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Locational Constraints for Reserve Services

RCSTF Supplement: Locational Constraints for Reserve
Services

Key Takeaways:

e The products carried in both DAM and RTM, i.e., SR, 10-Min RUR Up, 10-Min RUR Down,
30-Min RUR, and 30-Min SecR, are proposed to be procured on a nodal basis

e The locational procurement of the reserve products would require transmission con-
straints on these products in addition to the transmission constraints on energy

e There will be nodal price separation for the reserve products when the transmission
constraints featuring the reserve products bind

e The congestion price of energy for a given node will incorporate the nodal congestion
prices of all the reserve products

e The congestion price of the 10-Min RUR Up product for a given node will incorporate
the nodal congestion price of the 30-Min reserves

e The violation of a transmission constraint featuring the reserve products will be penal-
ized at a TCPF of $1,000/MWh in the dispatch and pricing runs in RTM and DAM

e The 60-Min Spin and Non-Spin day-ahead only products will not be procured on a nodal

basis; consequently, there will be a single systemwide clearing price for these products
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Locational Constraints for Reserve Services

1. Purpose

The goal of this document is to provide details of the locational constraints for the different
reserve services that are part of the RCSTF proposal.

Disclaimer: Some of the constraints have been simplified for expositional purposes. More-
over, the constraints may be modified in the final implementation based on computational
limitations. In case the exposition in this document contradicts the tariff language, the tariff
has precedence.

Moreover, for expositional simplicity, we will not explicitly model price-sensitive or price-
responsive demand as distinct from fixed demand for the transmission constraints featured in

this document.

2. Preliminaries

This section provides the notation used throughout this appendix.

T := {SR, 10-RUR-U(p), 10-RUR-D(own), 30-RUR, 30-SecR, 60-Spin, 60-NonSpin} de-
notes the set of reserve products

§ := {SR, 10-RUR-U(p), 10-RUR-D(own), 30-RUR, 30-Min-Reserves, EG, DASR}  de-
notes the set of reserve services

SRUR — & denotes the subset of RUR services (i.e., 10-Min RUR Up, 10-Min RUR Down, and
30-Min RUR)

G denotes the set of nodes with resources that can provide baseload or reserve services

X denotes the set of nodes with renewable generation (wind or solar)

L denotes the set of load nodes

N denotes the set of all nodes in a network

M denotes the set of all transmission facilities with modeled constraints

g;(t) € MR, is the energy dispatch of dispatchable unit ¢ at time ¢

type
%

type € T attimet; e.g., r

r0 (t) € R, is the reserve assignment of unit 7 of a given reserve product

10-RUR-U

g (t) is the 10-min RUR (Up) assignment for unit 7 at time ¢
For a transmission line m, £, denotes the limit on power flow (symmetric flow limits are
assumed for expositional simplicity)

DFyY,,, denotes the shift factor from node & to line m

¢,.(t) denotes the forecast demand at load node & for time ¢

g5 (1), gl () denote the cleared solar generation and wind generation, respectively, at node
k for time ¢

gf(t), gZV(t) denote the forecast solar generation and forecast wind generation, respectively,
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at node k for time ¢

The 7-min forward ramp at load node k following target ¢, is defined as

AR (to, 7) = € (1) — Ly (to) (1)

The 7-min forward ramp due to solar generation at node k following target ¢, is defined as

A} (to,7) = g3 (1) — G5, (to) (2)

The 7-min forward ramp due to wind generation at node k following target ¢, is defined
similarly and denoted AV (¢,, 7)

The expected systemwide netload ramp at time ¢ for the 10-Min RUR Up service is given by
E,[10-RUR-U] = ) ~ A (£,10) — AZ(£,10) — A} (¢, 10), (3)
k
with the possibility of both positive values (when the netload is ramping up) and negative

values (when the netload is ramping down). The expected systemwide netload ramp for the

10-Min RUR (Down) service is the negative of the ramp for the up service:
E,[10-RUR-D] = —E,[10-RUR-U] (4)

The expected systemwide netload ramp at time ¢ for the 30-Min RUR service is given by
E,[30-RUR] = (Z AE(t,30) — A9 (t,30) — AY (¢, 30)) —E,[10-RUR-U]  (5)
k

18 (to, 7),18) (to, 7), 15k (to,7) € [0,1] denote the ramp contributions of node k to the

system-wide forecast ramp of solar, wind, and load respectively, till 7 minutes following time ¢,

- As(t ,T)
18y (tg, T) = % (6.1)
_ AW(t ,T)
s}’ (tg, T) := Zk kA,ZVO(tO,T) (6.2)
rs; (tg, 7) : A (o 7) (6.3)

~ Y, ALt 7)

QWP € R, denotes the total systemwide MWs cleared on the demand curve for reserve
service type € §
U'™Pe(t) € R denotes the total systemwide MWs cleared for uncertainty on the demand curve

SRUR SRUR,

of the RUR service type € at time t. It is related to @) as follows: for type €

UPe(t) = QU () — max(E, [type], 0) (7)
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SUF_, WUF_,LUF_ € [0, 1] denote the solar uncertainty factor, wind uncertainty, and load

Locational Constraints for Reserve Services

uncertainty factor, which are the contribution factors of solar resources, wind resources, and
load, respectively, to the system-level uncertainty requirement for a 7-Min RUR service with
T € {10,30}

i P¢ (1) is the allocation of the systemwide uncertainty MWs U'¥2¢(¢) to the load node & for

a reserve service of type € SRUR based on nodal ramp share and LUF

u}f,type (t) qu,type (t)

, are the allocation of the systemwide uncertainty MWs U%?¢(¢) for a
reserve service of type € SRUR to the node k corresponding to the solar and wind generation
uncertainties, respectively

For a node k: INC,, DEC,,, UTC?"°, UTC?jnk denote the virtual INC MWs, DEC MWs, UTC

MWs for source node transactions, and UTC MWs for sink node transactions, respectively

3. Transmission Line Constraints for Energy

Before introducing the locational constraints on reserves, we recall the transmission line

constraints on energy.

Real Time Market (RTM). For a transmission line m at time ¢, we have,

—L,, <Y DF¥, g.(t)+ > DF¥, (g5 () + gV (t)) — Y DF, £,(t) < £, (8)

i€g JER keL

We can write this more succinctly as

— &, <Y DFR (9,(0) + g5 (8) + gi (8) — £4()) < 4Ly, (9)
keN

The transmission constraints are imposed as soft constraints in economic dispatch. In RTM,
for both dispatch and pricing runs, the violation of (9) is penalized at a default transmission
constraint penalty factor (TCPF) of $2,000/MWh for any constraint, excluding coordinated
market-to-market constraints, located within the metered boundaries of PJM. For coordinated

market-to-market constraint violations, a TCPF of $1,000/MWh is used.
Day-ahead Market (DAM). For a transmission line m at time ¢, we have the following

modification to (9) in DAM,

—Lp <> DF (g, () + g2 (t) + g1 () + INC (£) + UTCee (t)
keN

—6,(t) — DEC,(t) — UTCI™ (1)) < 4, (10)

The constraint (10) is imposed as a soft constraint. In DAM dispatch run, any constraint violation
is penalized using a TCPF of $30,000/MWh. In the pricing run, a TCPF of $1,000/MWh is used

'OATT Attachment K Appendix Section 5.6.2. https://agreements.pjm.com/oatt/32040
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for coordinated market-to-market constraint violations, while a TCPF of $2,000/MWh for all

Locational Constraints for Reserve Services

other constraint violations.’

Let \¢ (t) denote the shadow price of the constraint on energy for transmission line m at

time t.

4. Deliverability of Reserve Products

There are two day-ahead only reserve services, day-ahead scheduling reserves and energy
gap, which have two day-ahead only reserve products, 60-Min Spin and 60-Min Non-Spin,

associated with them.

There are five reserve products that will be procured in both DAM and RTM:
e 10-Min Synchronized Reserves (SR)
e 10-Min Ramp/Uncertainty Reserves (RUR) Up
¢ 10-Min RUR Down
e 30-Min RUR

¢ 30-Min Secondary Reserve (SecR) product associated with the 30-Min Reserve service

In this section, we provide details on the deliverability of the proposed products.

4.1. DASR and EG
Reserves that are assigned only in the day-ahead market will only have an RTO-wide procure-

ment with no locational constraints. Therefore, there will be no locational price separation for

these reserve products (i.e., the same clearing price applies across the RTO).

4.2. Synchronized Reserves
The SR products are proposed to be procured based on locational constraints. The constraints

are imposed to prevent potential Interconnection Reliability Operating Limit (IROL) violations.
The proposal includes ensuring the deliverability of the products against the loss of the unit

that is providing the largest relief from congestion/violation for each modeled constraint.?

In RTM, the flow F3® (%) on a network constraint m at time ¢ including SR is given by,

EiR(t) =) DFE, (9,() +ri(8) + g5 (1) + gi () — £4(1)) (11)
keN

In DAM, the flow will include additional terms for virtual transactions as follows:

EpR(t) = Y DFR, (g0() + iR () + g5 (8) + g1 — £, (6)()
keN
+INC,,(t) + UTC™ e (t) — DEC,,(t) — UTC"8(¢)) (12)

*This appendix provides one methodology to identify the loss of the unit providing the largest relief; the exact
implementation may differ from this methodology.
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To identify the unit with the largest flow in either direction, we introduce the variables £ and

&,.., with the following constraints: Vk € NV,
&h > DFE,, (9, (8) + 738 (8) + g5 (1) + a¢’ (1)), (13.1)
En < DFF, (95(8) + 737 (8) + g7 (1) + g1/ (1) (13.2)

The locational constraint for SR corresponding to the transmission facility m is then given by,

ESR(t) — &, < Ly, (14.1)
ESR() =& > -4, (14.2)

Let A5R*(¢) and )\%{b (t) denote the shadow prices corresponding to (14.1) and (14.2), respec-
tively.

4.3. 10-Min Ramp/Uncertainty Reserves
These SCED-dispatchable online reserve products are proposed to be procured locationally

based on transmission line constraints. We begin by discussing the locational constraints in
RTM.

10-Min RUR (Up). Before we can introduce the constraint, we need to first allocate the
uncertainty U'“RUR-U cleared on the demand curve to the load and renewable nodes as

follows. For a load node £, the uncertainty allocation in MW is given by:
ujk:,lo-RUR-U(t) = 1sE (£, 10) x LUF,, x U0RURU(y) (15)
Similarly, for the solar and wind nodes k, the nodal uncertainty allocations are, respectively,
uf,lO-RUR—U(t) =155 (t, 10) x SUF,, x UORURU () (16.1)
ukw,lo-RUR-U(t) = s (t,10) x WUF,, x UWRUR-U(¢) (16.2)

We can now introduce the locational constraint. For a transmission line m, the constraint is
a modification of (8) with additional terms based on unit-level reserve clearing, the 10-Min
forward ramp on the load and renewable nodes, and the nodal allocation of the uncertainty

cleared on the 10-Min RUR (Up) demand curve. This is given by,

~Lp, <Y DFF, (g5(t) + "R (D))

i€G

+ZDFJm (g‘7 +A5(t 10) SlORURU(t)
JER

— > DFY,, (£.(t) + AL (¢, 10) + gloRURU(t)) <<, (17)
keL
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S,10-RUR-U W,10-RUR-U

In (17), the negative signs in front of u and u and the positive signs in front
of the u%10RUR-U torms are due to the fact that we procure more up RUR to cover solar and

wind over-forecasts and load under-forecasts.

Let A10-UP (%) denote the shadow price of the constraint in (17) for transmission line m at
time ¢.

10-Min RUR (Down). The allocation of systemwide clearing for 10-Min RUR (Down) uncer-
tainty U'0-RUR-D (1) to the load and renewable nodes is similar to the methodology described

in (15), (16): for a node k at time ¢,

uy TR (1) = 18k (8, 10) x LUF o x UORURD (¢) (18.1)
uSIORURD (1) . 158 (1, 10) x SUF, x UO-RURD (4) (18.2)
wy PEUED () o= 18V (£,10) x WUF o x UORURD (1) (18.3)

The locational constraint for 10-Min RUR (Down) is similar to the one for the up service given
in (17) with the modification in signs to recognize that down RUR has an inverse relationship

with the up RUR, which results in the following: for a transmission line m,

—4,, <Y DF¥, (g;(t) — r]*RURD (1))

1€G
+3 DE (g5(t) + AF(£,10) + u R 1)
JER
gt ()+AW(t 10) + WlORURD(t))
=Y DF, (6,8 + AE(t,10) —u Y ())) < 4, (19)
keL

Let /\,lqg'D"W“(t) denote the shadow price of the constraint in (19) for transmission line m at

time t.

4.4, 30-Min Reserves
The 30-Min reserves are proposed to be procured on a locational (nodal) basis. Note that

there are two products that can provide 30-Min reserve service — 30-Min RUR (online, SCED-
dispatchable) and 30-Min SecR (offline). We propose to include both these products in the
same transmission constraint.

As in the case of 10-Min RUR, we begin with the allocation of the uncertainty U3%RUR (¢)
cleared on the 30-Min RUR demand curve to the load and renewable nodes. For a node k£ and
a target time ¢, the 30-Min RUR uncertainty is assigned based on the nodal ramp share for the

ramp occurring from 10 through 30 minutes following the target time:
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uy PR (4) = 1sE (¢ + 10,20) x LUFgy x USCRUR(¢) (20.1)
uy PR (1) 1= 1sF (¢ 4 10,20) x SUF5, x USORUR(¢) (20.2)
wy PRUR (1) = 1l (£ 4 10, 20) x WUF,, x USRUR (4) (20.3)

The locational constraint for 30-Min reserves is a modification of (17) with additional terms
for the 30-Min RUR and 30-Min SecR products as well as the 30-Min forward ramp and uncer-
tainties. For a transmission line m at time ¢,

—4, < Z DF g:(t) + 7nzm-RUR-U(t) + T?O—RUR(t) + T?O—SecR(t))
1€g

+ZDFaX ( +As(t 30) 510 RUR- U(t) _uJS,BO-RUR(t)
JER

+g;}[/ (t) + A;/V( 30) W 10-RUR- U(t) . u;/V,30—RUR(t))

— > DF, (6,(8) + AF(£,30) +ug TV () + 0] TR (1)) < £, (21)
keL

Let A39(¢) denote the shadow price of the constraint in (21) for transmission line m at time ¢.

DAM modifications. The constraints in (17), (19), (21) are modified to include the virtual
INC, DEC, and UTC transactions. This is similar to the modifications made in (10).

4.5. Transmission Constraint Penalty Factors
Similar to the transmission constraints on energy in Section 3, the transmission constraints for

reserve deliverability in (17), (19), (21) are imposed as soft constraints. A violation on any of
these reserve deliverability constraints is proposed to be penalized at a TCPF of $1,000/MWh
for both the pricing and dispatch runs in DAM and RTM.

The choice of the TCPF of $1,000/MWh is motivated by the fact that the expected forward
ramp point in the up RUR demand curves is priced at $1,000/MWh. Therefore, in the trade-off
between going short up RUR reserves and violating the corresponding transmission constraint,
the design favors:

e procuring RUR reserves till the expected forward ramp point even when the corresponding
transmission constraint on the RUR reserves is violated;

e prioritizing the transmission constraints over procuring additional up RUR reserves beyond
the expected forward ramp point if such a procurement would lead to transmission

constraint violation.

Moreover, the TCPF value implies that the transmission constraints are prioritized over procur-
ing additional 10-Min RUR Down or 30-Min SecR products if their procurement would lead to

constraint violations.
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5. Components of Congestion Prices for Energy and Reserves

Recall that the locational marginal price for energy is the sum of three components: (i) system
marginal price, (ii) marginal cost of congestion, and (iii) marginal loss component (which is the
product of system marginal price and the loss sensitivity factor multiplied by -1).

The locational price of reserves will be the sum of (i) system marginal price of reserves, and
(ii) marginal congestion cost of reserves. This document only discusses (ii), i.e., marginal cost
of congestion. For the discussion on system marginal price of reserves, please see the RCSTF
supplement on product nesting and resource level constraints.

Introducing nodal constraints for reserves implies that in addition to nodal price separation
for reserves based on network congestion, there will be additional components in the conges-

tion price for energy.

5.1. Nodal Congestion Prices for RUR and SecR Products
We begin with the 30-Min reserves, since the 10-Min RUR products include the terms of the

30-Min reserve congestion prices.
30-Min Reserves. The congestion price for the 30-Min RUR or 30-Min SecR product at time
t for node k is given by:

A(t) = > DFE,, X30(t) (22)
memM
10-Min RUR (Up). The congestion price for the 10-Min RUR (Up) product at time ¢ for node &
is given by:
)\10 Up( ) _ )\30 Z DFax )\10 Up( ) (23)
memM

10-Min RUR (Down). The congestion price for the 10-Min RUR (Down) product at time ¢ for
node k is given by:

MNP (E) = — ) DFg, AePom(1) (24)
meM

5.2. Nodal Congestion Prices for Synchronized Reserves
The congestion price for the SR product at time ¢ for node k is given by:

NE@#) = > DR, (AR (1) + AR (1)) (25)
meM

5.3. Nodal Congestion Price of Energy
Finally, the congestion price for energy will involve components based on the shadow prices

of the different locational constraints on reserves. The cumulative marginal congestion price

of energy at time ¢ for node k is given by,
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XS (t) = AR(E) 4+ AT () — AP () + Y DFEE NS, (8) (26)

k,m 'm
meM
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