385 330 29 0 0 BPA, 2004; 
Caterpillar, 2007 

Combined Cycle 6,719 783 0.06 0 0 NETL, 2007 

Gas Engine 7,779 910 0.14 0 0 
Wärtsilä , 2010; 

Andracsek et al., 
2009; EPA, 2004. 

Gas Turbine 10,720 1,255 0.12 0 0 EPA, 2010 

Landfill Gas 8,758 0 2.13 0.17 0 
EPA, 2009; 

Jaramillo and 
Matthews, 2005 

Steam Turbine [biomass] 13,500 0 4.86 1.08 0.00004 EPA, 2010; ECT, 
2009 

Steam Turbine [coal - subcritical] 9,276 1,780 0.61 0.74 0.01 NETL, 2007 

Steam Turbine [coal - supercritical] 8,721 1,681 0.58 0.7 0.00945 NETL, 2007 
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Table B.3 Unit Availability by Season (EPA, 2010) 
Technology Summer Winter Annual 

Combined Cycle  88% 82% 85% 
Gas Engine 92% 90% 91% 
Gas Turbine 90 - 92% 88 - 90% 89 - 91% 
Hydro 20% 14% 16% 
Landfill Gas 90% 90% 90% 
Nuclear 94 - 96% 87 - 89% 90 - 92% 
Other 90% 90% 90% 
Steam Turbine [biomass] 83% 83% 83% 
Steam Turbine [coal] 70 - 99% 65 - 92% 67 - 95% 
Steam Turbine [natural gas] 84 - 94% 75 - 91% 78 - 92% 
Steam Turbine [petroleum coke] 88% 83% 85% 
 
 
 
 
 

Table B.4 Variable O&M Assumptions 
Technology Variable O&M (2010$/MWh) Source 

Combined Cycle  1.39  NETL, 2007 
Gas Engine  5.63  Pacific Power, 2007 
Gas Turbine  3.70  EIA, 2010a 
Hydro  1.19  ERCOT, 2003 
Landfill Gas  9.48  ERCOT, 2003 
Nuclear  7.59  ERCOT, 2003 
Other  41.16  EIA, 2010b 
Steam Turbine [biomass]  12.20  EPA, 2010 
Steam Turbine [coal - subcriticall]  5.27  NETL, 2007 
Steam Turbine [coal - supercritical]  5.12  NETL, 2007 
Steam Turbine [natural gas]  4.47  CRAI, 2006 
Steam Turbine [petroleum coke]  8.33  EIA, 2010b 
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Table B.5 Ramp Rate Assumptions 

Technology Ramp Rate (% of Capacity 
MW/minute) 

Combined Cycle 7% 
Gas Engine 13% 
Gas Turbine 25% 
Hydro 0% 
Landfill Gas 25% 
Nuclear 0% 
Other 1% 
Steam Turbine [biomass] 1% 
Steam Turbine [coal] 1% 
Steam Turbine [natural gas] 1% 
Steam Turbine [petroleum coke] 1% 
Sources: Hittinger et al., 2010; Wärtsilä, 200; Ihle, 2003; Northwest Power Planning Council, 
2002   
 
 
 
 
 

Table B.6 ERCOT 2010 Rated Capacity of Technologies by Season (MW) 

Technology Season 
Summer Winter Average 

Combined Cycle  30,181   32,657   31,419  
Gas Engine  202   203   202  
Gas Turbine  3,885   4,212   4,049  
Hydro  572   572   572  
Landfill Gas  79   79   79  
Nuclear  5,091   5,133   5,112  
Other  12   12   12  
Steam Turbine [biomass]  9   9   9  
Steam Turbine [coal]  18,767   18,837   18,802  
Steam Turbine [natural gas]  15,630   15,754   15,692  
Steam Turbine [petroleum coke]  138   140   139  
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Appendix C 
 
 

Table C.1 Annual Generation by Technology (GWh) 
Technology No Wind Low Wind Medium Wind High Wind 

Combined Cycle   140,914   117,504   105,357   92,717  
Gas Engine  244   175   151   118  
Gas Turbine  1,252   847   663   447  
Hydro  708   708   708   708  
Landfill Gas  631   631   631   631  
Nuclear  39,880   39,880   39,880   39,880  
Other  13   9   8   6  
Steam Turbine [biomass]  130   92   75   54  
Steam Turbine [coal]  148,188   144,394   140,259   130,882  
Steam Turbine [natural gas]  3,046   1,827   1,277   793  
Steam Turbine [petroleum coke]  1,010   904   817   672  
Wind 0     29,044   46,191   69,121  
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Appendix D 
 
 
 

 
Figure D.1 Low-Price REC Markets (Wiser and Bolinger, 2010) 

 
 
 
 
 
 
 
 
 
 
 
 


