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1. Purpose

The goals of this document are to provide details of the following:

e System-level constraints for the different reserve services

¢ The nesting of the different reserve products in the system-level constraints, and the impli-

cations to the system marginal prices of the reserve products

e The resource-level constraints for the different reserve products

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

precedence.

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
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GON denotes the set of resources that are online
GOFF denotes the set of all offline resources

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

type

T

(t) € R, is the reserve assignment (in MW) of unit 4 of a given reserve product
10-RUR-U

7

EMAX (1), EMIN(1) denote the ECOMAX and ECOMIN (in MW) of the unit 7 at time ¢, respec-

type € T attimet; e.g., r (t) is the 10-min RUR (Up) assignment for unit 7 at time ¢
tively

RR, (%) is the ramp rate in MW/min of unit ¢ at time ¢ (up and down ramp rates assumed
symmetric in this document for expositional simplicity)

T'TS, indicates the time to start (in minutes) — inclusive of startup and notification times —
for an offline resource i € GOFF

QR"Pe(t) € R, denotes the total systemwide MWs cleared on the demand curve for reserve

service type € & at time t

3. System-level Constraints

This section discusses the system-level constraints to ensure that the supply from all the
reserve products that can provide a specific reserve service is sufficient to meet the quantity

cleared on the demand curve for that service.
We begin with reserve services that are carried in both real-time and day-ahead markets.

SR. Since only the SR products can provide the SR service, the system-level constraint to
ensure that the cleared SR products are sufficient to meet the quantity cleared on the SR

demand curve at time t is as follows:

> rtt) = Q%R () (1)

i
Let )\SR(t) be the shadow price corresponding to the constraint (1).

10-Min RUR. Since only 10-Min RUR products can provide 10-Min RUR services, the system-

level constraints for the up and down 10-Min RUR services at time ¢ are given by, respectively:

Z T%O-RUR-U(t) > QlO—RUR—U (t) (2‘1)
Z T.%O-RUR—D (t) > QlO—RUR—D (t) (2.2)

Let MORUR-U(4) and AIO-RUR-D(3) be the shadow prices corresponding to (2.1) and (2.2),

respectively.
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30-Min RUR. Since only 30-Min RUR products can provide the 30-Min RUR service, the

Product Nesting & Resource Constraints

corresponding system-level constraint at time ¢ is given by:

Z 7a?O-RUR(t) > Q30—RUR(t) (3)

Let A3%RUR (%) be the shadow price corresponding to the constraint (3).

30-Min Reserves. Both 30-Min RUR products and the offline 30-Min secondary reserve
products can provide the 30-Min Reserve service. In other words, the 30-Min RUR products
are nested with the 30-Min secondary reserve products to satisfy the cleared quantity on the

30-Min reserve demand curve. Consequently, the system-level constraint at time ¢ is given by:

Z 7n;’)O—RUR(t) + Z T?O_SeCR(t) 2 QSO-Min—Reserves(t) (4)

i€ GON jEGOFF
The 30-Min reserve demand curve accounts for both the contingency requirement based on
the most severe single contingency and the 30-Min RUR requirement.

Let )\30‘SeCR(t) be the shadow price corresponding to the constraint (4).

Next, we introduce the system-level constraints for the day-ahead-market only services.

Energy Gap (EG). 10-Min RUR (Up), 30-Min RUR, and 60-Min spin products can all provide

the EG service. Consequently, the system-level constraint for EG at time ¢ is given by:

Z T%O-RUR-U (t) + T?O'RUR(t) + r?O—Spin (t) > QEG (t) (5)

Let AFC () be the shadow price corresponding to (5).

DASR. All products in T \ {SR,10-RUR-D(own)} can provide the DASR service. Conse-
guently, the system-level constraint at time ¢ is given by:
Z T%O—RUR—U(t) _l_T.?O—RUR(t) +7~?0’Spin(t)

iegON

4 Z ’I‘?O_SGCR(t) +T§O—N0nSpin(t) > QEG(t) +QDASR(t) (6)

jEQOFF

The right hand side of (6) includes the sum of the cleared quantities on the EG and DASR
demand curves, since the DASR demand curve does not automatically incorporate the energy
gap requirement. All the products providing the energy gap service are nested with the offline

products to satisfy the cumulative quantities cleared on the EG and DASR demand curves.

Let APASR(¢) be the shadow price corresponding to (6).
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4. System Marginal Prices of Reserve Products

In this section, we discuss the system marginal prices of the different reserve products based
on the constraints provided in Section 3. The final clearing price of the reserve products are
the sum of the two components: (i) system marginal price and (ii) reserve congestion price.
In this appendix, we focus on the first component. The second component is detailed in the
appendix discussing the locational constraints for reserves.

We begin with the products that are only cleared in the day-ahead market.

60-Min Spin. The 60-Min Spin reserve product can provide both energy gap and DASR
services as shown in (5) and (6). Consequently, the system marginal price of the 60-Min Spin
reserve product at time ¢ is AP () + APASR(¢),

60-Min NonSpin. The 60-Min Non-Spin reserve product can only provide the DASR service.
Consequently, the system marginal price of the 60-Min Non-Spin reserve product at time ¢
is ADASR (¢),

Next, we discuss products that are cleared in both day-ahead and real-time markets.

SR. In both day-ahead and real-time markets, the SR products can only provide SR services.
Consequently, the system marginal price of the SR product at time ¢ is AS?(¢) in both markets.

10-Min RUR Up. In the real-time market, the 10-Min RUR Up product can only provide the
10-Min RUR Up service. Consequently, in the real-time market, the system marginal price of
the 10-Min RUR Up product at time ¢ is \!0-RUR-U(3),

However, in the day-ahead market, as (2.1), (5), and (6) show, the 10-Min RUR Up products
can provide three services: (i) 10-Min RUR Up, (ii) EG, and (iii) DASR. Consequently, in the
day-ahead-market, the system marginal price of the 10-Min RUR Up product at time ¢t is
AL-RUR-U(4) 4 \EG () 4 \DASR (),

10-Min RUR Down. In both day-ahead and real-time markets, the 10-Min RUR Down prod-
ucts can only provide 10-Min RUR Down services. Consequently, the system marginal price of
the 10-Min RUR Down product at time ¢ is A\1“RURD (%) in both markets.

30-Min RUR. In real-time, as shown in (3) and (4), the 30-Min RUR products can provide
both the 30-Min RUR and the 30-Min Reserve services. Consequently, in the real-time market,
the system marginal price of the 30-Min RUR product at time # is A30-RUR (¢) 4 \30-SecR (1),

On the other hand, as shown in (3), (4), (5), and (6), in the day-ahead-market, the 30-Min
RUR products can provide four services: (i) 30-Min RUR, (ii) 30-Min Reserves, (iii) EG, and (iv)
DASR. Consequently, in the day-ahead-market, the system marginal price of the 30-Min RUR
product at time ¢ is A30-RUR (¢) 4 \30-SecR () 4 \EG (4) 4 \DASR(3),
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30-Min Secondary Reserve. In the real-time market, the 30-Min SecR product can only pro-
vide the 30-Min Reserve service. Consequently, in the real-time market, the system marginal

price of the 30-Min SecR product is A30-5¢R(¢),

In the day-ahead-market, the 30-Min SecR product can provide the 30-Min Reserve service
as well as the DASR service. Consequently, the day-ahead system marginal price of the 30-Min

SecR product at time # is A30-SeR () 4 \DASR(¢),

5. Resource-Level Reserve Constraints

In this section, we provide the resource-level constraints for the different reserve products.
Broadly, there are two types of constraints: (i) on headroom, i.e., ECOMAX and ECOMIN; and
(ii) on ramp capability (ramp rate).

5.1. Online Reserve Constraints
We begin with the resource-level constraints on online resources.

5.1.1. Headroom Constraints
The headroom constraints are imposed with respect to the ECOMAX and ECOMIN of an online

resource.

Constraint on ECOMAX. The sum of energy dispatch and all cleared up-ramping reserve
products on an online resource should not exceed its ECOMAX. In the real-time market, this

constraint is given by,
0,(t) + IR () ARG < BN, Vie 9N 7)

In the day-ahead market, the constraint needs to account for the additional 60-Min Spin

reserve product, which gives,

:(6) + TIORURY (§) 4 rORUR() 4 0 ) < BV, vie gON (8)

i
Constraint on ECOMIN. The energy dispatch and the headroom reserved for the down ramp
product cleared on an online resource should not be below the ECOMIN of the resource. In

both real-time and day-ahead markets, this leads to the following constraint:
g;(t) — ri*FURP () > EMIN(t),  Vie §ON (9)

5.1.2. Ramp-Capability Constraints
The ramp-capability constraints are imposed on the cleared reserve products of an online

resource with respect to the 10-Min, 30-Min, and 60-Min ramp rates of the resource. The 10-
Min and 30-Min ramp rate constraints are applicable in both day-ahead and real-time markets,

while the 60-Min ramp rate constraints only apply in the day-ahead market.
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Constraint on 10-Min Ramp Rate. The total 10-Min reserve products cleared on an online
resource should not exceed the 10-Min ramp rate of the resource. This leads to two separate

constraints on up-ramping reserves and down-ramping reserves, respectively:
roR(t) 4 rl0RURU (1) < 10 RR, (1) (10.1)
ri0RURD (1) <10RR,(t), Vie GO (10.2)

Constraint on 30-Min Ramp Rate. The total up ramp from the 30-Min ramp capable reserve
products should not exceed the 30-Min ramp rate of the resource, which gives the following

constraint:

PSR (1) 4 plORURU (1) 4 p80RUR (1) < 30 RR,(t), Vi€ GON (11)

(2

Constraint on 60-Min Ramp Rate. We have an additional ramp rate constraint in the day-ahead

market because of the 60-Min Spin product, which is given by:

SR (8) + rIORURU () 4 p30RUR (1) 4 0050 (1) < 60 RR, (1),  Vie 9O (12)

i
5.2. Offline Reserve Constraints

An offline resource can clear 30-Min secondary reserve product (in both markets) and 60-Min
Non-Spin reserve product (day-ahead market only). Consequently, we need headroom and

ramp rate constraints on these products for offline resources.

5.2.1. Headroom Constraints
In the real-time market, the 30-Min secondary reserve product should be within the ECOMIN

and ECOMAX limits of an offline resource:
EYN () <R (t) < BYAN(Y),  Vie §OF (13)

In the day-ahead market, the sum of the 30-Min secondary reserve and the 60-Min Non-Spin
reserve products cleared on an offline resource should be within the ECOMIN and ECOMAX
limits:

EYIN(t) < SR () 4 NS (g) < BMAX (1), i e GO (14)
Note: For offline resources, imposing the left-hand side constraints in (13) and (14) for
non-zero ECOMIN necessitates the introduction of an integer-valued commitment variable.

Consequently, depending on computational needs, we may relax the left-hand side constraints
in (13) and (14).

5.2.2. Ramp-Capability Constraints
The ramp-capability of an offline resource is influenced by its time to start (minutes from

notification time till the resource can operate at ECOMIN) and its ramp rate following the time
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to start. The 30-Min secondary reserve product cleared on the resource cannot exceed its ramp

capability; in both markets, this is imposed by the following constraint:
ri0Sel(t) < EYN 4 RR, x (30 — TTS;),  Vie GOFF (15)

In the day-ahead market, we have an additional constraint on the 60-Min ramp-capability of

an offline resource:

p0SecR (p) 4 pO0NonSpin Gy  pMIN 4 RR % (60 — TTS;),  Vie §OFF  (16)

7

PJM © 2026 www.pjm.com: For Public Use 7



	1. Purpose
	2. Preliminaries
	3. System-level Constraints
	4. System Marginal Prices of Reserve Products
	5. Resource-Level Reserve Constraints
	5.1. Online Reserve Constraints
	5.1.1. Headroom Constraints
	5.1.2. Ramp-Capability Constraints

	5.2. Offline Reserve Constraints
	5.2.1. Headroom Constraints
	5.2.2. Ramp-Capability Constraints



