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Nathan Paine 

The Cost Effectiveness of Using Wind Energy to Generate Electricity and Abate 

CO2 Emissions 

 
 
1.  Introduction 
 Concern about climate change has led to policies to promote renewable energy 

technologies and shifting to alternative fuel types that emit lower amounts of greenhouse 

gases.  Sometimes this involves generating electricity from natural gas rather than coal.  

But for a variety of reasons there are limits to the desirability of substituting natural gas 

for coal.  Other alternatives involve using wind, solar, or geothermal resources to 

generate electricity.  Of the renewable energy technologies currently available to generate 

electricity, wind usually the most attractive in part because it is usually by far the most 

cost effective.   

Cost is an important issue in choosing strategies to efficiently reduce greenhouse 

gases.  It is important to understand that the cost of renewable energy technologies is not 

fixed.  While clean energy technologies are relatively more expensive than generating 

electricity from fossil fuels, the cost of clean energy technologies is likely to decline as 

the wind industry realizes economies of scale.  Cost is also important issue in getting the 

political support to take meaningful action to address climate change.  The political and 

economic support for mitigating climate change will be more forthcoming as the cost of 

abating greenhouse gases goes down.  There may be a chicken and egg problem here 

because Porter and van der Linde (1995) observe that environmental regulation triggers 

innovative abatement technologies that improve the efficiency of power plants.   

Renewable energies also have the potential to act as a hedge against volatile 

natural gas prices.  Wind power, like most renewable energies, has no fuel costs.  Most of 
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the costs of wind power are initial capital costs that are stable.  The ability of wind power 

to act as a hedge against natural gas prices depends on the scarcity of natural gas and the 

cost of wind power.   

This paper also investigates the costs and benefits of wind energy and fossil fuel 

technologies.  To decide whether to meet demand for electricity with wind power, I 

investigate the cost effectiveness of wind power under a range of emissions prices and 

take into account the need for back up power.  In the long-run, innovative pollution 

abatement technologies will impact the costs and benefits of various generation types.  

The installation of large-scale wind power is also expected to create economies of scale 

and learning-by-doing is expected to drive down the costs of wind technology.  I also 

investigate the transmission costs associated with the injection of large-scale wind power 

into the transmission grid.   

2.  Social Benefits and Costs versus Private Benefits and Costs 

Externalities occur whenever an entity acts in a way that impacts another entity.  

Externalities result in the over-production of goods with negative externalities and the 

under-production of goods with positive externalities.  Buchanan and Stubblevine (1962) 

remind us that it is important to note the distinction between relevant and irrelevant 

externalities.  An irrelevant externality is an externality that does not result in any 

economic inefficiency and is therefore irrelevant to public policy.  One example of an 

irrelevant externality is where I show up at an auction and bid $500 for a lamp.  Suppose 

that but for my bid the lamp would have been sold at auction for $300.  I made the 

would-be purchaser worse off, but I also made the seller better off.  Therefore, there is no 

loss of economic efficiency.  Buchanan and Stubblevine (1962) also introduced another 

 3



Nathan Paine 

type of externality called an infra-marginal externality.  The infra-marginal externality 

means that the marginal utility of the external activity is zero.  In other words, society is 

not affected for better or for worse by marginal changes in the external activity.  

Therefore, in the case of infra-marginal activity, Buchanan and Stubblevine (1962) note 

that marginal changes in the external activity are also fall into the category irrelevant 

externalities.  This paper concerns itself only with relevant externalities and assumes 

increasing marginal damage from external harmful activities.  In this case, the externality 

is emissions of greenhouse gases from generating electricity.   

 The social benefit is equal to the sum of the private benefit and the external 

benefit.  Likewise, social costs are equal to the private costs paid by the producer and the 

external costs.  This paper begins its analysis by comparing the private costs of wind 

versus other types of generation.  The supply curve in a competitive market for electricity 

depicts a positive relationship between the quantity supplied and price.  The law of 

variable proportions is the basis of the supply curve and means that eventually a firm will 

be confronted with increasing marginal costs although not necessarily before marginal 

cost intersects with the demand curve.  I assume that generators have a capacity limit and 

constant marginal costs up to the capacity limit.  However, not all generators have the 

same marginal cost.  For example, nuclear power plants and wind farms have low 

marginal costs and natural gas plants have high marginal costs.  Moreover, power plants 

of the same type operate at varying efficiencies (e.g. coal and natural gas plants utilize 

fuel at varying levels of efficiencies) so that the marginal costs of Coal plant A may be 

higher than Coal Plant B.  In a competitive electricity market, each profit maximizing 

generator will bid supply at short-run marginal cost as long as each generator assumes it 
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will not be the marginal plant.1  Bidding higher than the short-run marginal cost would 

only reduce the chances of being dispatched and not change the market clearing price 

(assuming that the generator believes it will not be the marginal plant).  The job of the 

dispatcher is to balance supply and demand2.  When demand is high the dispatcher will 

dispatch more expensive generation and this will raise the market clearing price.  The 

market clearing price during any hour reflects the marginal private benefits from 

consuming electricity and the short-run marginal costs of generating electricity.  The 

price changes apply to all generating capacity.   

The marginal private benefits form the basis of the demand curve.  The demand 

curve depicts an inverse relationship between the quantity demanded and the price, 

holding other factors such as income and the price of substitutes constant.  It is assumed 

that individuals and firms experience diminishing marginal utility from the increased 

consumption of goods and services.  The goal of individuals and firms is to maximize 

total utility given the prices of goods and services.  Utility is maximized by equalizing the 

marginal utility per dollar spent on all goods and services.  Marginal utility theory tells us 

that when the price of a good falls the quantity demanded of that good will increase 

because the marginal utility per dollar spent increases.  Likewise, when the price of a 

                                                 
1 I assume that a large number of competing power plants operate in the market so that each competitor 
assumes it will not be the marginal plant.   
2 The central dispatcher needs to balance supply and demand second-to-second.  If there is excess demand, 
the frequency of the transmission grid will fall.  If there is excess supply, the frequency of the transmission 
grid will rise.  The reliability of the transmission grid depends on maintaining the frequency.  The job of the 
dispatcher is to dispatch reserves to keep supply and demand in balance.  The dispatcher uses sensors to 
monitor supply and demand and the conditions of the transmission grid.   
The idea of a central dispatcher balancing supply and demand sounds similar to Oskar Lange’s market 
socialism in which a central planner would engage in trial and error pricing (On the Economic Theory of 
Socialism, Part I and Part II).  The central planner would raise or lower prices depending on whether there 
is a shortage or a surplus.  However, in the case of a competitive electricity market, the dispatcher receives 
bids to purchase electricity at the market clearing price and bids to offer supply at certain prices.  The 
dispatcher proceeds to dispatch the most economical supply to meet demand while ensuring reliability.  
The dispatcher will then balance supply and demand second-to second by accessing reserve generation 
(there is a another market for reserve generation in which generators offer reserves at certain prices).   

 5



Nathan Paine 

good increases the quantity demanded of that good will decrease.  The short run demand 

curve for electricity is steep3 because it takes time for consumers to adjust to rising prices 

(Kirschen 2003).  The long run demand curve flattens as the adjustment period increases.  

In the short-run, an emissions trading program will increase the price of electricity by 

increasing the cost of generating electricity with fossil fuels (e.g. natural gas and coal).  

This will trigger switching to higher cost generators (natural gas-fired plants and 

renewable energies) with lower greenhouse gas emissions.  In the long-term, the impact 

of an emissions trading program on the price of electricity is ambiguous.  Porter and van 

der Linde (1995) give examples of environmental regulation triggering cost-reducing 

abatement technologies.  The main point of these examples is to show how internalizing 

the cost of pollution provides added incentive to engage in creative thinking about how to 

solve the defective nature of processes that pollute.  The rethinking of whole processes is 

something more than just adding scrubbers (or other end-of-the-pipe mechanisms).  The 

cost of generating electricity with renewable energies will also decline as economies of 

scale take hold.  Higher electricity prices will also send signals to consumers about the 

true social costs of generating electricity.  As the adjustment period increases, the 

demand curve will flatten because consumers will purchase energy efficient appliances 

and adopt more energy-efficient methods of production.   

3.  Methodology 

 The levelized cost of energy (LCE) is used to compare the private costs of each 

generator type.  The LCE represents the average cost of the generator per kWh over the 

lifetime of the generator and is the price at which the energy must be sold in order for the 

                                                 
3 The demand from consumers is affected mainly by the timing of their activities.  Kirschen (2003) finds 
that even significant short-term fluctuations in price trigger only a small demand-side response.    
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energy project to breakeven.  Wind power is a relatively capital-intensive industry and so 

the LCE from wind is very sensitive to the discount rate.  Importantly, discount rates in 

the wind industry do not correctly incorporate the social risk of a wind project because 

tax incentives and long-term power purchase agreements drive a wedge between private 

and social risk.  Wind projects receive a production tax credit on a per kWh basis and 

typically enter into long-term power purchase agreements to lower the private risk facing 

a wind project.  Wind projects face high capital expenditures (see Table 1 below) and so 

the electricity generated from a wind farm must be sold over a long period of time and in 

sufficient quantities to reduce costs per unit.  The wind project is also faced with risks 

that the electricity cannot be sold and that the price is uncertain.  The tax credit increases 

the wind project’s cash flow and lowers the risk of price uncertainty.  The tax credit and 

power purchase agreement also help to ensure that available cash will be sufficient to 

meet the project’s financial obligations.  Long-term power purchase agreements provide 

revenue certainty and shift risk to the ratepayers. Power purchase agreements and tax 

credits also reduce financial risk facing a wind project by reducing the variance in the 

performance of the wind project.  Importantly, the long term power purchase agreement 

and production tax credit shifts risk to the ratepayers and society.  Private risk and social 

risk diverge in this case because the risk associated with the price of substitutes shifted to 

the ratepayers and is not internalized by the wind project.  For example, the power 

purchase agreement shifts the risk of a fall in the price of natural gas to the ratepayers.  

The wedge between social risk and private risk drives down the cost of capital because 

the discount rate does not correctly assign a premium for these social risks.  This is so 

because the consequences of a fall in the price of substitutes are paid for by the ratepayers 
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and society.  I first calculate the levelized cost of wind energy using discount rates cited 

by professionals in the wind industry.  These discount rates do not correctly assign 

premiums for social risks.  Then I calculate the levelized cost of wind energy with 

different discount rates to show the sensitivity of the LCE to changes in the discount rate.  

The sensitivity analysis shows big variations in levelized cost of wind energy according 

to whether the discount rate correctly incorporates social risk.   

To evaluate the social costs of fossil fuel generators, I analyze the impact of a 

range of prices per ton of carbon dioxide on dispatch costs and the generation mix.  The 

generation mix is the various types of power plants.  The dispatch cost in a competitive 

market for electricity is equivalent to the short-run marginal cost of generating electricity.  

The price per ton of carbon dioxide is proxy for the social costs of greenhouse gas 

emissions.4  Power plant specific data from the Environmental Protection Agency’s 

(EPA) Emissions & Generation Resource Integrated Database (eGRID) system is used to 

characterize the supply of electricity in Minnesota.   Conclusions are made about the 

impact of an emissions trading program on the supply of electricity in Minnesota and the 

cost-effectiveness of wind power as an abatement tool.   

Most cost estimates do not take into account the costs wind imposes on the 

electrical grid – the costs of maintain idle capacity and spinning reserves5 to firm up wind 

power.  This implies that the cost of wind energy should include the cost of back up 
                                                 
4 It is assumed that the stringency of cap would be set so that the marginal benefits of abating greenhouse 
gases are equal to the marginal costs of abatement.  The marginal costs would be equalized across utilities 
by trading permits in a competitive market and this marginal cost would equal the permit price in the 
market.  The marginal cost would be equal to marginal benefits so that the reduction in greenhouse gas 
emissions is socially efficient.   
5 A spinning reserve is defined as a generator that is connected to the electrical grid and is ready for 
immediate power generation.  The Independent System Operator (ISO) is required to maintain sufficient 
reserve generating capacity available for immediate power production.   
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power.  I estimate the cost of back up power with and without an emissions trading 

program.  Wind power may also be available when it is not needed, which means that the 

wind power will either need to be stored, wasted, or sold into another electrical grid.   

Wind power also requires more transmission infrastructure than fossil fuel type plants 

because there is a spatial mismatch between high wind resources and demand centers.  I 

use regional transmission planning reports to show that the addition of wind power into 

the system requires building new transmission lines.  According to the CapX2020 

initiative, construction of 600 miles of 345-KV transmission lines will cost about $1.7 

billion or equivalently almost $3 million/mile.6  The 200 mile Brookings County-

Hampton 345-kV transmission line (one of three major CapX2020 transmission lines) is 

dedicated to the transmission of wind energy from high wind resources along the Buffalo 

Ridge to Minneapolis.   

4.  Private Costs and Benefits of Wind 

 Most wind projects employ different lenders or groups of lenders during the 

different risk phases of the project.  There are different risks involved as the wind project 

progresses through the construction period to online service.  Lenders also have a 

different ability to tolerate risk.  Some lenders are willing to accept the risk of a project in 

its operation date, but are not able to tolerate the high risk of a wind project during its 

development and construction phases.  Some lenders prefer to lend for short time periods 

(e.g. during the construction phase) while other lenders prefer to lend for long time 

periods (e.g. insurance companies).  Some lenders are more comfortable making 

construction loans because they are better equipped to monitor the engineering and 

construction of a wind project.  Interest rates will also vary during the different risk 
                                                 
6 http://www.capx2020.com/faq.html 
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phases of project financing and with the varying levels of credit support from project 

sponsors.   

 The key risks in a wind project are the site acquisition and access, permits, 

competence of the contractor, construction costs overrun, delay in completion, 

performance risks during the operation period, and the performance of third parties.  

Financing wind projects typically involves three phases.  The first phase involves 

securing financing to purchase the turbines.  The second phase is construction finance.  

The third phase is takeout of the construction loan with either an equity commitment 

and/or term financing.  The refinancing of debt at each phase reflects the reduction in risk 

as the project progresses.  For purposes of calculating the levelized cost per kWh, is 

assumed that the wind project will utilize debt financing in each project phase.  Table 1 

shows the project-specific assumptions used in the calculation of the levelized cost of 

wind generated energy.   

Table 1:  Base Scenario Wind Input Assumptions 

ASSUMPTIONS VALUE 
Wind Project Data 
Project Size 100 MW 
Capacity Factor 36% 
Project lifetime 20 years 
Installed Capital Costs 
Development Costs 6,300,000 
Wind Turbines 150,000,000 
Balance of Plant 20,000,000 
Interconnection 10,000,000 
Interest during construction 2,900,000 
Construction loan closing costs 960,000 
Construction period 12 months 
Interest during turbine manufacturing 2,712,500 
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Turbine supply loan closing costs 840,000 
Turbine manufacturing period 12 months 
Equity closing costs 400,000 
Working capital 1,000,000 
Contingency 9,100,000 
Equity bridge loan closing costs 200,000 
Interest paid on equity bridge loan 3,800,000 
Refinancing costs  400,000 
Annual Operating Expenses 
Fixed O&M ($/installed kW)  1,150,000 
Variable O&M ($/MWh) 1,892,160 
Annual LOC Rate 750,000 
PTC 
2008 PTC rate ($/kWh) 0.021 
Taxes  
State tax rate 6.0% 
Federal tax rate  34.0% 
Effective tax rate 38.0% 
Term Debt 
Debt Tenor 15 years 
Interest rate 6.7% 
Debt-service coverage ratio 1.45 
Debt service reserve 4,234,290 
Financial Structure 
Debt: Equity ratio 50:50 
Equity IRR Target 10% (20 yr target) 
Installed project costs and financing assumptions are based on the 2009 estimates from the National 
Renewable Energy Laboratory’s JEDI wind model.  Some estimates of financing costs are based on 
discussions with individuals involved with the financing of wind projects.  Fixed and variable O&M costs 
escalate 2 percent annually.  The PTC is available for 10 years and escalates 2 percent annually.  The PTC 
is a production tax credit on a per kilowatt hour basis.     
 

 The levelized cost of energy will be used to compare the private costs and benefits 

of generating electricity from wind power versus coal-fired power plants.  For this part of 

the analysis, the production tax credit (PTC) will be excluded in order to calculate the 
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unsubsidized levelized cost of wind generated electricity.  The formula for the levelized 

cost of energy is: 

 

( ) CRFAEPTLCCLCOE *=  

AEP is the annual energy output.  The AEP is assumed to be constant over the lifetime of 

the project.  CRF is the capital recovery factor.  The total life cycle cost (TLCC) 

discounts all the costs over the lifetime of the project using the weighted average cost of 

capital.  This analysis calculates the before-tax revenue required to cover the after-tax 

project costs.  The formula for the TLCC is: 

[ ] )1/(*)1()*()*( TPVOMTPVINTTPVDEPTITLCC −−+−−=  

PVDEP is the present value of depreciation.  The private levelized cost of wind generated 

electricity assumes straight line depreciation over a 12 year period.  The levelized cost of 

wind energy with federal incentives included assumes 95 percent of depreciable assets 

are depreciated under the MACRS 5 year schedule with the remaining 5 percent 

depreciated under the MACRS 15 year schedule.  PVINT is the present value of interest 

paid.  PVOM is the present value of annual operations and maintenance costs.  T is the 

effective tax rate.  The weighted cost of capital (WACC) is 8.35 percent for purposes of 

discounting the future costs and revenues to calculate the levelized cost of wind 

generated electricity.  The TLCC in the scenario without federal incentives is 

$241,799,418 million.  The wind project produces 315,360,000 kWh of electricity on an 

annual basis.  The levelized cost of wind energy without federal incentives is $0.0837 per 

kWh.   
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 Figure 1 (below) shows the sensitivity of the levelized cost of wind energy to 

changes in the discount rate.  The LCE is very sensitive to changes in the discount rate 

because wind projects require large capital investments and have low operating costs.  

The levelized cost of wind energy increases from $0.837/kWh to $0.126/kWh when the 

weighted average cost of capital increases from 0.085 to 0.15 percent.  Figure 1 implies 

that correctly incorporating the social risks into the discount factor significantly increases 

the levelized cost of wind energy.    

Figure 1: Sensitivity of the LCE to Changes in the Discount Rate
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Source:  Author’s calculations based on cost and financial assumptions in table 1.  The discount rate was 
adjusted to reflect the incorporation of varying levels of social risk.   
 
5.  The costs of wind energy with and without federal subsidies compared to fossil fuel 

costs 

 The integration of additional wind energy into the transmission grid will displace 

the most expensive power that would otherwise be used for generating electricity under 

an economical dispatch of power.  The marginal power plant is most often a natural gas 

plant.  This section examines the competitiveness of wind with natural gas-fired and coal-
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fired power plants under three different scenarios.  The first scenario assumes no federal 

subsidies for wind power.  The second scenario incorporates the production tax credit and 

modified accelerated (MACRS) depreciation schedules.  The third scenario incorporates 

the federal subsidies under a greenhouse gas emissions cap and trade program.   

Table 2:  Base Scenario Combined Cycle Gas Turbine (CCGT) Input Assumptions 

Installed Capital Costs (including capitalized interest) 
CCGT Capital Costs ($/kW – high) 1100 
CCGT Capital Costs ($/kW – low) 900 
Project Information 
Project Size 550 MW 
Capacity Factor (high) 85% 
Capacity Factor (low) 40% 
Heat rate 7000 BTU/kWh 
Project lifetime 40 years 
Annual Operating Expenses 
Fixed O&M ($/kW – yr) 6.00 
Variable O&M ($/MWh) 3.50 
Fuel Price ($/MMBtu) 5.00 
Financial Structure 
Debt: Equity ratio 60:40 
Equity IRR Target  10% (40 yr target) 
Debt Tenor  15 years 
Interest Rate  6.7% 
Taxes 
State tax rate 6% 
Federal tax rate 34% 
Effective tax rate 38% 
 Source:  Cost and financial assumptions are based on discussions with industry professionals at the EIA, 
MIT’s report entitled “The Future of Coal”, and the Energy Information Administration (EIA) 
 
Table 3:  Base Scenario Coal-fired Plant Input Assumptions 

Installed Capital Costs (including capitalized interest) 
Coal Capital Costs ($/kW - Low) 2550 
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Coal Capital Costs ($/kW - High) 5350 
Project Information 
Project Size 600 MW 
Capacity Factor 85% 
Heat rate 10000 
Project lifetime 40 years 
Annual Operating Expenses 
Fixed O&M 25.00 
Variable O&M 5.00 
Fuel Price ($/MMBtu) 2.00 
Financial Structure 
Debt: Equity ratio 60:40 
Equity IRR Target 10% (40 yr target) 
Debt Tenor 15 years 
Interest Rate 6.7% 
Taxes 
State tax rate 6% 
Federal tax rate 34% 
Effective tax rate 38% 
Source: Cost and financial assumptions are based on MIT’s report entitled “The Future of Nuclear Power”, 
the EIA, and discussions with industry professionals 
 
 The results suggest that wind power is much more costly than the coal and gas 

alternatives in the base case scenario with no federal tax incentives for wind power.   The 

levelized cost of energy from a CCGT plant is $0.0637 assuming natural gas prices are 

$5/mmBtu and escalate 2 percent annually over the 40 year project lifetime.  The 

levelized cost of energy from a coal-fired plant is $0.0657 assuming the price of 

delivered coal is $2/mmBtu and escalates 0.5 percent annually over the 40 year project 

lifetime.  The coal and gas costs are close together and it should be noted that there are 

regions of the country with below average coal prices which would make coal less 

expensive than gas and vice versa.   
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 It is very difficult to accurately forecast the price of natural gas in the long and 

short terms as the price of natural gas is subject to considerable volatility.  Annual 

historical volatility calculated from daily Henry Hub price movements was 63 percent in 

2007 and 49 percent in 2008 (EIA Natural Gas Year-In-Review 2008).  The volatility in 

natural gas prices makes it very difficult for consumers and producers to accurately 

forecast costs.   

NYMEX options data was used to calculate the implied volatility embedded in the 

price of natural gas options.  Implied volatility is the market’s expectation of future 

volatility over the time period of the option.  The implied volatility is used to calculate 

confidence intervals which represent the probability that the final market price for a 

particular futures contract, such as December 2009 Henry Hub natural gas, will fall 

somewhere within the lower and upper bounds of prices.  Figure 2 (below) shows the 95 

percent confidence interval which means there is a 95-percent likelihood that the final 

delivered price for the natural gas in a particular delivery month will fall within the range 

on prices.  For the day ending October 14, 2009, natural gas futures on the NYMEX were 

trading at $5.72/mmBtu for gas delivered to the Henry Hub during December 2009.  The 

95-percent confidence interval around this price has a lower limit of $3.84 and an upper 

limit of $8.20, a difference of $4.36/mmBtu with an implied volatility of 76 percent.  The 

confidence intervals for natural gas prices through 2010 highlight the market’s significant 

uncertainty in the natural gas price outlook.   
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Figure 2:  Henry Hub Natural Gas Futures Price
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Note Confidence Intervals derived from NYMEX options information on October 14, 2009 (author’s 

calculations).  The author employed the Fischer-Black commodity option-pricing model to calculate the 

implied volatility.  The confidence intervals were calculated based on the implied volatility embedded in the 

price of options at the money.   

 

The significant volatility in natural gas prices and uncertainty in the natural price 

outlook make it very difficult to accurately forecast the levelized cost of energy generated 

from natural gas-fired power plants. In high natural price scenarios, wind energy is 

significantly less expensive than electricity generated from natural gas-fired power 

plants.  For example, if natural gas prices increase from $5/mmBtu to $8/mmBtu, the 

levelized cost of energy from a CCGT plant increases from $0.0637 to $0.847 which is 

very close to the levelized cost of wind energy without federal tax incentives.   

Alfred Marshall’s (1890) theory of supply and demand offers a rigorous 

framework for analyzing the factors that determine prices in the natural gas markets.  

Marshall said that prices in the short-term are determined by the relation of demand to 
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supply already in the market.  The existing supply in the natural gas markets is the natural 

gas that is already available pending a time lapse required for further production of 

natural gas regardless of demand.   

“Again, there is no connection between cost of reproduction and price in 

the cases of food in a beleaguered city, of quinine the supply of which has 

run short in a fever-stricken island, of a picture by Raphael, of a book that 

nobody cares to read, of an armor-clad ship of obsolete pattern, of fish 

when the market is glutted, of fish when the market is nearly empty, of a 

cracked bell, of a dress material that has gone out of fashion, or of a house 

in a deserted mining village.” (Marshall 1890, V.VII.22) 

Therefore, in the short run, the size of the domestic natural gas resource is not a factor in 

determining the equilibrating natural gas price. In other words, it is not the size of the 

domestic gas resource that matters in the short-run, but the size of the tap and the existing 

supply of natural gas actually in the market.  The supply of natural gas continues to soar 

higher.  Stocks of natural gas are 473 Bcf higher than at this time last year and stocks of 

natural gas are 480 Bcf above the five year average.  The September 2009 EIA Short-

term Energy Outlook now expects natural gas inventories to reach 3,840 Bcf at the end of 

the 2009 injection season which is October 31st.  This is very close to the maximum 

storage capacity of about 3,900 Bcf.   

Table 4:  Natural Gas in Underground Storage 

Stocks in billion cubic feet (Bcf)  Historical Comparisons Region 

10/02/09 9/25/09 Change Year ago (10/01/08) 5-Year (2004-2008) 
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Average 

Stocks (Bcf) % Change Stocks (Bcf) % Change 

East 1,992 1,955 37 1,893 5.2 1,854 7.4 

West 497 489 8 431 15.3 427 16.4 

Producing 1,169 1,145 24 862 35.6 897 30.3 

Total 3,658 3,589 69 3,185 14.9 3,178 15.1 

Source: EIA Weekly Natural Gas Storage Report, October 2, 2009 and the September 2009 EIA Short-term 
Energy Outlook 
 

Figure 3:  U.S. Natural Gas Wellhead Price
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Figure 4:   U.S. Natural Gas Production (Jan 2005 - July 2009)
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Source:  EIA 

Figure 5:  Monthly U.S. Natural Gas Exploratory and Development Wells Drilled
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Source:  Baker Hughes – Investor Relations – Rig Counts and Wells Drilled 

Figures 5 and 6 show a steep drop off in drilling.  According to Baker Hughes, 

natural gas drilling rig counts are still well down from last year.  Natural gas rigs 
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operating in the U.S. are down to 726, off 55 percent from September 2008.  There is a 

corresponding drop off in the monthly number of exploratory and development natural 

wells drilled in the U.S.  Figure 5 shows that the rate of drilling has declined by 59 

percent since October 2008.  Figure 7 shows a steep increase natural gas production from 

unconventional oils as a percentage of total production.  According to the EIA, in 2007, 

58 percent of onshore natural gas production came from unconventional gas wells, up 

from only 22 percent in 1990.  Unconventional sources of natural gas are coal-bed 

methane, tight gas, and shale.  The production and depletion rates of unconventional gas 

wells behave differently from conventional gas wells.  Unconventional gas wells have a 

significantly higher rate of decline from peak production compared to conventional gas 

wells.  Unconventional gas wells also produce more quickly and have higher peak 

production compared to conventional gas wells.  Pursell (1998) determined the increase 

in the rate of decline of natural gas production per well to be from less than 20 percent 

per year in 1970 and 1971 to 49 percent year for wells developed in 1996.  The EIA cited 

similar results for offshore natural gas wells in the Gulf of Mexico.7  Table 5 shows that 

wells beginning production in 1996 produced at only 31 percent of peak production 23 

months later.  This compares to 63 percent for wells beginning production in 1972.  Table 

5 also shows higher peak production rates for wells beginning production in 1996 

compared to wells beginning production in 1972.   

Table 5:  Average Production from Wells in the Federal Offshore  

Year Peak Production (Thousand 
Cubic Feet per day) 

Percentage of Peak Production 
23 months later 

                                                 
7 EIA, Office of Oil and Gas, Reserves and Production Division studied the production of offshore gas 
wells in the Gulf of Mexico.  EIA Natural Gas Data, Analysis Surveys, 
www.eia.doe.gov/oil_gas/natural_gas/info.../natural_gas.html 
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1972 4,198 0.633 

1976 5,591 0.646 

1980 5,533 0.502 

1984 4,477 0.591 

1988 4,915 0.497 

1992 5,294 0.417 

1996 6,070 0.314 

Source:  EIA, Natural Gas Exploration & Reserves Data and Analysis – study of natural gas wells in the 
Gulf of Mexico 
 

The drop off in drilling combined with the steep decline rates of unconventional 

gas wells, which are the primary sources of natural gas production increases in recent 

years (Figure 4, Figure 7), is expected to result in a significant decline in supply during 

the next 12 to 24 months.  It is possible that natural gas prices will increase even if 

demand continues to fall.  It should be noted that the steep decline in drilling rates is 

attributed to low natural gas prices which have a significant influence on capital 

expenditures.  The steep decline rates of unconventional gas wells combined with a steep 

drop in continuing investments will result in a reduction in supply and upward pressure 

on natural gas prices as production rates will not be maintained.  One way to view 

unconventional gas wells is as a treadmill.  Since unconventional shale wells deplete 

rapidly, it takes a great deal of drilling on an annual basis to maintain overall production 

rates.  In other words, a lot of drilling is needed in order for production rates to stay in 

place.  In the short-term, low gas prices are deterring drilling and production rates will 

not stay at current levels.   
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Figure 6:  Gas Rigs in the U.S. (Jan 2007 - July 2009)
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Source:  Baker Hughes – Investor Relations – Rig Counts and Wells Drilled 

Figure 7:  U.S. Natural Gas Production by Source
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Source:  EIA, Natural Gas Exploration & Reserves Data and Analysis 

 Increasing natural gas prices make wind energy more competitive with natural 

gas-fired generation.  The levelized cost of natural plants is very sensitive to the cost of 

natural gas.  Figure 8 shows the relationship between the levelized cost of natural gas-
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fired generation and the cost of fuel.  For every $1 increase in the price of natural gas, I 

estimate that the levelized cost of natural gas-fired generation increases $.007.  In a high 

gas price scenario, wind energy is a cheaper source of electricity compared to natural gas.   

Figure 8:  The Sensitivity of the Levelized Cost of Natural Gas-fired 
Generation ($/kWh) to Natural GAs Prices ($/mmBtu)
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Source:  Author’s calculations based on cost and financial assumptions in table 2 and table 3 
 

In the long term, Alfred Marshall tells us that production cost is an influence on 

price.  Technological progress will continue to be an important factor in determining the 

price of natural gas, particularly as more and more natural gas is produced from 

unconventional gas wells.  Unconventional gas wells are characterized by relatively high 

capital costs compared to conventional gas wells.  Technological improvements will 

drive down exploration and development costs of unconventional natural gas wells and 

will put downward pressure on natural gas prices.  Technological improvements are 

occurring at a rapid rate in the natural gas industry.  Previous forecasts underestimated 

technological progress in the natural gas industry.  Recently, there have been 

breakthroughs in the areas of 3-D seismic imaging and hydro-fracturing which have 
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results in cheaper exploration and development of tight natural gas.  As technology 

continues to improve the extraction of unconventional gas resources will continue to 

become less expensive.  This poses a risk to the wind industry because natural gas-fired 

generation has the potential to become a cheap source of electricity in a carbon-

constrained world.   

Demand is the other factor of price determination in the short-term.  Natural gas is 

consumed by residential customers, businesses, power plants, and as fuel for vehicles.  

Table 6 (below) breaks down the demand for natural gas by end use category as a 

percentage of total demand.  Consumption of natural gas is roughly split in thirds on an 

annual basis between commercial and residential, fuel for power plants, and as an input in 

industrial processes (Figure 10 below).  During the winter months, the commercial and 

residential sectors make up roughly 50 percent of natural gas consumption.   

Table 6:  Natural Gas Consumption by End Use as a Percentage of Total Demand 

CONSUMERS 2003 2004 2005 2006 2007 2008 

Residential 24.70% 23.49% 23.76% 21.89% 22.22% 22.85% 

Commercial 15.46% 15.10% 14.76% 14.19% 14.21% 14.65% 

Industrial 34.77% 34.95% 32.48% 32.63% 31.21% 31.08% 

Vehicle Power 0.09% 0.10% 0.11% 0.12% 0.12% 0.14% 

Power Plants 24.97% 26.36% 28.89% 31.18% 32.23% 31.28% 

Source:  EIA Natural Gas Consumption Data and Analysis 

In the short term, weak demand is an important factor in price determination.  The 

industrial sector is primarily responsible for the weak demand.  Consumption of natural 

gas in the industrial sector is down 10.4 percent year-over-year as of July.  Demand in the 

electric power and commercial and residential sectors is only down 1 percent year-over-
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year as of July.  Declining production of petrochemicals, plastics, motor vehicles, metals, 

wood products, and fertilizers during the economic recession is primarily responsible for 

the decline.  Overall demand for natural gas will increase as the U.S. economy recovers 

and the level of production in the manufacturing sector increases.   

Figure 9:  Natural Gas Delivered to Consumers in the U.S. (Million Cubic Feet)
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Source: EIA Natural Gas Consumption Data and Analysis 
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Figure 10:  Consumption in the U.S. by End Use (Millions Cubic Feet)

0

500,000

1,000,000

1,500,000

2,000,000

2,500,000

3,000,000

01
/0

1/
20

08

03
/0

1/
20

08

05
/0

1/
20

08

07
/0

1/
20

08

09
/0

1/
20

08

11
/0

1/
20

08

01
/0

1/
20

09

03
/0

1/
20

09

05
/0

1/
20

09

07
/0

1/
20

09

M
ill

io
ns

 C
ub

ic
 F

ee
t

Power Plants
Industrial
Residential and Commercial
Total Consumption

 

Source: EIA Natural Gas Consumption Data and Analysis 

 

Natural gas demand increases dramatically in the winter while natural gas supply is 

essentially fixed.  Therefore, natural gas prices have a tendency to increase dramatically 

during the winter.  This is especially the case since it is very difficult for consumers to 

reduce consumption in the short-term when a dramatic increase in the natural gas price 

occurs.   

 In the long term, demand for natural gas is forecasted to grow significantly.  

Natural gas-fired power plants will make up most of the new generation added in the next 

several years.  Concerns about climate change will discourage the addition of new coal 

plants to the generation mix.  In a carbon constrained world natural gas additions will be 

favored over coal.  These factors will increase the demand for natural gas in the electric 

power sector and will exert upward pressure on natural gas prices.  An emissions trading 

program will also make natural gas a very attractive substitute for oil and industrial and 

electric power sectors.  It should also be noted that the House voted yes on H.R. 1835 
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which will authorize $30 million to fund research and development of natural gas fueled 

vehicles and extend tax credits to the purchase of natural gas fueled vehicles.  Assuming 

this bill becomes law, the vehicles sector will increase its demand for natural gas.   

 The increased demand for natural gas in the long term puts ratepayers at risk of 

paying high fuel surcharges.  Utilities may want to use wind power to hedge against 

volatile electricity prices.  However, in the long term, the technology used to recover 

natural gas will improve and innovative technologies will drive down the costs of 

recovering natural gas.  The 2008 USGS Arctic Oil and Gas Report estimates that 1,669 

trillion cubic feet of natural gas and 44 billion barrels of liquid natural gas are 

recoverable in the Arctic using existing technology.8  According to the EIA, this is more 

than six times the proved reserves of natural gas in the United States.9  The vast natural 

gas reserves in the Arctic and improved unconventional drilling technology create the 

possibility of a cheap and reliable supply of natural gas to meet future demand.  

Importantly, the prospect of a cheap supply of natural gas means it is likely that natural 

gas-fired plants would offer the most cost-effective means of reducing greenhouse gas 

emissions.  Moreover, as will be discussed in a later section, the addition of wind power 

requires the construction of back up power.  There is currently no cost effective method 

of storing wind power.   Therefore, additional natural gas plants will need to be brought 

online to back up wind power.   

6.  Clean Technology Policy Risk to the Competitiveness of Wind Energy in a 

Competitive Market 

                                                 
8 http://geology.com/usgs/arctic-oil-and-gas-report.shtml 
9 http://www.eia.doe.gov/oil_gas/natural_gas/data_publications/crude_oil_natural_gas_reserves/cr.html 
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The increasing concern about climate change has led policymakers to consider 

implementing a variety of policies designed to promote clean energy technology.  This 

paper concerns itself with only two types of clean technology policies and the impact 

each will have on the competitiveness of wind energy.  The first is a cap and trade 

program.  The second is a renewable energy portfolio standard.   

6(a) Emissions Trading Program in a Competitive Market for Electricity 

There is considerable interest in taking meaningful action on climate change by 

mitigating greenhouse gases through a cap and trade program.  A cap and trade program 

identifies entities that emit greenhouse gases and are covered by the program, sets a cap 

on the level of emissions to be emitted from these entities, and allows the trading of 

emissions allowances.  Cap and trade programs vary in their designs.  For example, some 

proposals call for the distribution of allowances by auction.  Other proposals distribute 

the allowances via a grandfathering principle.  The effects of the method of allocation are 

mainly distributional.  The cost to the energy consumer is the same under either method 

of allocation.  If the allowances are given for free, the entities will pass through the 

opportunity cost of the allowances.10  The allowance is an asset with a market value.  For 

example, suppose that the allowance could be sold in the market for $7.  The opportunity 

cost of emitting a ton of carbon dioxide would be $7, the market value of the tradable 

emissions permit.  Entities will pass this cost on to consumers.  The $7 is the cost of 

emissions.  In an auction, the entity would purchase the right to pollute for $7 and pass 

this cost on to consumers.  Therefore, the method of allocation does not affect the price.  

It does, however, effect the distribution.  The free allocation of tradable permits results in 

                                                 
10 Utilities operating in “cost of service” states may not be allowed to pass through the opportunity cost of 
emissions permits.  The opportunity cost of tradable permits would not be part of the rate base.  Cost of 
service states are likely to allow the cost of allowances to be added to the rate base.   
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a windfall to entities because they receive assets with market value for free whereas the 

revenue from an auction could be used to cut taxes or fund government programs.   

Proposals also differ on the stringency of the national emissions cap and the point 

of regulation.  The stringency of the cap determines the supply of tradable permits.  The 

point of regulation determines which industries must monitor their emissions and submit 

allowances.  For example, one approach is upstream regulation which would impose a 

requirement on energy suppliers, such as coal mines and oil refineries, to hold permits.  

This scheme would cover the carbon content of all the fossil fuels that enter the U.S. 

economy.  Each allowance would give the entity the right to produce or sell one ton of 

carbon emissions.  The upstream method of regulation would limit greenhouse gas 

emissions through the price signal.  The cost of the allowances would be passed through 

to energy consumers thereby encouraging energy efficiency or the consumption of 

natural gas and renewable energies rather than coal and oil.  The midstream approach 

would focus on major greenhouse gas emitters, such as utilities.  .   

This paper considers a cap and trade program where a desired maximum 

emissions rate is set in tons of carbon dioxide per unit of time.  Such a program limits the 

number of allowances that are allocated to regulated entities in particular industries.  The 

number of allowances does not increase (decrease) proportional to an increase (decrease) 

in economic activity in the industry.   
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Source:  Author’s drawing  

. The graph above shows that an emissions trading program reduces pollution by 

encouraging the implementation of pollution abatement technologies and reducing 

output.  The initial equilibrium price is set at P where the demand curve intersects with 

the supply curve. In the case of a cap and trade program, the costs of production may rise 

in two ways.  The government wants to restrict greenhouse gas emissions to an efficient 

level where the marginal abatement cost equals the marginal benefits of carbon 

abatement.  The emissions trading program encourages firms to implement pollution 

abatement technology as long as the marginal abatement cost is below or equal to the 

marginal benefits of pollution abatement.  The abatement costs are represented 

graphically by shifting the supply curve to the right to S’.  In addition, under an auction 

system, firms must pay for pollution allowances to cover the emissions associated with 

the production of each unit of output.  The rectangle, A, represents the revenue from the 

auctioning of pollution allowances.  More generally, the rectangle, A, represents the 
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scarcity rent and is the total value of all the tradable permits.  If the permits are freely 

allocated, the regulated entities receive assets with market value.  The free allocation 

system induces the implementation of the same pollution abatement technologies since 

the economic incentives are the same.  The level of output is also the same under either 

system of allocation.  The most important difference between systems of allocation has to 

do with the distribution of costs.  Under a free allocation system, regulated entities do not 

have to pay for the emissions allowances.  The total value of the emissions allowances 

represents a windfall profit to the regulated entities.  The allowances have market value 

and so the opportunity cost of not selling the allowance is passed through to the consumer 

as the cost of emissions.  The rectangle, A, represents additional profit that goes to the 

regulated entities.  The consumer’s perspective is the same in either case – quantity falls 

to  and price increases to .  In the case of an auction, the revenue goes to the 

government.  In the case of a free allocation system, the regulated entities receive a 

windfall profit equal to the total value of the emissions allowances.  

1Q 1P
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Source:  Author’s drawing 

 The figure above is a graphical analysis of the marginal abatement costs and the 

marginal benefits of carbon abatement.  The optimal level of carbon abatement is 

represented by  at the point where the marginal benefits and marginal abatement cost 

curves intersect.  The optimal level of carbon abatement could be achieved by setting a 

tax where the marginal benefits are equal to the marginal abatement cost.  The polluting 

entities will implement abatement technologies as long as it is cheaper than paying the 

tax.  The entity will chose to continue to pollute and pay the tax to the right of the cap 

line.  A cap and trade program could also be used to achieve optimal carbon abatement 

by setting a cap where the marginal benefits of abatement equal the marginal abatement 

cost.  This would result in a price of tradable emissions permits equal to the tax.   

*e

 An emissions trading program is attractive to many environmentalists because 

assuming that there is adequate enforcement the amount of greenhouse gas emissions will 

be known with certainty.  The market price of the tradable emissions permits will not be 

known with certainty.  Cost efficient entities will equate the marginal cost of pollution 

abatement to the price of allowances.  Therefore, the marginal cost of pollution 

abatement will also be uncertain.  However, it is known that an emissions trading 

program does set a price for carbon dioxide emissions and this has the potential to greatly 

increase the costs of coal-fired and natural gas-fired generation.  The increase in costs 

depends on the type of fuel and the efficiency of the generator.   

 It should be noted that the short term impact of an emissions trading program 

depends crucially on assumptions about the design of the program.  An emissions trading 

program may simply vest property rights (there would no auction) according to current 

levels of pollutions.  These rights are tradable in a market for emissions permits.  The cap 
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would become more stringent as the government and/or environmental groups withdraw 

permits from the market by buying them up.  This design would not create any losers 

initially and would result in windfall profits to regulated entities because they receive a 

valuable asset (the right to pollute) for free.  Supply and demand for pollution as 

measured and defined by the property rights vested in permits determines the price of 

pollution.  The graph below shows the equilibrium in the emissions permit market.  E 

represents the number of tradable permits allocated by the government.  Each regulated 

entity decides how many permits to buy (or sell) depending on the market price for 

emissions permits and the entity’s marginal abatement cost (MAC) curve.  The demand 

curve is represented by the sum of all the regulated entities’ MAC curves.   

S 
D 

 

P* 

Emissions 
permits E 

 

Source:  Author’s drawing 

Entities that can reduce emissions more efficiently will be sellers.  Entities with 

higher abatement costs will purchase pollution permits in the market.  The graph below 

assumes that there are only two regulated entities: a high cost entity (represented by 

 34



Nathan Paine 

MAC2) and a low-cost entity (represented by MAC1). The bold lines represent the 

supply and demand for emissions permits.  Entity 1 would be willing to sell an emissions 

permit for some price greater than its MAC and Entity 2 would be willing to buy an 

emissions permit for some price less than its MAC.  Therefore, there are gains to be made 

from trade for both regulated entities.  Emissions permits would continue to be traded 

until marginal control costs are equalized at P*, yielding a socially efficient outcome.   

Cap 

MAC

Emissions permits 

MAC2 

MAC1 

P* 

MAC 

 

Source:  Author’s drawing  

The graph below shows the impact of the initial allocation of emissions permits 

and vesting of property rights on the demand for permits.  Suppose that the emissions 

trading program simply vested property rights according to current levels of greenhouse 

gas emissions.  A market for tradable emissions permits is created and price settles at 

P*.11  The entity represented by the graph below would sell permits in the market until P* 

                                                 
11 Suppose that all regulated entities receive property rights according to current levels of emissions.  
Entities would buy and sell permits in the first period if they are bankable (allowed for future use) or 
entities would buy and sell permits in period 2 when emissions levels increase beyond the baseline level 
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= MAC if it initially received E3 number of permits. Likewise, the entity would buy 

permits in the market if it was initially allocated E1 number of permits.   

E1 E2 E3
Emissions 
permits Permits 

sold 
Permits bought 

P* 

 

Since the cost of emissions is uncertain under an emissions trading program, the 

analysis will investigate the impact of a range of emissions prices on dispatch costs in a 

competitive market for electricity.  Higher marginal costs result in higher bids to supply 

power to the wholesale market.  This leads to higher prices for electricity in the wholesale 

market.  The impact on the net revenue flowing to the regulated entities depends on how 

the wholesale power price is impacted by higher marginal costs.  The change in net 

revenue flowing to each entity depends on the change in that entity’s marginal costs and 

the change in the market clearing wholesale power price.  Importantly, innovative 

pollution abatement efforts and the availability of new pollution abatement technologies 

                                                                                                                                                 
used to allocate permits.  Allocating permits according to current levels of pollution may be desirable 
because it would not create losers initially and lessen incentives for special interest groups to lobby form 
exceptions that are socially inefficient.  Current proposals are designed to allocate fewer permits than 
current levels of pollution and a portion of the permits would be allocated through an auction.  This design 
creates losers in the initial period and has resulted in numerous exceptions that are socially inefficient.   
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will also affect the impact how expensive it will be for utilities and customers to reduce 

greenhouse gas emissions.   

Downing and White (1986) argue that the emissions trading programs are more 

effective than other forms of environmental regulation at stimulating innovative pollution 

abatement activities because emissions trading programs offer a residual profit stream.  

The profits come from either the sale of emissions allowances to entities that less 

efficient at abating pollution or from lower costs associated with the reduced number of 

permits that need to be purchased in the market for emissions permits.  Emissions trading 

programs also offer continuing incentives to develop new pollution abatement 

technologies.  The innovative pollution abatement technologies will lower the cost of 

abating greenhouse gas emissions and put downward pressure on the price of permits by 

increasing the supply of permits relative to demand for permits.  Milliman and Prince 

(1989) show that low permit prices lessen the incentives to engage in innovative pollution 

abatement activities.  However, most proposed emissions trading programs deal with this 

disincentive by drawing down the number of permits to maintain permit prices.  The 

draw down of emissions permits ensures a long-run incentive to research and develop 

new pollution abatement technologies.   

In the short term, utilities are limited in what they can do to reduce greenhouse 

gas emissions.12  It is expected that the primary method of greenhouse gas reduction in 

the short term would be switching from coal-fired generation to natural gas-fired 

generation.  In long-term, innovation will increase cost-effective pollution abatement 

                                                 
12 I am assuming here that emissions permits are allocated initially so that each entity is vested with 
property rights to pollute at a level below their current greenhouse gas emissions level.  If emissions 
permits were allocated according to current levels of pollution, the impact in the short-run on prices 
becomes ambiguous.   
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options.  The availability of new pollution abatement options will put downward pressure 

on the price of permits.  Porter and van der Linde (1995) argued that emissions trading 

programs may trigger innovations that offset the cost of the abatement technology.  These 

innovations typically reduce operating costs and greenhouse gas emissions by making 

more efficient use of inputs.  The lower operating costs offset the technology costs.  By 

making more efficient use of inputs, the operating costs of utilities would decrease and 

consumers would experience lower electricity prices.  The theory is that an emissions 

trading program would cause utilities to reexamine the plant operations and come up with 

innovations that abate pollution and result in offsetting productive efficiencies.  Palmer, 

Oates, and Portney (1995) responded that the examples cited by Porter and van der Linde 

(1995) were special cases and not representative of the costs and benefits on the whole of 

complying with environmental regulation.  In a competitive market for electricity, it 

would seem illogical that utilities would need an emissions trading program to spur them 

to become more efficient.  However, Porter and van der Linde argue that properly 

designed environmental regulation stimulates utilities to reexamine their operations 

resulting in the discovery of hidden efficiencies.  Porter and van der Linde forcefully 

argue that environmental regulation spurs efficiencies by pointing out that pollution is 

waste in the productive processes which means that inputs could probably be recombined 

more efficiently.  At the end of the day, Palmer, Oates, and Portney (1995) and Porter and 

van der Linde (1995) are in agreement that emissions trading programs spur innovation.  

For Palmer, Oates, and Portney, innovation means reducing the marginal costs of 

pollution abatement technologies.  Porter and van der Linde argue that innovation will 

result in efficiencies that more than fully offset the costs of abatement.   
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Determining a priori the cost of reducing greenhouse gas emissions under 

emissions trading programs is impossible.  The costs of abating carbon dioxide and the 

price of emissions permits cannot be known because innovative abatement technologies 

remain hidden.  Therefore, my analysis attempts only to provide insight as to how 

emissions costs might impact fuel substitution and future investment.  In the short run, I 

assume that pollution abatement will be achieved entirely by fuel switching.  In the long-

term investments will be made in new generation and abatement technology.  These 

investments will change the generation mix and will change how emissions constraints 

impact the dispatch costs of power plants.  For example, innovative abatement 

technology may significantly change in the long-term how emissions constraints impact 

the dispatch costs of coal-fired power plants.  My analysis also assumes that generators 

operate in a competitive wholesale market based on bids.  Generators with the lowest 

bids are dispatched to operate.  The market clearing price is paid to all energy dispatched 

to serve the load.   The market clearing price is the highest bid needed to serve the load.  I 

make a simplifying assumption that the dispatch cost includes operations and 

maintenance expenses, fuel costs, and emissions charges.   

The supply curve below is a good representation of the competitive environment 

for power plants in Minnesota.  Minnesota contains a large number of power plants of 

varying efficiency and generation type.  Assumptions about operating costs, cost of 

capital, and fuel prices for natural gas-fired, coal-fired, and wind power come from tables 

1, 2, and 3 in this paper.  Assumptions about the costs of nuclear generation come from 

the Energy Information Administration’s 2007 Annual Energy Outlook report, the 

Massachusetts Institute of Technology’s report entitled The Future of Nuclear Power, 
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and the Nuclear Energy Institute’s 2009 report: The Cost of New Generating Capacity in 

Perspective.  Table 7 (below) summarizes the cost assumptions used to approximate a 

supply curve depicting the full distribution of generation costs in a competitive market 

for electricity in Minnesota.  The base case uses the most recent eGRID data on plant 

specific heat rates, capacity, and emissions to calculate the dispatch costs in the base case 

and under different assumptions about the price per ton of carbon dioxide emitted into the 

atmosphere.   

Table 7:  The Cost of Electricity Generation Alternatives 

Generation Type Nuclear Coal Singe cycle 

gas turbine 

CCGT Wind 

Fuel Cost 

(nuclear - $/MWh) 

$7/MWh $2/MMBtu $5/MMBtu $5/MMBtu - 

Fixed O&M costs ($/KW) $68.79 $25 $6 $6 $11.50 

Variable O&M costs 

($/MWh) 

$0.51 $5 $3.50 $3.50 $6.00 

Overnight Construction $4000/KW $2550/KW $400/KW $1100/KW $1830/KW 

Plant Lifetime (years) 40  40 40 40 20 

Capacity Factor 85% 85% 35% 85% 36% 

Heat Rate (Btu/kWh) - 10000 12000 7000 - 

Source:  Cost and efficiency assumptions come from the EIA, NEI, discussions with industry professionals, 
and NREL.  Data is based also on cost and efficiency assumptions in table 2 and table 3 in this paper.   
 
 Nuclear power plants and wind farms have the lowest dispatch costs followed by 

coal plants.  Natural gas power plants have the highest dispatch costs.   The short-run 

demand curve is assumed to be very steep because it takes time to adjust electricity 

consumption.  In the long run demand for electricity becomes relatively less steep as 

consumers switch to more efficient appliances and factories become more efficient and 
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switch to cheaper sources of power.  The demand represents the average hourly load in 

Minnesota according to the 2007 data on electricity consumption collected by the Energy 

Information Administration (EIA).  The hourly market clearing price is set at where the 

load intersects with the supply curve.  The utilities to the left of the point of intersection 

are dispatched and the utilities to the right do not operate.  As the load varies during the 

day and throughout the year, the point of intersection will move up and down and the 

supply curve.  During peak hours, natural gas plants with higher dispatch costs will 

operate.  The market clearing price is paid to all the utilities that are dispatched.   

 The net revenues received by utilities with low dispatch costs are significant.  

Wind turbines, for example, will be dispatched all of the hours over a year that they are 

available and will receive substantial net revenues.  Utilities with higher marginal costs 

will be dispatched less frequently and will receive lower net revenues. Marginal cost 

pricing has implications for how an emissions trading program would affect utilities.   

According to the EIA, roughly 50 percent of Minnesota’s generation capacity is coal-

fired and about 62 percent Minnesota’s electricity was generated from coal-fired power 

plants.  In a competitive market for electricity in Minnesota, coal-fired plants would be at 

the margin most of the time.  I selected 5 utilities representing a range of positions in the 

stack and analyze the impact on net revenues from an emissions trading program.  These 

utilities are at the 10th, 25th, 50th, 75th, and 90th percentiles.  The five utilities are the 

Prairie Island Nuclear Plant, Allen S King Coal Plant, Sherburne County Coal Plant, Blue 

Lake Natural Gas Plant, and the Lakefield Natural Gas Plant.  The Allen S King Coal 

Plant is at the low cost end of the stack and has a heat rate of 10.49 MMBtu/MWh.  The 

Sherburne County Coal Plant is less efficient and has a heat rate of 11.37 MMBtu/MWh.  
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The Blue Lake Natural Gas Plant is the high-efficiency natural gas plant and has a heat 

rate of 10.18 MMBtu/MWh.  The Lakefield Junction Natural Gas Plant is the low-

efficiency natural gas plant and has a heat rate of 12.27 MMBtu/MWh.   

Figure 12 (below) shows the effect on net revenues of various greenhouse gas 

emissions prices.  It shows a significant increase in revenues for the nuclear plant which 

does not emit greenhouse gases.  The net revenue represents the difference between the 

generating unit’s dispatch costs and the market clearing price.  In the short term, setting a 

price on greenhouse gas emissions greatly increases the operating costs of fossil fuel 

utilities.  The magnitude of the increase depends on the utility’s heat rate and the type of 

fuel it uses.  In my analysis, the Allen S King and Sherburne County coal plants emit 1.07 

and 1.13 tCO2/MWh respectively.  The Blue Lake and Lakefield Junction natural gas 

plants emit 0.60 and 0.73 tCO2 respectively.  The coal plants emit about 50 – 80 percent 

more CO2/MWh compared to the natural gas plants.  Therefore, in the short term, an 

emissions trading program will raise the costs of both coal-fired and natural gas-fired 

generation, but the operating costs of coal-fired plants rise by a larger amount.  The price 

of greenhouse gas emissions does not affect the operating costs of wind farms or nuclear 

power plants which have zero emissions.  Figure 12 shows the net revenues of all the 

selected power plants increase as the price of emissions increases.  This finding is 

somewhat counterintuitive, but is illustrative of the impact of higher bids into the power 

market from utilities with varying efficiencies.  In the base case where there is no 

emissions trading program, the natural gas plants are dispatched only during peak 

periods.  In 2005, both of the selected natural gas plants operated less than 10 percent of 

the time.  As the price of CO2 rises, the operating costs of coal plants increase at a higher 
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rate compared to natural gas plants.  Less efficient coal plants move further up the supply 

curve.  The impact of emissions prices on high-efficiency coal plants is not as great.  

Eventually the selected natural gas plants experience lower operating costs compared to 

the coal plants in the supply stack.  The natural gas plants will receive higher net 

revenues because: (1) coal plants are operating at the margin, and (2) the natural gas 

plants operate more of the time because they are further down the supply stack.  All of 

the selected utilities experience higher net revenues in this analysis because there are less 

efficient coal plants in the supply stack that operate at the margin most of time and put 

upward pressure on the market clear price.  The findings are consistent with the 

expectation that an emissions trading program will trigger fuel switching in the short term 

to abate greenhouse gases and result in significantly higher electricity prices.  In hours 

where there is an average load, a $50/tCO2 results in the market clearing price of $53.9 

compared to $24.5 when there is no emissions cap.   

 

Figure 11:  The Supply of Electricity in a Competitive Environment
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Source:  Author’s calculations come from eGRID data on plant type, capacities, and heat rates.  Data on 
load comes from EIA 2007 data on electricity consumption.  The vertical (pink) line is the short-run 
demand curve for electricity.  The demand curve in the short-run is assumed to be very steep.   
 

Figure 12:  Utility Net Revenue as a Function of CO2 Price
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Source: Author’s calculations based on data from eGRID and the EIA.  Data on average load comes from 
the EIA and plant specific data comes from eGRID.   
 

In this short-run analysis, the net revenues for non-emitters increase significantly.  

The net revenues for the nuclear power plant increase by about 362 percent at a price of 

$50/tCO2.  Wind farms also receive significantly greater net revenues when a price is 

attached to emissions.  The net revenues for wind farms with similar operating costs 

increase by almost 340 percent at a price of $50/tCO2.  Therefore, in the short-run, an 

emissions trading program greatly benefits wind farms and other non-emitters from a 

cash flow perspective.   

 Importantly, the short-run analysis has important implications for the long-run.  In 

the short-run, the less efficient power plants lost net revenue and were dispatched less 

often.  These less efficient power plants with high emissions will need to install 

innovative pollution abatement technology in order to compete effectively with high-

efficiency coal plants, non-emitters, and efficient natural gas plants.  In a competitive 
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market, innovative pollution abatement technology not only results in residual revenue 

from the sale (or reduced need for) emissions allowances, but also increases the net 

revenues flowing to the generating unit.  The residual revenues stimulate Porter-type 

(1995) innovations.  Therefore, in the long term, it is difficult to know with certainty the 

impact of an emissions trading program on electricity prices and the distribution of the 

supply stack.  However, as previously mentioned, the short-run analysis tells us that less 

efficient utilities with high emissions will be forced to innovate in order to compete.   

6(b) – Emissions Trading Program in a Cost of Service State 

 In cost of service electricity systems, electricity is priced at the average cost of 

generation.  The average costs are total costs divided by total sales.  This contrasts with 

the competitive market in the analysis above where the variable cost of marginal 

generation utility determines the market clearing price.  I analyze the short-term impact 

of a wide range of emissions prices on the generation mix.  The levelized cost of energy 

is the average cost of every unit of energy produced by a utility across the entire lifetime 

of the project.  Figure 13 (below) shows the levelized cost of different generator types 

across a range of emissions prices.  I calculate that 0.10 tCO2 is emitted from coal-fired 

plants for every MMBtu of heat input.  For natural gas plants, about 0.06 tCO2 is emitted 

for every MMBtu of heat input.13  Figure 13 (below) shows that the break-even price for 

the adoption of wind power with no production tax credit versus coal-fired generation is 

between $20 and $50 per ton of carbon dioxide emissions.14  It should be noted that wind 

power without storage or backup is not a perfect substitute for coal-fired power.  Wind 

                                                 
13 Assumptions about emissions levels are based on pant specific data in the eGRID.   
14 It is important to note that this analysis does not factor in the cost of transmission.  The next section 
examines transmission costs.  I also do not assume a production tax credit because the price of emissions is 
assumed to represent the externalities from coal-fired generation.   
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power is not a base load power source.  A more accurate representation of the breakeven 

point would also incorporate the costs of backup power to firm up wind power or factor 

in the costs of a storage system.   

Figure 13:  The Short-run Average Cost of Generating Electricity as a 
Function of Emissions Price
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Source:  Author’s calculations based on data from eGRID, EIA, NREL, discussions with professionals, and 
the NEI – The Cost of Generating Capacity in Perspective.  It is important to note that this analysis 
assumes that there is no production tax credit.   
 

Natural gas plants are good backup plants for wind power because they have the 

ability to ramp up and ramp down in minutes whereas coal plants need to run 

continuously.  Moreover, coal plants produce the lowest cost electricity and so they are 

the last generating type to be displaced when new power comes online.  When wind is 

injected into the transmission grid, it displaces the highest cost power.  Importantly, there 

are two classes of natural plants as previously mentioned.  Table 7 (above) shows cost 

and efficiency assumptions for combined cycle and single cycle natural gas plants.  The 

single cycle natural gas plant has lower capital costs and higher operating costs compared 

to the combined cycle natural gas plant.  The CCGT needs to have a higher capacity 
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factor to be efficient because of its relatively high capital costs.  However, the CCGT 

plant is more efficient and so it produces less greenhouse gases per MWh.  Figure 6 

(below) shows long run marginal cost as a function of capacity factor for coal, wind, 

single cycle gas, and combined cycle gas.  Note that single cycle gas turbines are cheaper 

to operate at capacity factors below 15 percent compared to combined cycle gas turbines 

and coal plants.  Therefore, the single cycle turbine is more efficient at backing up wind 

power during peak periods.   

Figure 14:  Price of Electricity as a Function of 
Capacity Factor
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Source:  Author’s calculations based on assumptions made in previous sections of this paper.  I do not 
assume that there is a production tax credit.  I assume the price of natural gas is $5/MMBtu and rises with 
inflation.  Importantly, gas prices are highly volatile and difficult to forecast.  The price of coal is relatively 
stable and so coal is the cheapest energy to use as base load power (>85% capacity factor).  Note also that 
this a base scenario that assumes no emissions trading program.   
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According to most recent utility resource plans filed with the Minnesota Public 

Utilities Commission, peak demand requires running all of the conventional generating 

capacity in Minnesota.  It is important to understand that wind cannot be called up on 

demand, especially during peak hours.  System operators do maintain operating reserves 

up to 15 percent of load (The Midwest Independent System Operator (MISO) publishes 

reliability standards on its website).  These reserves are used to meet rapid fluctuation in 

supply and demand and maintain the integrity of the transmission grid.  The reserves are 

pooled for the whole system.  Typically, several power plants operate at below maximum 

capacity so that they are available to supply reserve power if needed.  However, during 

peak periods, all the conventional power plants are committed to supply power and 

committed reserves.  The capacity credit of wind power is the fraction of the rated 

capacity that is considered firm power.  For example, if the capacity credit of wind power 

is 10 percent, then addition of 100 MW would allow the retirement of 10 MW of capacity 

without affecting the reliability of the transmission grid.  The intermittence of wind 

power means that utilities usually assign a very low capacity credit to wind power.  

ERCOT has studied the availability of wind power during peak periods using historical 

data.15  According to ERCOT, only 8.7 percent of the installed wind capacity can be 

relied on to supply peak demand.  Conventional generation is needed to provide the 

remaining capacity needed to serve peak demand. The low capacity credit means that the 

addition of wind power does not reduce the amount of conventional generation required 

to produce electricity during peak periods.16  If we did not have wind power, CCGT 

                                                 
15 ERCOT response to U.S. Rep Joe Barton 
(http://www.ercot.com/news/press_releases/2007/ERCOT_Response_to_Rep._Barton) 
16 Utility resource plans provide clear evidence of the need for back up power at almost a 1:1 ratio to 
amount of wind power installed.  Xcel Energy’s most recent resource plan calls for the addition of 2,600 
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plants would be the cheapest way to produce non-base load power (see Figure 14 above) 

and single cycle gas turbines would be installed to provide peak power.   

Additional wind power (non-continuous power) would displace CCGT generation 

which would require investment in more single cycle gas plants.  The costs of backing up 

wind power with natural gas include capital investment in generating capacity, charging a 

higher price to recoup fixed costs over fewer units of power produced (because the 

natural gas plant powers down when the wind blows), maintaining a spinning reserve so 

that the natural gas plant is available to produce power the moment the wind stops, and 

the fuel cost of powering up each time the wind stops.  A wind/gas system will operate at 

lowest cost when electricity is generated by wind power.  The cost of a wind/gas system 

increases significantly when the natural gas plant ramps up to produce back up power.  

Table 8 (below) shows the costs of base load wind power in the case of wind being 

backed up by a CCGT plant and the cost of intermediate load power in the case of back 

up with a single cycle gas plant.  Table 8 represents the costs associated with a base 

scenario that assumes a 36 percent capacity factor for wind and a 49 percent capacity 

factor for CCGT generation.  The costs of a wind/gas system decline as the capacity 

factor for wind increases because fuel costs are foregone.  Importantly, this is also 

illustrative of the potential of wind power to hedge against high natural gas prices.  Note 

                                                                                                                                                 
MW of new wind resources to its system by 2020 in order to comply with Minnesota’s Renewable Energy 
Standard.  The resource plan also calls for the addition of 2,300 MW of natural gas-fired generation and 
725 MW of hydroelectric power to supply peaking and intermediate loads.  According to Xcel Energy’s 
resource plan, net peak power is expected to increase by more than 2,000 MW by 2020.  It is very clear that 
the addition of natural gas and hydroelectric is needed to serve peak demand and back up wind power at 
almost a 1:1 ratio.   
Note that expanding the transmission grid would expand access to other reserves and wind resources.  
Access to a large portfolio of wind resources through a wholesale market would reduce the need for back 
up power assuming that the wind farms’ power production curves are uncorrelated (this would be the case 
if weather patterns were differentiated across a region).     
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that I assume the single cycle gas plant runs at a 14 percent capacity factor to back up 

wind power because 14 percent is the optimal capacity factor (see Figure 14 above).   

Table 8:  The Cost of Electricity from a Wind/Single Cycle System 

 Capacity Factor Rate ($/MWh) Cost/MWh 

Wind  36% 83.7 60.3 

Single cycle gas 14% 138.1 38.7 

Single cycle back up 36% 48 34.6 

Total Wind/single cycle 50%  133.6 

Source:  Data comes from author’s calculations in Figure 5.    I assume that the cost of backing up wind is 
50 percent of the cost of generating electricity with the single cycle gas plant.  This is consistent with the 
findings in a recent report by the UK Academy of Royal Engineering entitled “The Costs of Generating 
Electricity.” 17 I assume that there is no production tax credit.   
 

The total cost of a wind/single cycle gas plant is $133.6/MWh to run at a 50 

percent capacity factor.  Figure 14 (above) shows that the cost/MWh to run a CCGT plant 

at a 50 percent capacity is $73/MWh.  This difference is almost $60.  Next I compare the 

costs of a wind/gas system and a CCGT plant under an emissions trading program.  I 

continue to assume that a single cycle gas plant has a heat rate of 12 MMBtu/MWh and a 

combined cycle gas plant has a heat rate of 7 MMBtu/MWh.  If 0.06 tCO2 is emitted per 

MMBtu, then a single cycle gas plant emits 0.72 tCO2 per MWh and a combined cycle 

gas plant emits 0.42 tCO2 per MWh.  I assume that single cycle gas back up services 

emit at half the rate of a single cycle gas plant producing electricity.18  Importantly, there 

is no breakeven price for the adoption of a wind/gas system versus a CCGT because the 

wind/gas system emits more CO2 per MWh than a more efficient CCGT plant.  Suppose 

the CCGT plant is less efficient and operates at a heat rate of 8.5 MMBtu per MWh.  The 
                                                 
17 http://www.raeng.org.uk/news/publications/list/reports/Cost_Generation_Commentary.pdf 
18 This assumption is based on the finding in the recent report by the UK Academy of Royal Engineering 
entitled “The Costs of Generating Electricity.” 

 50



Nathan Paine 

wind/single cycle gas system would still be a costly method of reducing greenhouse gas 

emissions compared running a CCGT plant or a coal-fired plant.   

 The short-run analysis has implications for the long-run.  Natural gas CCGT 

plants will be dispatched more often as the price of CO2 emissions rises.  The average 

cost of coal plants increases at a greater rate than any other generation type because coal 

plants emit by far the most CO2/MWh.  Coal plants will need to install innovative 

pollution abatement technology to compete on an average cost basis with other 

generating units.  A promising technology is carbon capture and sequestration.  Estimates 

of the cost and current feasibility of carbon capture and sequestration vary.   MIT’s report 

entitled The Future of Coal estimates the breakeven price for carbon capture and 

sequestration technology is between $30 and $40 per ton of carbon dioxide emissions.  A 

McKinsey & Co. study entitled Reducing Greenhouse Gas Emissions: How Much at 

What Cost? says that the breakeven price of emissions allowances would have to be $50 

per ton of carbon dioxide before power plants would adopt carbon capture and 

sequestration technology.  The cost of carbon capture and sequestration technology 

should decrease significantly as companies move further along the learning curve.  In the 

long-run, innovative abatement technologies could make coal-fired generation more 

economical than wind with natural gas backup.   

6(c) – the Impact of Learning in the Wind Industry and the Renewable Energy Standards 

According to the American Wind Energy Association (AWEA) the installed 

capacity of wind power in the United States has increased from 2,500 MW in 1999 to 

28,000 MW in 2009.  During this period time the wind industry experienced learning, 

innovation and economies of scale effects.  However, the real cost of installing wind 
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turbines has increased in recent years (Wiser and Bolinger 2008).  Wind turbine design 

has improved as the wind industry continues to mature.  Improved turbine design results 

in higher capacity factors.  Wiser and Bolinger (2008) show the trend to higher capacity 

factors.  Wind projects continue to achieve higher capacity factors.  Since the 1990s there 

have been numerous innovations that have improved the integration of wind power into 

the grid.  Wind turbines also continue to increase in scale.  There is a strong trend to 

larger turbines – turbines with a higher hub height and lager rotors (American Wind 

Energy Association 2009, Wiser and Bolinger 2008).  The larger turbines are capable of 

producing more power and higher capacity factors reduce the cost of wind power.   

However, as large modern wind turbines increase in size, the initial capital costs 

increase.  One factor driving up capital costs is that the transportation and general 

handling of the different wind turbine components becomes an increasing problem and 

more expensive due to the size and weight of the components.  More importantly, larger 

wind turbines put enormous pressure on the supply chain.  There is only a small group of 

companies with the technological knowledge and technical capability to produce large 

components for utility-scale wind turbines.  This is due in large part to the rapid increase 

in the size of utility-scale wind turbines in recent years (BTM Consult 2008)19.  

Moreover, the large gearboxes and bearings, in particular, have resulted in a high rate 

product failure.  This has created bottlenecks in the supply chain because wind turbine 

original equipment manufacturers will only deal with a select few companies that have a 

strong track record, making entry into these markets even more difficult (BTM Consult 

2008).  Learning-by-doing should lower the rate of product failure and release pressure 

                                                 
19 BTM Consult, Supply Chain Assessment, 2008 – 2012 
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on the supply chain in a world where there is a stable public policy relating to the wind 

industry and climate change initiatives.   

The quantity demanded and the stability of the quantity demanded from year-to-

year are two important factors in the decision to scale-up wind component 

manufacturing.  Figure 1 shows Minnesota’s wind power development over the last 12 

years. Wind power development has been characterized by strong growth during the 

years leading up to the expiration of the federal renewable energy tax credit (PTC). 

Expiration of the PTC results in dramatic slow down in the installation of planned wind 

projects. Growth in annual added wind capacity lags behind restoration of the PTC. Once 

the wind industry recovers, it experiences strong growth until the tax credits expire again. 

The PTC was allowed to expire three times (June 1999, December 2001, and December 

2003). With no PTC in place for most of 2004, Minnesota’s wind development declined 

dramatically after experiencing strong growth in 2003. The pattern of expiration of the 

PTC followed by short term renewal destabilized the quantity demanded from year-to-

year and worked against the scaling up of wind component manufacturing as companies 

in the wind industry were unwilling to invest the large sums of capital needed to improve 

technology and increase technical capacity.  However, beginning in 2005, Minnesota’s 

wind industry has experienced a secular increase in annual installed wind capacity. In 

2008, Minnesota added 454 MW of wind capacity. This represents a 35 percent increase 

in wind installations. The four year average annual growth rate (2005 – 2008) is 31 

percent.  

The American Reinvestment and Recover Act (ARRA) extended the PTC and 

other federal incentives until 2013.  The ARRA represents stabilizes the public policy 
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relating to the promotion of the wind industry and other clean energy technologies.  This 

will, in turn, result in a stable and sizeable increases in the quantity demanded.  The 

stability in the trend of quantity demanded from year-to-year will promote scaling up in 

the manufacturing of key wind turbine components and result in learning-by-doing in the 

wind industry thereby reducing costs associated with the technological change in the 

wind industry to date.  

Renewable energy standards are also being used to promote learning in the wind 

industry.  A renewable energy standard imposes renewable generation requirements on 

utilities.  Minnesota has a renewable energy standard mandating that 25 percent of 

Minnesota’s electricity be generated from wind power by 2025.  This requirement forces 

all utilities in Minnesota (including municipal utilities) to build wind farms or contract 

with independently owned wind farms for the sale of wind power bundled with 

renewable energy credits.  Alternatively, utilities could purchase renewable energy 

credits in a market to satisfy their obligation under the renewable energy standard.   

The cost efficiencies associated with learning is the theory behind renewable 

energy policies.  Arrow (1962) showed that productivity is a function of the level of 

investment because as companies make cumulative investments they progress further 

along a learning curve.  Learning-by-doing results in cost efficiencies as capital is 

employed more productively.  The goal of renewable energy policies is to force utilities 

to make investments in wind power so that learning and experience with wind technology 

drives down the costs of wind power. If we consider the amount of installed capacity to 

date as being a proxy for the amount of learning in the wind industry, then favorable 

government incentives and mandates should accelerate learning in the coming years.  
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Cost reductions will occur as a result of technology change associated with learning.  In 

other words, it is assumed that the wind industry is operating on the long-run average cost 

curve where there are increasing returns at lower levels of output.  Therefore, the cost of 

wind energy should decline as cumulative installed capacity increases.   

 
7. Transmission Policy and the Wind Industry 

Transmission policy will have a significant impact of the development of the wind 

industry.  It is well known that demand centers are typically located long distances from 

high wind areas.  For example, Texas has high wind resources in the Texas Panhandle a 

long distance from Dallas, Houston, and San Antonio.  This mismatch between the spatial 

distribution of high resources and demand centers creates the need for high voltage 

transmission lines are needed to transport the wind power long distances.  Without 

transmissions lines, there is no way to move the wind power to consumers.  Therefore, 

the economic viability of wind power is sensitive to the costs and political feasibility of 

building high voltage transmission lines.  Transmission costs will also impact the cost-

effectiveness of using wind to abate greenhouse gas emissions under an emissions trading 

program.  Therefore, the economics of reducing greenhouse gas under and emissions 

trading program should include an analysis of transmission costs associated with large-

scale wind power.   

It is difficult to calculate the cost of new transmission for wind generation 

because of the complexity of transmission planning and data issues.  At the outset, it is 

important to distinguish between a generation tie-in and a transmission upgrade.  The 

generation tie-in and interconnection is a cost that is paid for by the wind project.  The 

generation tie-in injects the power into the transmission network at the delivery point.  It 
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is the utility’s responsibility to get the power from the delivery point to the demand 

center.  Utilities employ power flow models to assess the impact on the transmission grid 

of various demand centers and generating locations to determine where and if the 

transmission grid will be overloaded under certain conditions.  Utilities also conduct 

reliability studies that analyze the transmission of wind power during peak hours and 

when major transmission lines and generators experience outages.   

A Dispersed Renewable Generation Study20 was conducted by utilities and 

industry professionals in Minnesota.  The study was required by the Minnesota 

legislature.  The purpose of the study was to assess the potential for adding 1200 MW 

(600 MW in phase I and another 600 MW in phase II) of small-scale wind projects to the 

transmission grid without any significant transmission upgrades.  The study concluded 

that the addition of dispersed renewable energy substantially impacts the transmission 

grid.  The study concluded that the addition of large-scale wind and other generation 

sources will require new transmission lines and other significant transmission upgrades.   

“For the year 2013, even while assuming the addition of numerous and 

significant transmission improvements, the study found that there are very 

limited opportunities for DRG to connect without additional transmission 

upgrades and the associated costs. In fact, the statewide dispersion of 600 

MW of additional DRG is not possible without encountering significant 

constraints or limitations that require material costs to resolve (what 

transmission engineers call “limiters”). The statewide aggregate analysis 

showed that up to 50 MW of DRG, far short of the objective of 600 MW, 

                                                 
20 Dispersed Renewable Generation Study, Phase I and Phase II Reports, 
http://www.state.mn.us/portal/mn/jsp/content.do?subchannel=-
536881736&programid=536916477&sc3=null&sc2=-536887792&id=-536881351&agency=Commerce 
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could possibly be added in Minnesota without encountering material 

transmission limiters.” (DRG Study, Phase II, Page 13)  

Coal-fired and natural gas-fired plants can be located close to demand centers.  

However, wind farms are restricted to sites with high wind resources.  Mills, Wiser, and 

Porter (2007) attempted to evaluate the costs of transmission for wind energy.  They 

reviewed regional transmission plans and multiplied the total transmission investment by 

the share of total new capacity from wind.  The unit cost of transmission for wind varied 

considerable across the regional transmission.  The MISO Vision Plan determined the 

unit cost of transmission to be $95 MWh for transmission lines required to transmit wind 

power from the Western MISO region to the Northeast.   

Rather than attempting to evaluate wind transmission costs, I propose that a 

system of transmission pricing be adopted to encourage efficiencies in the power 

generation market.  Transmission investment and ownership should be structured so that 

the financial risk is shifted from the ratepayers to the developers and the owners of the 

transmission investment.  Suppose we have two nodes, North and South.  The South is 

the demand center.  The low-cost generators are located in the North and the high-cost 

generators are located in the South.  However, a transmission constraint prevents some 

low-cost generators in the North from supplying power to the South.  Consequently, 

high-cost generators in the South need to come online.  Therefore, the marginal cost of 

generation in the South is higher than the marginal cost of generation in the North.  The 

difference equals the congestion cost or the price of transmission.  The congestion rent is 

the price of transmission multiplied by the capacity of the transmission line.  An 

economically efficient transmission investment adds capacity at a cost that is less than the 
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social surplus yielded from reducing the congestion costs.  The transmission lines should 

be owned by a transmission-only company so that the transmission owner does not have 

captive ratepayers from which to recoup investment costs.  In this way, the transmission-

only ownership structure shifts the risk to the transmission owner and away from 

ratepayers.  The transmission lines should also be financed with revenue bonds so that the 

risks are correctly allocated.  The revenue flows depend on the transmission owner’s 

market revenues.  The transmission owner would auction off capacity to bidders using a 

method that allows for a unit capacity price.   

It is important to note that there are disincentives to upgrade transmission because 

transmission investments are characterized by economies of scale (Joskow and Tirole 

2005).  A transmission investment of efficient size may significantly decrease the price 

difference thereby shrinking congestion rents to almost zero.  This creates a misalignment 

of incentives – the transmission upgrade does not benefit the incumbent transmission 

owner but does benefit consumers and generators.  The graph below represents this 

problem.  Suppose initially the capacity of the transmission line is K.  The transmission 

owner receives congestion rents equal to A + B + C.  The congestion cost equals the 

spread between the price of generation in the North and the price of generation in the 

South.  An efficient transmission upgrade increases transmission capacity to K1.  At K1, 

the congestion cost is reduced significantly thereby reducing congestion rents and 

creating a disincentive to invest in new transmission lines.  The solution to this problem 

is to auction capacity whereby generators and load serving entities bid for new 

transmission at prices equal to the additional consumer and producer surplus (represented 

by the shaded areas A and B) created from the additional transmission capacity (Hayden 
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and Michaels 2006).   The transmission owners would also receive congestion rents equal 

to areas C and D.  

Net supply in 
North 

Net Demand 
in South 

Pn 

DC 

B

A

K1 K K* 

Ps 

 

Source:  I extend the graph that appears in Joskow and Tirole (2005) to show how the disincentives created 
by economies of scale can be resolved.  There is no transmission congestion at a capacity equal to K*.   
 

The beauty of such a system as the one described above is that it allows for 

competition between transmission owners and generators.  Transmission upgrades to ease 

congestion are equivalent to building a generator of the same capacity near the 

constrained-in demand center.  The transmission owners’ face the risk that a low-cost 

generator of equivalent capacity will not built in the South.  The impact of constructing a 

low-cost generator in South would be to shrink the wedge between the price of electricity 

in the South and the North.  It is possible that the low-cost generator would lower the 

price of electricity in the South to such an extent that generators in the North can no 

longer compete.  Suppose natural gas-fired plants are located in the South and wind farms 

are located in the North.  Now suppose that large supplies of natural gas in the arctic are 

developed and the price of natural gas decreases.  Natural gas-fired generation (natural 
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gas-fired generation can be located close to demand centers inside the constrained area) 

would become a more cost effective abatement strategy compared to wind power in this 

scenario.  The risk of falling natural gas prices is correctly allocated to the transmission 

owner in the transmission investment model outlined above.   

8.  Conclusion 

 Wind power is not a cost effective solution for generating electricity in the 

absence of a carbon tax or emissions trading program.  Wind farms require the 

production tax credit and other incentives to compete with conventional generators.  

Wind power does have a competitive advantage under an emissions trading scheme 

because generating electricity from wind power produces zero tons of greenhouse gas 

emissions.  The emissions price level for breakeven between wind and coal is about 

$20/tCO2.  However, this does not account for the extra back up capacity that wind 

energy requires to compensate for the intermittency of the power output.  Additional 

wind power requires building more natural gas-fired plants (natural gas plants are able to 

ramp up and down efficiently) to provide reserve capacity.  The emissions price level for 

breakeven between wind with natural gas back up and coal-fired generation is about 

$80/tCO2.   

In the short-term, wind power is not a cost effective greenhouse gas abatement 

tool when construction and operation of reserve capacity is taken into account.  Natural 

gas-fired generation produces 50 -60 percent fewer carbon emissions than coal and may 

be a more cost effective abatement tool in the short-run compared to wind power.  The 

cost effectiveness of natural gas-fired generation depends on the scarcity of natural gas 

and fuel prices.  Wind power with natural gas back up is attractive from the standpoint 
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that it would hedge against volatile natural gas prices.  In long term, innovated abatement 

technologies and learning-by-doing in the wind industry make it very difficult to 

accurately predict the optimal generation mix under an emissions trading program.  The 

PTC and other financial incentives are important because they nurture the wind industry 

and will help the wind industry achieve economies of scale, driving down wind 

technology costs and the costs of constructing wind turbines.  However, the danger of 

subsidies is that a path dependent process will lock in wind power and other potential 

innovative energy and abatement technologies will not be realized.  There is a 

fundamental tension here that has made for a classic debate over whether and when 

subsidies should be used.   

Wind farms also require long distance transmission lines because there is a spatial 

mismatch between demand centers and high wind resources.  Transmission upgrades will 

reduce the reserve requirement by providing access to uncorrelated wind resources.  

However, it is not likely that this benefit would offset the cost of building long distance 

transmission lines.  I proposed a transmission investment model similar to the market-

oriented model put forth by Hayden and Michaels (2006).  The model would ensure that 

the risks associated with the competitiveness of wind power are correctly allocated to the 

transmission owner.  
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