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Questions of InterestQuestions of Interest
• Given the interactions of power (spinning 

reserves and forward contracts) and NOx
markets, compared with competitive case:

– What is the impact on power and power and NONOxx pricesprices?
– What is the overall social welfaresocial welfare impact?
– What is the magnitude of productive productive inefficiencyinefficiency??
– What is the rationalerationale for players’ behavior in power 

and NOx market?



Model Structure and Computational Approach:Model Structure and Computational Approach:
Direct Solution of Equilibrium ConditionsDirect Solution of Equilibrium Conditions

Producer A
Choose Gen & sales

to max Profit
S.T. gen <= CAP

Producer B
Choose Gen & sales

to max Profit
S.T. gen <= CAP

Consumers

Power Market
ISO

Choose flows  to max value of network
S.T. flow <= transmission cap

1. Identify  players in the markets and write down 
their optimization problems;

2. Derive first order conditions;
3. Impose market clearing conditions;
4. Solve model by Complementarity solver – PATH



Application Background Application Background 
PJM Market and USEPA PJM Market and USEPA NONOxx ProgramProgram

PJM Market (2000)
– Peak Load 53,000 MW
– Average Load-weighted Price

30.7 [$/MWh]
– Moderate Concentrated-HHI 

(hourly) (avg. roughly 1,500)
– 14 node, 18 arc system
– 9 producers

USEPA NOx Program
– Cap-and-Trade
– May 1st – Sep. 30th (3,672 hrs)

• Approximated by a 5-block
– Nine States participated in 2000

PJM Transmission Zones

Source: www.pjm.com
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Scenarios InvestigatedScenarios Investigated

Perfect competition (COMPCOMP)
– Price-taking behavior in power & permits 

markets

Oligopoly with forward contracts in both 
markets (COURNOTCOURNOT )

For 6 largest producers: 
– Cournot strategy in electricity market
– Pricing taker in reserve market 
– NOx conjectured pricing in NOx market

• NCP2-7 =0.1 [($/ton)/ton]



NONOxx Conjectured PricingConjectured Pricing
Approximate producer’s belief regarding its 
action on NOx price

SLOPE = NCPf

qnox (tons)

pnox ($/ton)

+ Long- Shot

qnox : Net position in NOx permit market 
Sell/Long (+) and Buy/Short (-)   



Mathematical FormulationMathematical Formulation
Suppliers Suppliers 
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Market Clearing ConditionsMarket Clearing Conditions
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Peak Period 
(∆p=+7.3 $/MWh)

Offpeak Period
(∆p= +1 $/MWh)
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Cournot

Price Comparisons I Price Comparisons I 
between Competitive and between Competitive and CournotCournot w/ w/ 

forward contractsforward contracts

Simulated Price [$/MWh]
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∆PNOx= -810, from 1,268 to 458 $/ton



Welfare Analysis I: Welfare Analysis I: 
ccompared to competitive scenarioompared to competitive scenario

•• SWSW (social welfare) declines by 0.5% 

•• CSCS (consumer surplus) goes down by 0.56%

•• PSPS (producer surplus) goes up by 22 M$ as  
producers exercise market power

•• ISOISO revenue goes down by 40% as less 
power being transferred



Efficiency Comparison I :Efficiency Comparison I :
ccompared to competitive scenarioompared to competitive scenario

Productive InefficiencyProductive Inefficiency is defined as the 
increase in cost relative to least-cost 
means of serving MW load

Market power leads to:
20 M$ (or 1.68%) production inefficiency 
over five-month period (cheap 
generation is withheld by Cournot firms) 



PlayerPlayer’’s Strategiess Strategies

PECO restrains output, 
sells more NOX permits

↑ ↓, xNOEp p

Conectiv: output +15%
Permits sales - 56%
revenue - 5M$

PECO: largest in power and longest in permit 
•Cournot in power
•conjectured price response in permit market

Conectiv: small fringe 
•competitive 
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Cournot w/ Forward
Cournot w/o Forward

Price Comparisons II Price Comparisons II 
between between CournotCournot w/ and w/o forward contractsw/ and w/o forward contracts

Simulated Price [$/MWh]

P
JM

 LM
P

 P
rice [$/M

W
h]

∆PNOx= -458, from 458 to 0 $/ton

Peak Period 
(∆p = +23.1 $/MWh)

Offpeak Period 
(∆p = + 4.5 $/MWh)



Welfare and Inefficiency Analysis II: Welfare and Inefficiency Analysis II: 
ccompare ompare CournotCournot w/ contractsw/ contracts

•• CSCS (consumer surplus) in w/o forward 
contracts case goes down by 29.6%

•• ISOISO revenue in w/o forward contracts case 
goes up by 28%

• Productive inefficiency in w/o forward 
contracts case increases by 64 M$ (or from 
1.6% to 7.3%)



Sensitivity AnalysisSensitivity Analysis
• Explore the potential of market power in 

an environment in which supply of 
permits is limited

• Assumptions
Similar to Cournot scenario with forward 

contracts but 
– NCPPECO=1.5 [($/ton)/ton]
– An equal reduction of 20% of permits by 

each firm in the market



PlayerPlayer’’s Strategies IIs Strategies II

PECO expands output 
by 7.3%, restricts sale of  
NOX permits by 45% 

↑ ↑, xNOEp p

PECO’s profits goes up 
by 2.7 M$

PECO: largest in power and longest in permit 
•Cournot in power
•conjectured price response in permit market

Conectiv: small fringe
• competitive

Compared with NCPPECO=0.1 [($/ton)/ton]



PlayerPlayer’’s Strategies IIs Strategies II

PECO expands output 
by 7.3%, restricts sale of  
NOX permits by 45% 

↑ ↑, xNOEp p

PECO’s profits goes up 
by 2.7 M$

PECO: largest in power and longest in permit 
•Cournot in power
•conjectured price response in permit market

Conectiv: small fringe 
•competitive

Conectiv shrinks output 
by 5.5%, increases sale 
of  NOX permits by 35% 

↑xNOp

Conectiv’s profits goes 
down by 0.8 M$

Compared with NCPPECO=0.1 [($/ton)/ton]



ConclusionConclusion
• Interactions between electricity and NOx market 

can be investigated by CournotCournot and conjectured conjectured 
NONOxx pricingpricing assumptions in a large-scale model

• Detailed representation of market allows a 
variety of welfare and efficiency analyses, and to 
gain insight on players’ strategy  

• Explore market power in a two-stage game 
structure where in the fist stage, firms purchase 
allowances through a central auction; and 
compete in the power markets in the second 
stage;



ConclusionConclusion
• Interactions between electricity and NOx market 

can be investigated by CournotCournot and conjectured conjectured 
NONOxx pricingpricing assumptions in a large-scale model

• Detailed representation of market allows a 
variety of welfare and efficiency analyses, and to 
gain insight on players’ strategy  

• Explore market power in a two-stage game 
structure where in the first stage, firms 
purchase permits through a central auction; and 
compete in the power markets in the second 
stage



QUESTIONS AND COMMENTS?QUESTIONS AND COMMENTS?
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