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Introduction to concepts

The simplified hypothetical DAM and RTM optimization problem is presented below.
Simplifications:

(i) 
Transmission constraints, PTPs, block offers and bids are not considered
(ii) 
Energy Offer and AS Offer are covering the entire MW range from LSL to HSL

(iii) 
No constraints on how much AS can be awarded to a single resource
(iv) 
Energy bids ($/MWh) , energy offers ($/MWh), and AS offers ($/MW) are considered to be constant for the entire MW bid or offered
(v) 
Resource commitment not considered 

(vi) 
All AS Offers from Generation Resources are considered to be inclusive with respect to their Energy Offer Curve.

(vii) 
Temporal constraints not modeled

(viii) AS Self Arrangement set to zero

Optimization Problem

Maximize Societal Welfare or Minimize Societal Cost (Objective):

DAM Societal Cost = - Sum(E_Bids, E_Bid_Price x E_Bid_Award_MW) + On-V_EUE(On-AS_MW) + Off-V_EUE(Off-AS_MW) + Sum(E_Offers, E_Offer_Price x E_Offer_Award _MW) + Sum(RRS_Offers, RRS_Offer_Price x RRS_Award _MW) + Sum(RUS_Offers, RUS_Offer_Price x RUS_Award _MW) + Sum(On-NSRS_Offers, On-NSRS_Offer_Price x On-NSRS_Award _MW) + Sum(Off-NSRS_Offers, Off-NSRS_Offer_Price x Off-NSRS_Award _MW) + Sum(RDS_Offers, RDS_Offer_Price x RDS_Award _MW) + RUS-DC(RUS_Short_MW) + RRS-DC(RRS_Short_MW) + RDS-DC(RDS_Short_MW)
RTM Societal Cost = PBPC(PBPC_MW) + On-V_EUE(On-AS_MW) + Off-V_EUE(Off-AS_MW) + Sum(E_Offers, E_Offer_Price x E_Offer_Award _MW) + Sum(RRS_Offers, RRS_Offer_Price x RRS_Award _MW) + Sum(RUS_Offers, RUS_Offer_Price x RUS_Award _MW) + Sum(Off-NSRS_Offers, Off-NSRS_Offer_Price x Off-NSRS_Award _MW) + Sum(RDS_Offers, RDS_Offer_Price x RDS_Award _MW) + RUS-DC(RUS_Short_MW) + RRS-DC(RRS_Short_MW) + RDS-DC(RDS_Short_MW)
Subject to: 

Ignoring transmission constraints and focusing on power balance, AS procurement and Resource limit constraints, the set of constraints are given below:

System wide constraints:

a) Power Balance: (Shadow price = SP_DAM_PB and SP_RTM_PB respectively)
DAM: Sum(E_Offers, E_Offer_Award_MW) - Sum(E_Bids, E_Bid_Award _MW) = 0

RTM: Sum(E_Offers, E_Offer_Award _MW) + PBPC_MW - GTBD = 0

b) DAM Ancillary (Up) Service MW:

On-AS: (Shadow price = SP_DAM_On-AS)
Sum(RRS_Offers, RRS_Award _MW) + Sum(RUS_Offers, RUS_Award _MW) + Sum(On-NSRS_Offers, On-NSRS_Award _MW) - On-AS_MW = 0

Off-AS: (Shadow price = SP_DAM_Off-AS)
Sum(RRS_Offers, RRS_Award _MW) + Sum(RUS_Offers, RUS_Award _MW) + Sum(On-NSRS_Offers, On-NSRS_Award _MW) + Sum(Off-NSRS_Offers, Off-NSRS_Award _MW) - Off-AS_MW = 0

c) RTM Ancillary (Up) Service MW:

On-AS: (Shadow price = SP_RTM_On-AS)
RS + Sum(RRS_Offers, RRS_Award _MW) + Sum(RUS_Offers, RUS_Award _MW) - Total_DAM_RRS_Award _MW - Total_DAM_RUS_Award _MW - On-AS_MW = 0

Off-AS: (Shadow price = SP_RTM_Off-AS)
RSNS + Sum(RRS_Offers, RRS_Award _MW) + Sum(RUS_Offers, RUS_Award _MW) + Sum(Off-NSRS_Offers, Off-NSRS_Award _MW - Total_DAM_RRS_Award _MW - Total_DAM_RUS_Award _MW - Total_DAM_Off-NSRS_Award_MW - Off-AS_MW = 0
Where:

RS is the reserves from Resources participating in SCED plus the Reg-Up and RRS from Load Resources and validated Real-Time telemetered OFF10 capacity.  RSNS is equal to RS plus the reserves from Resources that are not currently available to SCED but could be available in 30 minutes.
d) Minimum RRS Procurement: (Shadow price = SP_Min_RRS)
Sum(RRS_Offers, RRS_Award _MW) + RRS_Short_MW - Min_RRS_MW = 0

e) RUS Requirement: (Shadow price = SP_Req_RUS)
Sum(RUS_Offers, RUS_Award _MW) + RUS_Short_MW - Req_RUS_MW = 0

f) RDS Requirement: (Shadow price = SP_Req_RDS)
Sum(RDS_Offers, RDS_Award _MW) + RDS_Short_MW - Req_RDS_MW = 0

Individual Energy Bid constraints: 

g) Energy Bid MW constraint for every energy bid: (Shadow price = SP_EB)
E_Bid_MW - E_Bid_Award_MW ≥ 0

Individual Resource constraints: 

Each Resource will have its own set of constraints to ensure awards are within bounds of its own upper (HSL/MPC) and low (LSL/LPC) limits.

h) LSL Constraint for every modeled Generation Resource: (Shadow price = SP_LSL)
E_Offer_Award_MW + RDS_Award_MW - LSL ≥ 0

i) HSL Constraint for every modeled Generation Resource: (Shadow price = SP_HSL)
HSL - E_Offer_Award_MW - RRS_Award_MW - RUS_Award_MW - On-NSRS_Award_MW ≥ 0

Ancillary Service Demand Curves: 

On-V_EUE(On-AS_MW) = VOLL*Expected_Unserved_Energy30(On-AS_MW)
Off- V_EUE(Off-AS_MW) = VOLL* Expected_Unserved_Energy60(Off-AS_MW)

RUS-DC(RUS_Short_MW) = VOLL*RUS_Short_MW
RRS-DS(RRS_Short_MW) = VOLL*RRS_Short_MW
RDS-DC(RDS_Short_MW) = VOLL*RDS_Short_MW
PBPC(PBPC_MW) = VOLL* Expected_Unserved_Energy30(RS - PBPC_MW) for 0 ≤ PBPC_MW ≤ Req_RUS_MW

                                    (2*VOLL+1)*(PBPC_MW-Req_RUS_MW) for PBPC_MW ≥ Req_RUS_MW

Note: Except when load is indiscriminately curtailed, VOLL should represent the price at which a sizable amount of load would voluntarily curtail and thus avoid indiscriminate curtailment. When load is indiscriminately curtailed, the average value of such curtailed load can be assumed to be significantly higher than this VOLL (assumed to be twice VOLL above).  With this approach, VOLL and SWOC could be set at $4,500/MWh.
Analysis by Applying KKT optimality conditions:

DAM:

Energy Clearing Price = SP_DAM_PB

RRS Clearing Price = SP_Min_RRS + SP_DAM_On-AS + SP_DAM_Off-AS

RUS Clearing Price = SP_Req_RUS + SP_DAM_On-AS + SP_DAM_Off-AS

RDS Clearing Price = SP_Req_RRS 

On-NSRS Clearing Price = SP_DAM_On-AS

Off-NSRS Clearing Price = SP_DAM_Off-AS

RTM:

Energy Clearing Price = SP_RTM_PB

RRS Clearing Price = SP_Min_RRS + SP_RTM_On-AS + SP_RTM_Off-AS

RUS Clearing Price = SP_Req_RUS + SP_RTM_On-AS + SP_RTM_Off-AS

RDS Clearing Price = SP_Req_RRS 

Off-NSRS Clearing Price = SP_RTM_Off-AS

Implications for AS Procurement and Deployment:

a)
Regulation Up and Regulation Down: 

Change is that: (1) RUS and RDS will have a  hourly market clearing and settlement and (2) LFC will get as input, after every RT market clearing (usually every 5 minutes), a new set of QSE level Reg-Up and Reg-Down Responsibilities based on the Resource specific Reg-Up and Reg-Down awards. RUS and RDS capacity demand curve is set at VOLL for the quantity required by system (i.e. no benefit in procuring additional amounts); however, energy from RUS capacity has a demand curve represented by the corresponding amount of PBPC.
b)
Responsive Reserve Service or RRS:

i.
Self-Deployed UFR-type Load Resources due to frequency deviation and Manually Deployed LR: 

May be offered into RT Co-optimization unless deployed. On deployment, LR given credit for continuing to provide RRS until time by which LR should un-deploy - ERCOT does not re-procure this amount of RRS in RTM. LR RRS part of [5-minute or 15-minute] RTM market clearing and settlement except when deployed.
ii.
ERCOT release of RRS capacity to SCED:

RRS may be offered into RT Co-optimization unless deployed for RRS provided by LR. On deployment, LR given credit for continuing to provide RRS until time by which LR should un-deploy - ERCOT does not re-procure this amount of RRS in RTM. LR RRS is part of RTM market clearing and settlement except when deployed.
Generation resource can only offer RRS in the amount of eligible capacity available in 5 minutes using ramp down rate. Thus, if generator deployed for energy or RRS to HSL in current interval, then that generator can only offer (5 x ramp down rate) into RTM (whereas that generator can sell 10 x ramp up rate subject to 20% of HSL limit in DAM). If this capacity amount is less than the amount of capacity sold in DAM as RRS, then generator is exposed to the re-procured price in RTM for the difference in RRS capacity.
Under RT Co-optimization, the current process of ERCOT reserving RRS capacity and releasing it under scarcity conditions would be discontinued and replaced with a “HASL-free” operation in which RRS is procured until the RRS supply and demand curves intersect — i.e., “RRS supply”  = “RRS demand”. Under scarcity conditions, energy to be served is given priority and smaller amounts of RRS would be procured —  effectively similar to the release of RRS to SCED in current market. 

The current ability for the operator to manually enter an offset to GTBD will be retained to allow ERCOT the ability to react to persistent frequency deviations.

c)
Non-Spin:

i.
On-Line Non-Spin (including Quick Start Generation Resource with telemetered status of On-Line): 

On-Line Non-Spin will have a single DAM settlement with energy deployed by SCED like current practice with the elimination of any offer floor. Currently the online Non-Spin capacity is always available to SCED. There would be no RTM for On-line Non-Spin.

ii.
Off-Line Non-Spin (truly Off-Line)

Even under a RT Co-optimization, similar mechanism as the current market design would be employed to deploy truly Offline Non-Spin.  ERCOT can, depending on the analysis of current and forecasted conditions, instruct Offline Resources with Non-Spin responsibility (at that time) to come Online. These Resources have the responsibility to deliver for 1 hour after they come online in or are recalled whichever comes first.

Off-line Non-Spin may be offered into RT Co-optimization unless deployed. On deployment, ERCOT does not re-procure this amount of Off-line Non-Spin in RTM (since this capacity is now effectively On-line Non-Spin). Off-line Non-Spin is part of RTM market clearing and settlement except when deployed.
Under RT Co-optimization, consistent with current practice, Resources with Non-Spin Responsibility that are Offline and deployed for Non-Spin are not made whole to their Energy Offer Curve, nor are they made whole on their Startup Costs and Minimum Energy Costs.
