Examples for the DAM procurement and pricing of 
PFR, FFR1, FFR2, CR1 & CR2
4/18/2014
Case Setup :

1. Four Generation Resources : G1, G2, G3, & G4

2. Three Load Resources (AS offer exclusivity modeled by market participant bidding): LR1, LR2, & LR3

3. No congestion

4. Only Dispatch (procurement) and pricing part of DAM considered (no commitment, i.e. all Resources ONLINE)

AS Plan:
	PFR Requirement (MW)
	FFR Requirement (MW)
	FFR Max Requirement (MW)
	FFR1 Max Requirement (MW)
	FFR/PFR Ratio
	CR Requirement  (MW)
	CR1 Min Requirement  (MW)
	% of FFR2 contribution to CR (KFFR2)

	1,400
	800
	800
	100
	2
	700
	200
	50 %


Energy Bid:

	Demand Bid (MWh)
	Bid Price ($/MWh)

	40,000
	9,000


Generation Resource Limits, Energy Offer, AS Offer:

	Generation Resource
	LSL (MW)
	HSL (MW)
	EOC ($/MWh)
	PFR ($/MW)
	CR ($/MW)

	G1
	0
	5,000
	7,000
	20
	19

	G2
	0
	15,000
	50
	15
	14

	G3
	0
	20,000
	20
	10
	9

	G4
	0
	10,000
	10
	-
	-


Load Resource Limits, AS Offer:

	Load Resource
	Type
	LPC (MW)
	MPC (MW)
	FFR ($/MW)
	CR ($/MW)

	LR1
	FFR1
	0
	200
	3
	-

	LR2
	FFR2
	0
	1,000
	6
	-

	LR3
	CR
	0
	500
	-
	4


Scenarios:

1. Base Case

a. Lots of capacity

b. No opportunity costs in clearing prices for energy and AS

2. Reduce G2 capacity (from Base Case) to 11,500 MW to force procurement of CR from more expensive G1.
a. Opportunity cost of CR impacts prices

3. Reduce G2 capacity (from Base Case) to 6,600 MW to force procurement of energy, PFR, CR from more expensive G1.

a. Opportunity prices of energy impacts prices

4. Reduce G2 capacity (from Base Case) to 6,600 MW to force procurement of energy, PFR, CR from more expensive G1. Also reduce Energy Offer price of G1 from 7000 to 100 (still the most expensive energy offer)

a. Opportunity prices of energy impacts price

b. Demonstrates MCPC for FFR (depending on option) can exceed VOLL 

Observations:

1. MCPC pricing Option 2 for FFR2 is not appropriate as it can lead to Load Resources being paid less than their FFR Offer price
2. Only MCPC pricing Option 1 for FFR1 and Option 1 and Option 3 for FFR2, allows opportunity costs for energy and other Gen side AS opportunity costs to be incorporated into MCPC for FFR1 and FFR2

3. Only MCPC pricing Option 1 for CR2, allows opportunity costs for energy and other Gen side AS opportunity costs to be incorporated into MCPC for CR.

4. MCPC Option 1 for FFR1 and Option 1 and Option 3 for FFR2 needs to be limited to VOLL  as it can lead to excessive values of FFR1 and FFR2 MCPC . This occurs in some scenarios due to the multiplication of the shadow price SPPFR+FFR  by the equivalencing ratio of FFR to PFR.

Scenario 1: Base Case
Yellow highlights are results/outputs of DAM
AS Plan:
	PFR Requirement (MW)
	FFR Requirement (MW)
	FFR Max Requirement (MW)
	FFR1 Max Requirement (MW)
	FFR/PFR Ratio
	CR Requirement  (MW)
	CR1 Min Requirement  (MW)
	% of FFR2 contribution to CR (KFFR2)

	1,400
	800
	800
	100
	2
	700
	200
	50 %


Energy Bid:
	Demand Bid (MWh)
	Bid Price ($/MWh)
	Bid Award (MW)

	40,000
	9,000
	40,000


Generation Resource Limits, Energy Offer, AS Offer:

	Generation

Resource
	LSL (MW)
	HSL (MW)
	EOC ($/MWh)
	PFR ($/MW)
	CR ($/MW)
	Energy Award (MW)
	PFR Award (MW)
	CR Award (MW)
	HSL Capacity Utilization (%)

	G1
	0
	5,000
	7,000
	20
	19
	0
	0
	0
	0 %

	G2
	0
	15,000
	50
	15
	14
	10,000
	1,400
	200
	77 %

	G3
	0
	20,000
	20
	10
	9
	20,000
	0
	0
	100 %

	G4
	0
	10,000
	10
	-
	-
	10,000
	-
	
	100 %


Load Resource Limits, AS Offer:

	Load Resource
	Type
	LPC (MW)
	MPC (MW)
	FFR ($/MW)
	CR ($/MW)
	FFR Award (MW)
	CR Award (MW)
	MPC Capacity Utilization (%)

	LR1
	FFR1
	0
	200
	3
	-
	100
	-
	50 %

	LR2
	FFR2
	0
	1,000
	6
	-
	700
	-
	70 %

	LR3
	CR
	0
	500
	-
	4
	-
	150
	30 %


Constraints:

	Constraints
	Equation
	Shadow Price ($/MW)
	Comments

	Power Balance
	EnergySupply  -  EnergyDemand = 0
	50 
	· G2 EOC is marginal and sets energy price

· The Energy bid is fully awarded

	Combined PFR/FFR

Procurement
	PFR Award + Ratio *( FFR1+FFR2) Award  >=  PFR Req. + Ratio * FFR Req.
	15
	· Ratio=2

· The right hand side of the equation is  1400 + 2*800 = 3000

· G2 PFR Offer is marginal

· G2 capacity is not fully utilized. There is no opportunity cost for energy or other AS incorporated into this constraint’s shadow price

	Max FFR 

Procurement
	( FFR1+FFR2) Award  <= FFR Max Req.
	-26
	· Shadow price is negative

· The right had side of the equation is 800

	Max FFR1

Procurement
	FFR1 Award  <= FFR1 Max Req.
	-1
	· Shadow price is negative

· The right had side of the equation is 100

	CR

Procurement
	CR1 Award + CR2 Award +

 KFFR2*FFR2 Award  >= CR Req.
	4
	· KFFR2 = 0.5 (50%)

· The right had side of the equation is 700

· LR2 CR Offer is marginal

	Min CR1

Procurement
	CR1 Award  >= CR1 Req.
	10
	· The right had side of the equation is 200

· G2 CR Offer is marginal

· G2 capacity is not fully utilized. There is no opportunity cost for energy incorporated into this constraint’s shadow price


MCPCs:
	AS MCPC
	Equation
	$/MW

	PFR
	SPPFR+FFR
	15 $/MW
Note: This is the marginal Offer price for PFR from Gen

	FFR1
	Option 1


	R*SPPFR+FFR

	2*15 = 30 $/MW

	
	Option 2
	R*SPPFR+FFR + SPFFR-MAX

Note: SPFFR-MAX <= 0
	2*15 – 26 = 4 $/MW

	
	Option 3
	R*SPPFR+FFR + SPFFR-MAX + SPFFR1-MAX 
Note: SPFFR1-MAX , SPFFR-MAX <= 0
	2*15 - 26 – 1 = 3 $/MW

Note: This is the marginal Offer price for FFR1

	FFR2
	Option 1
	R*SPPFR+FFR
	2*15 = 30 $/MW

	
	Option 2
	R*SPPFR+FFR + SPFFR-MAX
	2*15 – 26 = 4 $/MW

LR2 takes a loss as its FFR offer is 6 $/MW

	
	Option 3
	R*SPPFR+FFR + KFFR2* SPCR
	2*15 + 0.5*4 = 32 $/MW

	
	Option 4
	R*SPPFR+FFR + SPFFR-MAX+ KFFR2* SPCR

Note: SPFFR-MAX <= 0
	2*15 – 26 + 0.5*4 = 6 $/MW

Note: This is the marginal Offer price for FFR2

	CR1
	SPCR+ SPCR1
	4 + 10 = 14 $/MW

Note: This is the marginal Offer price for CR from Gen

	CR2
	Option 1
	SPCR+ SPCR1
	4 + 10 = 14 $/MW

	
	Option 2
	SPCR
	4 $/MW

Note: This is the marginal Offer price for CR from LR


Scenario 2:  Base Case changed - G2 HSL = 11,500 MW

Red highlights are changes to input from Base Case
Yellow highlights are results/outputs of DAM
AS Plan:
	PFR Requirement (MW)
	FFR Requirement (MW)
	FFR Max Requirement (MW)
	FFR1 Max Requirement (MW)
	FFR/PFR Ratio
	CR Requirement  (MW)
	CR1 Min Requirement  (MW)
	% of FFR2 contribution to CR (KFFR2)

	1,400
	800
	800
	100
	2
	700
	200
	50 %


Energy Bid:
	Demand Bid (MWh)
	Bid Price ($/MWh)
	Bid Award (MW)

	40,000
	9,000
	40,000


Generation Resource Limits, Energy Offer, AS Offer:

	Generation

Resource
	LSL (MW)
	HSL (MW)
	EOC ($/MWh)
	PFR ($/MW)
	CR ($/MW)
	Energy Award (MW)
	PFR Award (MW)
	CR Award (MW)
	HSL Capacity Utilization (%)

	G1
	0
	5,000
	7,000
	20
	19
	0
	0
	100
	2 %

	G2
	0
	11,500
	50
	15
	14
	10,000
	1,400
	100
	100 %

	G3
	0
	20,000
	20
	10
	9
	20,000
	0
	0
	100 %

	G4
	0
	10,000
	10
	-
	-
	10,000
	-
	
	100 %


Load Resource Limits, AS Offer:

	Load Resource
	Type
	LPC (MW)
	MPC (MW)
	FFR ($/MW)
	CR ($/MW)
	FFR Award (MW)
	CR Award (MW)
	MPC Capacity Utilization (%)

	LR1
	FFR1
	0
	200
	3
	-
	100
	-
	50 %

	LR2
	FFR2
	0
	1,000
	6
	-
	700
	-
	70 %

	LR3
	CR
	0
	500
	-
	4
	-
	150
	30 %


Constraints:

	Constraints
	Equation
	Shadow Price ($/MW)
	Comments

	Power Balance
	EnergySupply  -  EnergyDemand = 0
	55 
	· G2 EOC is marginal for energy

· Energy price set by combination of energy offer price of G2 and opportunity cost of CR (between G1 & G2)

· The Energy bid is fully awarded

	Combined PFR/FFR

Procurement
	PFR Award + Ratio *( FFR1+FFR2) Award  >=  PFR Req. + Ratio * FFR Req.
	20
	· Ratio=2

· The right hand side of the equation is  1400 + 2*800 = 3000

· G2 PFR Offer is marginal

· G2 capacity is fully utilized. There is opportunity cost for CR (between G1 & G2) incorporated into this constraint’s shadow price

	Max FFR 

Procurement
	( FFR1+FFR2) Award  <= FFR Max Req.
	-36
	· Shadow price is negative

· The right had side of the equation is 800

	Max FFR1

Procurement
	FFR1 Award  <= FFR1 Max Req.
	-1
	· Shadow price is negative

· The right had side of the equation is 100

	CR

Procurement
	CR1 Award + CR2 Award +

 KFFR2*FFR2 Award  >= CR Req.
	4
	· KFFR2 = 0.5 (50%)

· The right had side of the equation is 700

· LR2 CR Offer is marginal

	Min CR1

Procurement
	CR1 Award  >= CR1 Req.
	15
	· The right had side of the equation is 200

· G1 CR Offer is marginal

· G1 capacity is not fully utilized. There is no opportunity cost for energy  incorporated into this constraint’s shadow price


MCPCs:
	AS MCPC
	Equation
	$/MW

	PFR
	SPPFR+FFR
	20 $/MW
Note: This is the marginal Offer price for PFR from Gen plus opportunity cost of CR

	FFR1
	Option 1


	R*SPPFR+FFR

	2*20 = 40 $/MW

	
	Option 2
	R*SPPFR+FFR + SPFFR-MAX

Note: SPFFR-MAX <= 0
	2*20 – 36 = 4 $/MW

	
	Option 3
	R*SPPFR+FFR + SPFFR-MAX + SPFFR1-MAX

Note: SPFFR1-MAX , SPFFR-MAX <= 0
	2*20 - 36 – 1 = 3 $/MW

Note: This is the marginal Offer price for FFR1

	FFR2
	Option 1
	R*SPPFR+FFR
	2*20 = 40 $/MW

	
	Option 2
	R*SPPFR+FFR + SPFFR-MAX
	2*20 – 36 = 4 $/MW

LR2 takes a loss as its FFR offer is 6 $/MW

	
	Option 3
	R*SPPFR+FFR + KFFR2* SPCR
	2*20 + 0.5*4 = 42 $/MW

	
	Option 4
	R*SPPFR+FFR + SPFFR-MAX+ KFFR2* SPCR

Note: SPFFR-MAX <= 0
	2*20 – 36 + 0.5*4 = 6 $/MW
Note: This is the marginal Offer price for FFR2

	CR1
	SPCR+ SPCR1
	4 + 15 = 19 $/MW 

Note: This is the Offer price for CR from Gen

	CR2
	Option 1
	SPCR+ SPCR1
	4 + 15 = 19 $/MW

	
	Option 2
	SPCR
	 4 $/MW
Note: This is the marginal Offer price for CR from LR


Scenario 3:  Base Case changed - G2 HSL = 6,600 MW

Red highlights are changes to input from Base Case
Yellow highlights are results/outputs of DAM
AS Plan:
	PFR Requirement (MW)
	FFR Requirement (MW)
	FFR Max Requirement (MW)
	FFR1 Max Requirement (MW)
	FFR/PFR Ratio
	CR Requirement  (MW)
	CR1 Min Requirement  (MW)
	% of FFR2 contribution to CR (KFFR2)

	1,400
	800
	800
	100
	2
	700
	200
	50 %


Energy Bid:
	Demand Bid (MWh)
	Bid Price ($/MWh)
	Bid Award (MW)

	40,000
	9,000
	40,000


Generation Resource Limits, Energy Offer, AS Offer:

	Generation

Resource
	LSL (MW)
	HSL (MW)
	EOC ($/MWh)
	PFR ($/MW)
	CR ($/MW)
	Energy Award (MW)
	PFR Award (MW)
	CR Award (MW)
	HSL Capacity Utilization (%)

	G1
	0
	5,000
	7,000
	20
	19
	3,400
	1,400
	200
	100 %

	G2
	0
	6,600
	50
	15
	14
	6,600
	0
	0
	100 %

	G3
	0
	20,000
	20
	10
	9
	20,000
	0
	0
	100 %

	G4
	0
	10,000
	10
	-
	-
	10,000
	-
	
	100 %


Load Resource Limits, AS Offer:

	Load Resource
	Type
	LPC (MW)
	MPC (MW)
	FFR ($/MW)
	CR ($/MW)
	FFR Award (MW)
	CR Award (MW)
	MPC Capacity Utilization (%)

	LR1
	FFR1
	0
	200
	3
	-
	100
	-
	50 %

	LR2
	FFR2
	0
	1,000
	6
	-
	700
	-
	70 %

	LR3
	CR
	0
	500
	-
	4
	-
	150
	30 %


Constraints:

	Constraints
	Equation
	Shadow Price ($/MW)
	Comments

	Power Balance
	EnergySupply  -  EnergyDemand = 0
	9,000 
	· Energy Bid is marginal and  sets energy price

· Energy Bid fully awarded

	Combined PFR/FFR

Procurement
	PFR Award + Ratio *( FFR1+FFR2) Award  >=  PFR Req. + Ratio * FFR Req.
	2,020
	· Ratio=2

· The right hand side of the equation is  1400 + 2*800 = 3000

· G1 PFR Offer is marginal

· G1 capacity is fully utilized. Opportunity cost for energy incorporated into this constraint’s shadow price



	Max FFR 

Procurement
	( FFR1+FFR2) Award  <= FFR Max Req.
	-4,036
	· Shadow price is negative

· The right had side of the equation is 800

	Max FFR1

Procurement
	FFR1 Award  <= FFR1 Max Req.
	-1
	· Shadow price is negative

· The right had side of the equation is 100

	CR

Procurement
	CR1 Award + CR2 Award +

 KFFR2*FFR2 Award  >= CR Req.
	4
	· KFFR2 = 0.5 (50%)

· The right had side of the equation is 700

· LR2 CR Offer is marginal

	Min CR1

Procurement
	CR1 Award  >= CR1 Req.
	2,015
	· The right had side of the equation is 200

· G1 CR Offer is marginal

· G1 capacity is fully utilized. Opportunity cost for energy incorporated into this constraint’s shadow price


MCPCs:
	AS MCPC
	Equation
	$/MW

	PFR
	SPPFR+FFR
	2,020 $/MW 
Note: This is the marginal Offer price for PFR from Gen plus opportunity cost of energy

	FFR1
	Option 1


	R*SPPFR+FFR

	2*2020 = 4,040 $/MW

	
	Option 2
	R*SPPFR+FFR + SPFFR-MAX

Note: SPFFR-MAX <= 0
	2*2020 – 4036 = 4 $/MW

	
	Option 3
	R*SPPFR+FFR + SPFFR-MAX + SPFFR1-MAX 
Note: SPFFR1-MAX , SPFFR-MAX <= 0
	2*2020 - 4036 – 1 = 3 $/MW

Note: This is the marginal Offer price for FFR1

	FFR2
	Option 1
	R*SPPFR+FFR
	2*2020 = 4,040 $/MW

	
	Option 2
	R*SPPFR+FFR + SPFFR-MAX
	2*2020 – 4036 = 4 $/MW

LR2 takes a loss as its FFR offer is 6 $/MW

	
	Option 3
	R*SPPFR+FFR + KFFR2* SPCR
	2*2020 + 0.5*4 = 4,042 $/MW

	
	Option 4
	R*SPPFR+FFR + SPFFR-MAX+ KFFR2* SPCR

Note: SPFFR-MAX <= 0
	2*2020 – 4036 + 0.5*4 = 6 $/MW
Note: This is the marginal Offer price for FFR2

	CR1
	SPCR+ SPCR1
	4 + 2015 = 2,019 $/MW 

Note: This is the marginal Offer price for CR from Gen plus opportunity cost of energy

	CR2
	Option 1
	SPCR+ SPCR1
	4 + 2015 = 2,019 $/MW

	
	Option 2
	SPCR
	 4 $/MW
Note: This is the marginal Offer price for CR from LR


Scenario 4:  Base Case changed - G2 HSL = 6,600 MW, G1 Energy Offer = 100 $/MWh
Red highlights are changes to input from Base Case
Yellow highlights are results/outputs of DAM
AS Plan:
	PFR Requirement (MW)
	FFR Requirement (MW)
	FFR Max Requirement (MW)
	FFR1 Max Requirement (MW)
	FFR/PFR Ratio
	CR Requirement  (MW)
	CR1 Min Requirement  (MW)
	% of FFR2 contribution to CR (KFFR2)

	1,400
	800
	800
	100
	2
	700
	200
	50 %


Energy Bid:
	Demand Bid (MWh)
	Bid Price ($/MWh)
	Bid Award (MW)

	40,000
	9,000
	40,000


Generation Resource Limits, Energy Offer, AS Offer:

	Generation

Resource
	LSL (MW)
	HSL (MW)
	EOC ($/MWh)
	PFR ($/MW)
	CR ($/MW)
	Energy Award (MW)
	PFR Award (MW)
	CR Award (MW)
	HSL Capacity Utilization (%)

	G1
	0
	5,000
	100
	20
	19
	3,400
	1,400
	200
	100 %

	G2
	0
	6,600
	50
	15
	14
	6,600
	0
	0
	100 %

	G3
	0
	20,000
	20
	10
	9
	20,000
	0
	0
	100 %

	G4
	0
	10,000
	10
	-
	-
	10,000
	-
	
	100 %


Load Resource Limits, AS Offer:

	Load Resource
	Type
	LPC (MW)
	MPC (MW)
	FFR ($/MW)
	CR ($/MW)
	FFR Award (MW)
	CR Award (MW)
	MPC Capacity Utilization (%)

	LR1
	FFR1
	0
	200
	3
	-
	100
	-
	50 %

	LR2
	FFR2
	0
	1,000
	6
	-
	700
	-
	70 %

	LR3
	CR
	0
	500
	-
	4
	-
	150
	30 %


Constraints:

	Constraints
	Equation
	Shadow Price ($/MW)
	Comments

	Power Balance
	EnergySupply  -  EnergyDemand = 0
	9,000 
	· Energy Bid is marginal and  sets energy price

· Energy Bid fully awarded

	Combined PFR/FFR

Procurement
	PFR Award + Ratio *( FFR1+FFR2) Award  >=  PFR Req. + Ratio * FFR Req.
	8,920
	· Ratio=2

· The right hand side of the equation is  1400 + 2*800 = 3000

· G1 PFR Offer is marginal

· G1 capacity is fully utilized. Opportunity cost for energy incorporated into this constraint’s shadow price



	Max FFR 

Procurement
	( FFR1+FFR2) Award  <= FFR Max Req.
	-17,836
	· Shadow price is negative

· The right had side of the equation is 800

	Max FFR1

Procurement
	FFR1 Award  <= FFR1 Max Req.
	-1
	· Shadow price is negative

· The right had side of the equation is 100

	CR

Procurement
	CR1 Award + CR2 Award +

 KFFR2*FFR2 Award  >= CR Req.
	4
	· KFFR2 = 0.5 (50%)

· The right had side of the equation is 700

· LR2 CR Offer is marginal

	Min CR1

Procurement
	CR1 Award  >= CR1 Req.
	8,915
	· The right had side of the equation is 200

· G1 CR Offer is marginal

· G1 capacity is fully utilized. Opportunity cost for energy incorporated into this constraint’s shadow price


MCPCs:
	AS MCPC
	Equation
	$/MW

	PFR
	SPPFR+FFR
	8,920 $/MW 

Note: This is the marginal Offer price for PFR from Gen plus opportunity cost of energy

	FFR1
	Option 1


	R*SPPFR+FFR

	2*8920 = 17,840 $/MW

Note: Exceeds VOLL

	
	Option 2
	R*SPPFR+FFR + SPFFR-MAX

Note: SPFFR-MAX <= 0
	2*8920 – 17836 = 4 $/MW

	
	Option 3
	R*SPPFR+FFR + SPFFR-MAX + SPFFR1-MAX 
Note: SPFFR1-MAX , SPFFR-MAX <= 0
	2*8920 - 17836 – 1 = 3 $/MW

Note: This is the marginal Offer price for FFR1

	FFR2
	Option 1
	R*SPPFR+FFR
	2*8920 = 17,840 $/MW
Note: Exceeds VOLL

	
	Option 2
	R*SPPFR+FFR + SPFFR-MAX
	2*8920 – 17836 = 4 $/MW

LR2 takes a loss as its FFR offer is 6 $/MW

	
	Option 3
	R*SPPFR+FFR + KFFR2* SPCR
	2*8920 + 0.5*4 = 17,842 $/MW
Note: Exceeds VOLL

	
	Option 4
	R*SPPFR+FFR + SPFFR-MAX+ KFFR2* SPCR

Note: SPFFR-MAX <= 0
	2*8920 – 17836 + 0.5*4 = 6 $/MW

Note: This is the marginal Offer price for FFR2

	CR1
	SPCR+ SPCR1
	4 + 8915 = 8919 $/MW 

Note: This is the marginal Offer price for CR from Gen plus opportunity cost of energy

	CR2
	Option 1
	SPCR+ SPCR1
	4 + 8915 = 8919 $/MW

	
	Option 2
	SPCR
	 4 $/MW

Note: This is the marginal Offer price for CR from LR


1

