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Introduction

* |n order to prevent load disconnections and loss of
stability during normal operation or in the case of
unexpected events, power systems should operate
with an adequate level of

e Reserve is an ancillary service needed for the
successful operation of the system and the
electricity market.

e This service can be obtained in a regulated,
mandatory manner, or it can be provided by an
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Reserve Markets

* |n the the generators (and

sometimes loads) supply bids to sell the ability
to take demand (increase their output) in a fast
manner if called to do so.

e Similar to electricity markets for energy, which
deal with active power, the reserve market
focuses on active power reserves only.
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Reserve Resource Controls

 Generators can provide the following types of
reserve:

is provided by online fast units,
usually tied to AGC primary control, and capable to
regulate the small positive or negative imbalances
caused by the random nature of loads.

is provided by online units and is
used to take larger variations of load and losses and
unexpected events.

is provided by online or
offline fast-start units. This type of reserve is used to
correct large imbalances caused by contingencies.
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Reserve Resource Controls

 While spinning and supplemental reserve are

positive quantities, regulation reserve is a
bidirectional control.

 Two ways to model regulation reserve controls,
both supported in Simulator:

— As two independent controls: regulation reserve up

(RR*) and regulation reserve down (RR™). These controls
can have different positive values.

— As a single control. In this case the unit provides the
same amount of regulating reserve in both directions.
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Reserve Resource Controls

e Spinning and supplemental reserves combined
together provide

* Contingency reserve plus regulating reserve up
is called

e We can summarize this as follows:
SR+ XR =CR
RR++ SR + XR=0R
RR+ +CR = OR
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Reserve Constraints

e Constraints are usually specified for the aggregate
reserve at the area (system) or zone level.
e Usually 3 constraints are observed:

— Operating Reserve: OR = ORg. irement
— Regulating Reserve: RR*, RR™>RR
— Contingency Reserve: CR = CR

Requirement

Requirement

e These reserve requirements can be specified as

e Some systems also need that a percentage of the
contingency reserve be spinning: SR > %CR
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Reserve Controls and Constraints

Area or Zone
Constraints

Operating (OR)

Regulating (RR)

Contingency (CR)

Spinning SR) Supplemental (XR)
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Solving Normal OPF

 Open B3LP.pwb and solve OPF Enforcing Line
Constraints: Add Ons — OPF Options and
Results — Constraint Options page

@ P OPF Dialog ===
—I- Options Options |
-+~ Common Options i Constraint Options | | i I d d i |
. - Constraint Options Comman Options P Control Options | Advanced Options
IVI a ke S u re t h I S - Control Options Line/Transformer Constraints
: . If you want to change enforcement percentages,
e Res:ivanced Options ? D@.i.ﬁﬁ!!?!E..EiDEFFE“SFDFmET MYA Limit Enforcement modify the Limit Monitoring Settings
iS u n C h e C ke d - Selution Summary Percent Correction Tolerance 202 l re——
) . ’ - imit Monitoring Settings ...
- Bus MW Marginal Price Details MVA Auto Release Percentage 75.0 = g g
- Bus Mvar Marginal Price Details ) o <
... Bus Marginal Controls Maximum Violation Cost {SMwhr) 1000.0 =
= LP Solution Details "] Enforce Line/Transformer MW Flow Limits (not MVA)
- All LP Variables
- LP Basic Variables Interface Constraints Maonitor/Enforce Contingent Interface Elements
- LP Basis Matrix
i A Limi @) Mever
. Inverse of LP Basis ["| Disable Interface Mw Limit Enforcement 2
—Trace Solution Percent Correction Tolerance 20 = ~) Power Flow/OPF but nat CA/SCOPF
" =
MW Auto Release Percentage 7502 ) Al Applications induding CA/SCOPF
Maximum Violation Cost (§/Mwhr) 1000.0 =
Phase Shifting Transformer Regulation Limits
["| Disable Phase Shifter Regulation Limit Enforcement
In Range Cost ($/Mwhr) 0.1=
Maximum Violation Cast ($MWhr) 1000.0 =
[ o OK l l Solve LP OFF J ‘ Single Cuter Loop ‘ I Initizlize LP OPF I ISave As nuxJ [ Load Aux I P[ ? Help I l X cancel J
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Solving Normal OPF

e Line Limits are now enforced

20 Mw 20 MW
Bus 2 Bus 1
: < < < < < < < @—.—- 10.00 $/MWh
<em®
60.3 MW 112_00 $/Mwh ‘
100 MW 119.7 MW
<—pB80%%
O%MW MVA
80 Mw
8090 100 MW
80 Mw |ﬁ
180@MW
Total Cost
0.0 MW 1920.6 $/h
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Regulating Reserve Example

e We'll introduce how Simulator models the
reserves market.

e For the sake of clarity, let us assume for now
that:

— Resources include
— Generator Controls include

— Constraints are set at the and there
are
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Regulating Reserve Example

 The following will be demonstrated later on:
— Spinning and Supplemental reserve controls
— Contingency and Operation constraints
— Zonal constraints

e Right Click anywhere on the Diagram and select
Area Information Dialog.

— Go to the OPF Page — Regulating Page
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Area Regulating Reserve Demand

Home Area Infermation for Current Case

Area MW Control Options

OPF page shows OPF
results and to define

(=] :
Mumber 1 - (m) [ Find By Mumber ] ) No Area Contral
- () Partidipation Factor Control
H - -
fame S| “ome [ Find By Name _ | () Economic Dispatch Control
Super Area - [ Find ... ] = Area Slack Bus
) Injection Group Area Slack
‘ no labels i@ Optimal Power Flow Control
| Infa / Interchange | [ ptionz | Area M Contral Options | OFF Fies | Blses | Genz | Loads I Eustnm|
OPF Results Rezerve Reoui Ives
Awverage LMP for Area 1200 Operating I:‘EEILHEIHWEII Contingency | Hesultsl
LMP Standard Deviati 1.63
andard Deviaton A 48 23] | Records + set~ 7
Min/k ax LkP 10.00 - 140 : . :
Enforce Regulating Reserve Reguirements in OFF
Total Generator Results
Fraduction Cost [Scaled) ($/hr) 1920 65 MW | /MWh | —
Unzealed Production Cost [$2hr) 192065 0.00 400.00
LIP Profit [$hr] 016 20.00 300.00
40.00 | 200.00] S
E_u:ust u:ff Energy, Lu:uss,. anu:l Euhgestiun Reference 60.00 100.00
@ Emisting losz zenstiviies directly
(7 &rea's Bus' Loads 50.00 0.00
(7 Injection Group —
[ V’ QK ] ’ Save ] ’ x Cancel ] ’ ? Help ] ’ Print ]
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reserve benefit
curves

Define demand curves
for Area Regulating
Reserve. These are
positive, descending
values.

Click OK
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Area Regulating Reserve Demand

Area Regulating Reserve

T $MWh / Demand Curve
400

350
300
250
200
150
100

50

10 20 30 40 50 60 70 80 MW
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Area Regulating Reserve Demand

 Note: sometimes we want to model a single value
for the Area Regulating Reserve Constraint.

— For instance, suppose reserve is valued at S300/MWh,

and there is a of 50MW.
Reserve Requirement Curves A SNWE
| Operating | Fegulating |Enntingenc_l,ll Hesultsl WAL
400
+.0 .00 = . »
e %8 3% | | Records - Set 350
Enforce Regulating Rezerve Requirements in OPF 300
MY | swwh | 250
0.00 300.00 200
50.00) 0.00 150
100
50
0 >
10 20 30 40 50 60 70 S0 MW
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Generator Reserve Controls

e Right click on Gen 1 and open the information
dialog. Go to the Cost page, OPF Reserve Bids

subpage.

OPF Reserve Bids page
shows OPF results and
to define reserve bids.

Set up corresponding
values for price, maximum
MW Increase and
Decrease. These are limits
for Regulation Reserve Up
and Down Controls

M6: OPF Reserve Markets

Generator Information for Current Case (3]
Bus Number 1 - L;" Find By Mumber Status
————— Open
Bus Mame 1 - Find By Mame P Generator MVA Base
— @) Closed
o 1 | Find.. | 100.00

Area Mame  Home (1) Fuel Type |Unkncwn

hd |

Labels ... | nolabels Unit Type |UN {Unknown)

hd |

mwer and Voneselontrol | |Costs | OPE | Fauits | Cwners, Area, etc, | Custom I Stabilityl

[ Qutput Cost Madel | Bid Scale/shift || OPF Reserve Bids |

OPF Regulating Reserves OPF Contingency Reserves
Up Reserve MW 0.00
Down Reserve M 0.00 Available Available

| Available for Regulating Reserves

Price [$/Mwh] 5.000 =
Maximum MW Increase 55.000 =
Maximum MW Decrease 40,000 =

© 2014 PowerWorld Corporation
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Generator Reserve Controls

e Click OK.

e For Gen 2, set up Regulation Reserve at 7.5
S/MWh, a Maximum Regulation Up Limit of 75
MW and Maximum Regulation Down Limit of 60
MW.

 Generator 3 remains not Available for Regulation
Reserve.

e Open Add Ons — OPF Case Info —» OPF Reserves.
Go to the Generators page to see the Generator
Case Information for generator reserve controls.
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Generator Reserve Controls

Generator overall
limits including Generator Reserve
regulation limits Control Prices

Generators |Loads I.ﬁ.reas |Zones ISuper Areasl

Nklmber Mame GF‘ID REG Avail. |SPM Avail. [SUP Avail. [Min MW [Gen My ‘REG MW Up[REG MW |SPMN MW Up‘SUP MW Up l‘Iax MW‘ LEG Max Up|REG Max|SPM Max|SUP Max REG Price|SPM Price|SUP Price
of Bus |Bus Down Down
1 11 1 |YES MO MO 0,00 119.6 0.00 0.00 0.00 0.00 § 400.00 55.00| 40.00) 10.00) 10.00 3.00 4.00 4.00
2 22 1 |YES MNO MO 0,00  &0.3 0.00 0.00 0.00 0,00 § 400,00 75.00| ©0.00) 10,00 10,00 E 4.00 .00
5 33 1 MO MO MO 0,00 0.0 0,00 0.00 0.00 0,00 § 400,00 10,00 11\ 10,00 5.00 4.00 4,00
Generator reserve Generator reserve

| ilabili related output fields Generator reserve
controls availability. it P control Limits
Gens 1 and 2 (Initially all zero except

) energy dispatch
available for gy dispatch)

regulation reserve
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OPF with Regulating Reserves

e Go to Add Ons —»> OPF Options and Results

Check OPF
Reserves Option.
This solves the LP-
OPF including
reserve controls
and constraints

Solve LP OPF
Including
Reserves

M6: OPF Reserve Markets

[®] LP OPF Dialog

[=- Options

- Common Options
-- Constraint Options
- Control Options
"hayanced Options

B Results

- Solution Summary

- Bus MW Marginal Price Details
- Bus Mvar Marginal Price Details
- Bus Marginal Controls

=+ LP Solution Details

- All LP Variables

- LP Basic Yariables
- LP Basis Matrix

- Inverse of LP Basis
- Trace Solution

Options |

[E=1 | Ncm >
Comman Options |C0nstraint Options I Control Options I Advanced Options
Ohjective Function LP Options
Maximum Mumber of LP Iterations 30 =

(@) Minimum Cost

() Minimumn Control Change

7 Indude OPF Reserve Reguirements

[|Use a Single Control for Up/Down Regulation

LP Control Variables
|| Disable All Phase Shifter Contrals

[ Disable All Generator MW Controls

Disable All Load My Contrals

|| Disable Area-to-Area MW Transaction Controls
[ bisable DC Transmission Line MW Controls

[ Treat Maximum LP Tteration Solutions as Valid

Phase Shifter Cost ($ [ degree) 0.1000 =

Calculate Bus Marginal Cost of Reactive Power
Save Full OPF Results in PWE File

[T Do Detailed LP Logging {i.e., Each Pivot)

[ 5tart with Last Valid OPF Solution

-

Y

[ o OK ] [ Solve LP OPF l [Single Outer Loop] [ Initialize LP OPF ] [Saue As Auxl l Load Aux ] El ? Help ] [ X cancel l

© 2014 PowerWorld Corporation
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OPF with Regulating Reserves

e Recall that for this example we consider
. Simultaneous optimization of

Operating and Contingency reserves will be
covered later on.

* This LP problem thus consists in maximizing:
Total Surplus = Up Regulation Reserve Surplus
+ Down Regulation Reserve Surplus
— Total Generation Operating Cost
— Up Regulation Reserve Cost
— Down Regulation Reserve Cost
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OPF with Regulating Reserves

e The control variables are:
- P, P,, P, (Generator MW Output)
— pRR+ p.RR* —(Gen Up Regulation Reserve)
— p,RR=, PRk = (Gen Down Regulation Reserve)
— A RR* (Area Up Regulation Reserve)
— A RR= (Area Down Regulation Reserve)
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OPF with Regulating Reserves

 And the constraints are:
P,+P,+P;=P  (Area Power Balance)
(System has no losses)
Sik <S5 (Limit Thermal (MVA) Limits)
p R+ 4 p RR+ = A RR* (Up Reg. Reserve Balance)
p.RR—+ pRR-=A RR= (Down Reg. Reserve Balance)
P. + PRR* < pmax (Generator Max Limits)

p.min < p.— pRR- (Generator Min Limits)

M6: OPF Reserve Markets © 2014 PowerWorld Corporation 22



OPF with Regulating Reserves

e Check the LP Solution: Go to OPF Case Info —
OPF Reserves — Generators

X QPF Reserve Reguirements Results

X OPF Generators

(] B dlE %l 5% | @k 9 | TT Records + Geo v Set - Columns -+ [Be- | gR- U 5 BH- WY BH | opd
Generators | Loads | Areas | Zones | Super Areas
Mumber|Mame of |ID|REG Avail. |SPN Avail. |SUP Avail. |Min MW |Gen MW |REG MW Up|REG MW/|SPMN MW Up|SUP MW Up|Max MW
of Bus |Bus Down
1 11 1 YES MO MO 0,00 11%.67 .00 20,00 Q.00 0,00 400,00
2 22 1 YES MO MO 0,00 &0.35 75,00 &0.00 Q.00 0,00 400,00
3 33 1 MO MO MO Q.00 0.00a 0.0ad Q.00 0.0a 0,00 400,00
MW values show the
cleared regulation reserve
23
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OPF with Regulating Reserves

 Go to LP Solution Details Page

LP Solution Details

Solution values
of LP variables

Note that all
constraints
are satisfied

Slack
variables for
binding
constraints
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&ll LP Variables

OPT. +, - A ]
D = '3’1 _.;.E +':'_H | ﬂ ?&J Records =~ Set = ALolumns = [55~ |

LF Basic Variables | LP Basis Matrix

Inverse of LP Basis

Trace Solution

AUl RLYA »
k‘h b E-ﬁ b

b

ID Org. Value| Value [Delta Value|BasicVar|MonBasicvar

1|Gen 1 #1 MW Control 119,682 119.834 0,152 4 0
2|Gen 1 #1 REG MW Up Control 0.000 G.000 5.000 2 i
3|Gen 1 #1 REG MW Down Contral 0,000 20,000 20,000 3 0
4|Gen 2 #1 MW Control 60,304 o0.000 0,304 5 0
50Gen 2 #1 REG MW Up Contral | 0,000 75.000 75.000 i 5
6|Gen 2 #1 REG MW Down Contral 0,000 o0.000 &0.000 i &
7|Gen 3 #1 MW Control 0.000 0,152 0,152 1 0
8 |Area Home REG MW Up Control 0,000 30,000 a0.000 i a8
9|Area Home REG MW Down Control 0,000 80,000 30,000 0 9
10 |5lack-Area Home 0.000 0,000 0.000 i 1
11(5lack-Area Home REG Up 0,000 0.000 0.000 0 2
12 [Slack-Area Home REG Down 0.000  0.000 0.000 0 3
13|5lackLine 1 TO 3CKT 1 -20.119 0,000 20,119 i 7
14|5lack-Gen 2 #1 Min -50.000 0,000 &0.000 i 4

© 2014 PowerWorld Corporation
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OPF with Regulating Reserves

 Go to Area Information Dialog, OPF page
* |n Reserve Requirement Curves select Results

page

All the available

reserve is cleared \

FReserve Reqguirement Curves

REG* :
G1l:5x8=40
G2: 75 x 7.5=562.5

REG™:
Genl: 20 x 8 =160
Gen 2: 60 x 7.5=450

M6: OPF Reserve Markets

Operating | Regulating | Contingency Results
REG + REG-- SPN - SUP CTG QPR
YES YES MO MO
Cleared MV 80.00 80.00 0.00 0.00 0.00 80.00
~—~—~——_ MaxReserve MW | 130.00 100.00 0.00 0.00 0.00 130.00
Hourly Cost 5 602.50 | 510.00 0.00 0.00 0.00 602.50
Price 5/MWh 8.00 Q.00 0.00
Ho ent §/h 20000.0C| 20000.0C 0.00 0.00
_— j
Benefit is obtained integrating the Area
Regulation Demand Curve :
20x400+ 20x300+ 20x200+20x100 = 20000
© 2014 PowerWorld Corporation 25



OPF with Regulating Reserves

e |n this example, there is enough reserve to meet the
highest MW reserve requirement. The price of
regulating reserve is equal to the incremental cost of 8

S/MWh
A $/MWh Area RR+ Demand Curve
400
350 Cleared
300 Area RR+
250 Total Area Gen 1 RR+ Cost I
200 RR+ Surplus Curve: 55 MW @ I
150 8 $/MWh l
Gen 2 RR+ Cost Curve: I
100 75 MW @ 7.5 $/MWh AN
¢ | \ |
0 | P
10 20 30 40 50 60 70 80 MW

M6: OPF Reserve Markets
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Effect of Generator Limits

e Decrease Gen 1 limit from 400 to 100MW and

SO |Ve I_ P : LP Solution Details

Gen 1 reduces 25 All LP Variables | Lp Basic Variables | LP Basis Matrix | Inverse of LP Basis | Trace Solution
MW in order to m g Al St | i ?&D | Records * Set ~ Columns ~ [Eg- | o~ AR,
make room for ID Org. Value| Value [Delta Value|BasicVar|(MonBasicyar|
“more valuable” 5 .
1|Gen 1 #1 MW Control 15000 | 95,000 -5.000 1 0
MW of reserve. 2|Gen 1 #1REG MW Up Contral 5.000|  5.000 -0.000 2 0
3|Gen 1 #£1REG MW Down Control 20,000 20,000 -0, 000 3 0
Gen 1 output ___»4|Gen 2 #1 MW Control £9.991 85.163  15.172 4 0
reduc“on causes 5|Gen 2 £1 REG MW Up Control 75,000 75.000 0.000 a 5
Gen 2 to increase 6|Gen 2 £1 REG MW Down Control 60,000 &0.000 0.000 a &
7|Gen 3 £1 MW Control 10.143 0.000 -10. 143 a 7
Its energy output 8|Area Home REG MW Up Control 80.000 80,000 0,000 0 8
9|Area Home REG MW Down Control 20,0001 80,000 0.000 0 9
Max MW Limit of 10|Slack-Area Home 0.000 0.000  0.000 0 1
Gen 1 becomes 3 11(5lack-Area Home REG Lp 0.000 0.000 0.000 a 2
12 |5lack-Area Home REG Down 0,000 0,000 0,000 ] 3
binding constraint [|___13]Slack-Gen 1 #1 Max 5,030 0.000 5030 0 4
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Effect of Scarce Reserve

e Return Genl Limit to 400 MW.

* |In order to model scarce reserves, assume
available reserves of 35MW of regulation reserve
up and 25 MW of regulation reserve down for
each generator.

REG Max Up|REG Max|SPM Max|SUP Max|FEG Price|SPM Price (SLUP Price
Down
35.00 25.00  120.00 0,00 8.00 &.00

3500 25000 50.00  48.00 7.50

e Solve LP-OPF

M6: OPF Reserve Markets © 2014 PowerWorld Corporation
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Effect of Scarce Reserve

LP Solution Details |

All LP Variables ||p Basic Variables | LP Basis Matrix | Inverse of LP Basis | Trace Solution

[3 B Ak % %] ¢4 88, | Recoras -+ ser~ cotumns - [~ | R~ -

Gens 1 and 2 ID Org. Value| Value |Delta Value|Basicvar|MonBasiclar
dispatch reserve 1|Gen 1 #1 MW Control 95.000 137.416  42.416 4 0
depending on the 2[Gen 1 #1 REG MW Up Control 5000 35000  30.000 0 2
demand curve. 3|Gen 1 #1 REG MW Down Control 20,000 25.000 5,000 0 3
4|Gen 2 #1 MW Contral 85.163 25.000  -60.163 5 0

5|Gen 2 #1 REG MW Up Contral 75.000 35000  -40.000 0 5

&|Gen 2 #1 REG MW Down Control 60.000 25.000  -35.000 0 &

7|Gen 3 #1 MW Contral 0,000 17.735  17.735 1 0

& |Area Home REG MW Up Control 80.000 70.000  -10.000 2 0

9 |Area Home REG MW Down Control 80,000 -30,000 3 0

10|5lack-Area Home 0.000  0.000 0,000 0 1

11|Slack-Area Home REG Up 0.000  0.000 0,000 0 3

12 |5lack-Area Home REG Down 0.000  0.000 0,000 ] =

13|Slack-Line 1 TO 3CKT 1 -20,180 0.000  20.130 0 7

14|5lack-Gen 2 #1 Min -25,000 0.000 25,000 0 4
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Effect of Scarce Reserve

 For RR*, there is no intersection of supply and demand
due to reserve scarcity. The price is equal to the demand
curve at the total amount of reserve, i.e., 100 S/MWh

1 $/MWh Area RR+ Demand Curve

400

350 Area
300 Cleared RR+

250 Total Area :
200 RR+ Surplus

150

100
Gen 1 RR+ SIS & RIS
50 Cost Curve

Cost Curve

10 20 30 40 50 60 70 80 MW
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Effect of Scarce Reserve

 For RR-, the price is higher, since there is less
reserve available.

400
350
300
250
200
150
100

50

A $/MWh Area RR- Demand Curve
Area Cleared RR-
Total Area :
RR- Surplus :
Gen1RR~ Gen2 RR- [
Cost Curve Cost Curve I
|
10 20 30 40 50 60 70 80 MW

M6: OPF Reserve Markets
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Area Contingency Reserves

* Includes spinning and supplemental reserve resource

controls.
e LP OPF with contingency (and regulation) reserves
maximizes:
Total Surplus =  Up Regulation Reserve Surplus

+ Down Regulation Reserve Surplus
— Total Generation Operating Cost

— Up Regulation Reserve Cost
— Down Regulation Reserve Cost
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Area Contingency Reserves

e Assume that Gen 1 and Gen 2 are available for spinning
reserve and Gen 2 and Gen 3 are available for
supplemental reserve. The control variables are:

— P, P, P, (Generator MW Output)

— pRR*, p_RR: (Gen Up Regulation Reserve)

— P,RR- pRR- (Gen Down Regulation Reserve)
— AR (Area Up Regulation Reserve)

— ARR- (Area Down Regulation Reserve)
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Generator Contingency Reserves

e Open Genl Dialog to set up Contingency Reserve

~ Values

Generator Information for Current Case .

Bus Mumber
Bus Mame 1
D 1

Area Mame  Home (1)

no labels

- % Find By Mumber
- Find By Name

Status
) Open

@ Closed
Find ...

=X=)

Fuel Type [Unknown

nit Type [UN (Unknown)

| Power and Valtage Control | Costs |

0PF | Faults | owners, Area, etc. | custom | stabilty |

| Qutput Cost Madel | Bid Scale fShift |

(OFF Reserve Bids |

OFF Regulating Reserves OPF Contingency Reserves
Up Reserve MW 35.00 Spinning Supplemental
Down Reserve My 25.00 Available Available [ available
Available for Regulating Reserves ") Reserve MW 0.00 0,00
. | I = - ‘é/
Price [5/Mwh] 8.000 = Price [§/MWH] £.000 = 4.000 =
Maximum MW Increase 55.000 = ncrease 120,000 : 10,000 :
Maximum MW Decrease 40,000 =
—-—
[ o OK ] [ Save ] ’ X cancel l [ ? Help l [ Print l

M6: OPF Reserve Markets
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Spinning and Supplemental
Reserve Control Availability

Spinning and Supplemental
Limits and Prices

Reset Regulation Reserve
Limits to the original values
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Generator Contingency Reserves

e Set up Gen Reserve values so they look as follows (same as
in Slide 17 but with spinning and supplemental control

enabled)

Generators | Loads |Areas |2unes |5uper Areas|

Number [Name of|ID|REG Avail. [SPN Avail. [SUP Avail |Min M|Gen My [REG M Up|REG MW [SPN MW Lip|SUP MW Up|Max MW | EG Max Up|REG Max|SPM Max|SUP Max|REG Price|SPM Price|SUP Price
of Bus (Bus Down Down
1 11 1 |YES YES MO 0.00 137.42 35.00 2500 0.00 0,00 400,00 55,00 40,00 120,000 10,00 B.00 .00 4,00
2 22 1 |YES YES YES 25.00 35.00 2500 0.00 0.00 400,00 75.00 60,00 50,000 48.00 7.50 4,00 5.20
3 33 1D YFS YES 17.74 0,00 000 0.00 0,00 400.00 10,00 10,00 50,00 36,00 5,00 4, EDL 3.70
REG Aval. |SPH Avall. |SUP Avail. REG Max Up|REG Max|5PM Max [SUP Max|REG Price|SPM Price|SUP Price
Down
EC i 5500 40,00 12000 000 800  &00 500
= - o 75,00 60,00 50,00 4300 7.50 4,00 5.20
~ = — 10,00 10,00 50,00 36.00 5.00 4,50 3.

Reserve Control Availability

M6: OPF Reserve Markets

Available MW and prices
of reserve controls
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Area Contingency Reserve Demand

e Set up the Area Contingency Reserve demand
curve in the Area Information Dialog

[®] Home Area Information for Current Case EI@
—_—— ) ———————— Area MW Control Options
Mumber |1 M l Find By Nu_meer ~ Mo Area Control
Participation Factor Contral O P F pa ge u SEd to s h ow

M Home Find By N, -
== M oy Tl ") Economic Dispatch Control
Super Area - _— = . Ar!aa ?Iack Bus
~) Injection Group Area Slack
Labels ... | nolzbels @ Optimal Power Flow Control

| Info / Interchange I Optiong I Area My Contral Options| OFF : e Lines | Buszes | Gens I Loads | Eustaml
OPF Results Reserve Reguirement Curves

Average LMP for Area 112.00 | Operating | Regulating | Contingency | {&Lits

results and to define
reserve benefit curves

b 1.63 1
LMP Standard Deviation Enforce Contingency Reserve Reguirements in OPF Defl n e d e m a n d C u rve fo r
Min/Max LMP - 110.00 - 1am [T]Enforce Spinning Percentage at : 40,0 5 % C 1
: = Area Contingency Reserve.
Total Generator Reszultz i | vrre
Production Cast [Scaled) (§/h 192017 e it
roduction Fost (Scaled) (31 | T T These are positive,
Unzcaled Production Cost [$/hr] 132017 20.00 175.00
LMP Proft (4/h 17395.92 40.00 125.00 descending values.
&0.00 75.00
Cost of Energy, Losz, and Congestion Reference 80,00 25.00
@) Exizting logs sensitivities directly 100,00 0,00 .
) Area's Bus' Loads CIICk OK and
! Injection Group
) Specific Buz
I \/ QK. I I Save I I x Cancel I [ ? Help J [ Print I
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Contingency Reserve OPF Solution

If available for
reserves, generators
have their
corresponding controls
as LP variables

The Area Contingency
reserve constraint is
added

Since Generator Limits
are 400MW, the
contingency reserve
requirement is met

M6: OPF Reserve Markets

LP Solution Details |

\\

All LP Variables | LP Basic Variables I LP Basis Matrix | Inverse of LP Basis I Trace Solution |

OPT. : Z0F;
m HH -bl +Dg + |:| | ﬁ necn| Records ~ Set~ Columns ~ ' |HIJHE| HUHE Bg.ﬂ' HE -

] Org, Value| Value [Delta Value|Basicyar|MonBasicyVar |Cost{Down) |t
1|Gen 1 #1 MW Control 137.41611159,704 -17.712 1 a 10,00
en 1 #1 REG MW Up Control 35.000 5.000 30,000 2 i) 3.00
cen 1 #1REG MW Down Contraol 25,000 20,000 -5.000 3 a 8.00
4[5en 1 #1 SPM MW Control 0,000 0,000 0,000 0 4 At Min
5|Gen 2 #1 MW Control 25,000 60,29 35,296 ] a 12,00
6|Gen 2 #1 REG MW Up Control 35,000 75,000 40,000 0 2 7.50
7|Gen 2 #1 REG MW Down Control 25,000 o0,000 35,000 0 3 7,50
8|Gen 2 #1 SPM MW Control 0,000 50,000 50,000 0 3 4.00
9|Gen 2 #1 SUP MW Control 0,000 0,000 0,000 0 9 At Min
10|Gen 3 #£1 MW Control 17,735  0.000 -17.735 0 3 At Min
11|Gen 3 #1 5PN MW Control 0,000 14,000 14,000 4 0 4,50
12|Gen 3 #1 SIUP MW Control 0,000 35,000 36,000 0 12 3.70
13|Area Home REG MW Up Control F0.000 80,000 10,000 0 5] -100.00
4|Area Home REG MW Down Control 50,000 20,000 30,000 0 7 -100,00
Area Home CTE MW Control 0,000 100,000 100,000 0 11 -25.00
16|5lack-Area Home 0,000 0,000 0,000 0 10 At Min
17 |5ladk-Area Home REG Up 0.000 0.000 0.000 0 13 At Min
18 |5lack-Area Home REG Down 0,000 0.000 0,000 0 14 At Min
19 |Sladk-Area Home CTG 0.000 0.000 0.000 0 15 At Min
Slack-line 1 TO 3CKET 1 0,000 0.000 0,000 0 1 At Min
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Contingency Reserve Pricing

* The reserve requirement is met and hence the
marginal price of contingency reserve is equal to
4.5 S/MWh

Area CR Demand Curve

T $/MWh

225

200 Area Cleared CR

175

150 Total Area

125 CR Surplus :

Gen 3 SPN

1(7)(5) 3(*3; rllA?{/\?l(J@P3.7$/MWh (53; rllﬂzv\?%\IWMWh SO MW @ 455wk I
50 I
25 l l I

0 : —

~
7

10 20 30 40 50 60 70 80 90 100 MW
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Contingency Reserve Pricing

e The LMP pricing details are as follows:

M6: OPF Reserve Markets

Results
| Solution Summary | | Bus MW Marginal Price Details | | Bus Mvar Marginal Price Details | Bus Marginal Controls |
) B dF %8 5% Kl & | 7 Records * Geo~ Set~ Columns - EER | o W OB W fx - E | Options ~
Mumber |Mame| Area Mame|MW Marg. | Energy |Congestion | Losses |Area 1MW| Area 1 Area |Area 1 Area REGArea 1 Area CTG | Line from 1
Cost &MWh &b &MWh [Constraint | REG ResMWUp |ResMWDown  |ResMW Constraint| to 3 dit. 1
Constraint  |Constraint

1 11 Home 10,00 10.00 0.00 0.00 10,00 &.00 3.00 4,50 0.00
2 22 Home 12,00 10,00 2,00 0.00 10.00 3,00 3.00 4.50 2,00
3 33 Home 14.01 10.00 4,00 0.00 10,00 3.00 B.DDI 4,50 4.00
Bus LMP Marginal Cost of Marginal Cost

Enforcing of Enforcing
Area RR+ Area CR
Constraint Constraint

© 2014 PowerWorld Corporation
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Area Operating Reserves

e Objective function becomes:
Total Surplus = Up Regulation Reserve Surplus
+ Down Regulation Reserve Surplus
+ Contingency Reserve Surplus

— Total Generation Operating Cost
— Up Regulation Reserve Cost

— Down Regulation Reserve Cost
— Spinning Reserve Cost

— Supplemental Reserve Cost
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Area Operating Reserve

 No new resource controls are included beyond regulating, spinning
and supplemental reserve, but one LP variable is added for the Area
Operation Reserve

— P, P, P, (Generator MW Output)

— P RR*, pRR* (Gen Up Regulation Reserve)

— PRR-, P,RR- (Gen Down Regulation Reserve)
— PR, PSR (Gen Spinning Reserve)

— PR, pXR (Gen Supplemental Reserve)

— AR (Area Up Regulation Reserve)

— ARR- (Area Down Regulation Reserve)
— AR (Area Contingency Reserve)

—_ AIOR
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Area Operating Reserves

The constraints are now:

P+ P, +P,=Ponp (Power Balance)
S < 5;max (Line Limits)
pRR¥ 4 p RR+ = A RR+ (RR+ Balance)
P.RR—+ PRR—=A RR- (RR— Balance)
PSR+ PSR+ P XR 4 p SR 4 p XR=p CR (CR Balance)

pRR+ +P SR +PRR+ 4 p SR+ p XR 4 p_SR 4 p Xk =A OR (OR Balance)

P.+ PRR* 4 PSR 4 pXR < pmax (Gen Max Limits)
p,min < p.— PRR- (Gen Min Limits)
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Area Operating Reserve Demand

e Set up operating reserve demand curve in the
Area Information Dialog.

Area Operating Reserve should

Reserve Requirement Curves be enforced On|y When Area
Operating | Regulating | Contingency | Results Regulating Reserve AND Area
Al b 8| | Records ~ Contingency Reserve are
W | Enforce Operating Reserve Requirement in OPF e nfo rced .
MW/ | s/mwh |
0.00 500.00 Define demand curve for Area
25.00 200.00 .
Operating Reserve.
50.00  100.00
75.00]  20.00
100.00  0.00 Click OK and
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Operating Reserve OPF Solution

ID Org. Value| value |l

1|Gen 1 #1 MW Caontrol 119.7041119,852

2|Gen 1 #1 REG MW Up Contral 5,000 0,000

3|Gen 1 #1 REG MW Down Contral 20,000 20,000

41Gen 1 #1 5PN MW Contraol 0,000 0,000

5|Gen 2 #1 MW Contral 60,296  &0.000

6|Gen 2 #1 REG MW Up Contral 75,000 0,000

7|Gen 2 #1 REG MW Down Control 60,000 60,000 New Area Operating

8|Gen 2 £1 5PM MW Control 50,000 4,000 .

9|Gen 2 £1 50UP MW Control 0.000 0,000 Reserve LP Varlable
10|Gen 3 #1 MW Control 0,000 0.143
11|Gen 3 #1 SPM MW Control 14,000 0,000
12|Gen 3 #1 5UP MW Control 36.000 38,000
13||Area Home QPR MW Control 0,000 100,000
14|Area Home REG MW Up Control 20,000 o0,000
15|Area Home REG MW Down Control  80.000 80,000 Operating reserves value becomes
16 |Area Home CTG MW Contral 100,000 40,000
|k Ares Home 0.000| .00 zero when there are more than
18 |Slack-Area Home OFR "180.000| 0000 100MW of cleared reserve. Thus area
19|5lack-Area Home REG Up 0.000  0.000 .
20 |sladk-Area Home REG Down 0.000  0.000 conti Ngency reserve decreases from
21|5lack-Area Home CTG 0,000 0,000 100 to 40 MW.
22|5lackLline 1 TO 3CKT 1 -20.118 0,000
23|5lack-Gen 2 #1 Min 50,000 0,000
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Spinning Percent Constraint

 An additional constraint usually implemented in
markets is that the spinning reserve of a zone has
to be at least certain percentage, i.e., 40%, of the
contingency reserve of that zone.

— This ensures that enough “local” spinning reserve is
available to respond to unexpected events.

 Regarding contingency reserve, in our 3-bus case.
— Genl, Gen2, and Gen3 can provide spinning reserve
— Gen2 and Gen3 can provide supplemental reserve
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Spinning Percent Constraint

 The spinning percent constraint equation is:
PSR + PSR + PSR > SR% x 7, CR

* Where SR” is the spinning reserve percentage.

e The zonal contingency constraint stated that:
PR+ PSR+ PSRy pXR 4 pXR=7 CR (CR Balance)

* Combining these equations and eliminating Z,%,
we obtain the new tableau row:

(1_ SR% )(PISR + ’DZSR + P3SR) _ SR% ('DZXR + P3XR) >0
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Spinning Percent Example

e Consider the 3-bus case with contingency reserves

only (no regulating or operating reserve
constraints)

* Since this case has only one area and one zone,
which are the same, let us apply a 40% percent
requirement to the Area Spinning Reserve.

e Let us also set up the following generator data:

Gen Records

Spn Avail. Sup Avail SPN Max SUP Max SPN Price SUP Price

Genl NO NO
Gen2 YES YES 30 48 4 3.2
Gen3 YES YES 30 36 4.5 3.7
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Spinning Percent Example

Solution Solution
LP Solution Details WO SIENS With SPN% -
Enforced Enforced Contingency Reserve
AllLP Variables || p Basic Variables P Basis Matrix | Inverse gf LP Ba Requirement Curve
= | 2 |N Set 'LA:blumn'_a .
Org. Value Value iZﬁ
1JGen 1 #1 MW Contral 119,704 119, 704{ L
2|Gen 2 #1 MW Control 60,296 60.296| f o
3|Gen 2 #1 5PN MW Control 16.000 30,000
4|Gen 2 #1 SUP MW Control 48,000 48.000] | »
5|Gen 3 #1 MW Control 0.000 0.000) | ©
6|Gen 3 #1 5PN MW Control 0,000 10,000 ® © o ®
7|Gen 3 #1 SUP MW Control 36,000 12,000 0
8|Area Home CTG MW Control 100,000 100.000
9|Slack-Area Home 0,000 0,000
10 |Slack-Area Home CTG 0,000 0,000
11Slack-ine 1 TO 3CKT 1 0,000 0.000
12 |Slack-Area Home SPN % -24.000 0,000
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Spinning Percent Example

75% 90%
Solution Solution Contingency Reserve
| Requirement Curve
LP Solution Details
A

AllLP Variables | P Basic Variables | LP Basis Matrix | Inverse gf LP Bz 20

200

m % '>| 'f.;.'H ;':'_3 | ﬂ ?&D | Records = Set = Cglumns 180

160

ID Org .\ Value HEJ,JE 140

f120

1|Gen 1 #1 MW Control 119,704 119,70 ? 100

80

2|Gen 2 #1 MW Caontrol B0, 296 a0, 296 o

3|Gen 2 #1 SPM MW Contraol 30,000 30,000 40

4|Gen 2 #1 SUP MW Control 20,000 6,667 0

51Gen 3 #1 MW ':IIII'ItI'III| 0.000 0,000 00 20 40 60 A 80 100
MW

&|Gen 3 #1 SPM MW Control 30,000 3I:I.I:IEIEI
7|Gen 3 #1 SUP MW Contraol 0.00a0 0,000
8|Area Home CTG MW Control 30.000 oo, 0o
9|5lack-Area Home 0.000 0.000
10|5lack-Area Home CTG 0.000 0. 000
11|5lack-line 1 TO 3CKT 1 0.0a0 0,000
12|5lack-Area Home SPM %G -12.000 0. 000
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Multiple Area/Zone Case

e Open B10OReserve.pwb
e Case has 2 control areas and 3 zones
e Solve LP OPF without reserves.

e Initial LP OPF without reserves presents a
binding transmission line.
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S 40 War - 1008MW
. AGC ON A ar ¢ .
. y ) : o 30 Mvar
A
M Four
X 1.00pu
A sofjmw -
AGC ON.
Interface A->B g
. ) : /15 MW
100.04 MW 80 MW Five
@ 50yMW 1.00 pu
AGC ON 57w W
: - AN v/
198Mw AT wr. .. A 1508 Mw
AGC ON . / 89946 40 Mvar
¢ MVA
21‘[\'/IW 58 Al
. Q . v Seven
% . 1.04 pu
25 MW, W

25 MW, ’w 192MW
4 " AGC ON
Nine ™ Ten
@ 100.00 MW Y/ 1508Mw
0 Mvar .
o 100 MW
HEe o AGC ON
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Multiple Area/Zone Case

e The reserves constraints are enforced for each
area AND zone, and for each reserve type
whose Enforce Field is set to YES.

e Transmission line limits are observed

e Generator MW Max and Min limits are
observed.

* In addition, area scheduled interchange is
observed.

— Currently, there is a 100MW export from Area B
into Area A.
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Multiple Area/Zone Case

e Set up the following control parameters

Generators |Loads | Areas I Zones I Super Areas|

Mumber (Mame of|ID[REG Avail. |SPM Avail,|SUP Availl Min MW |Min Reg MW [Gen MW |REG MW Up|REG MW|SPMN Mw Up|SUP MW Up|Max Reg |Max MWJREG Max Up|REG Max|5PMN Max|SUP Max|REG Price|SPM Price|SUP Price
of Bus s owWn fy s iy}
1 : 1 Ene 1 JyEs NO NO 50.00 0.00 186.06 0.00 > 0.00 0.00 5 50.00 . 50.00 102,50 29.00 10.00 1500  10.50
2 2Two 1 |fES YES NO 50.00 0.00  50.00 0,00 0.00 0.00 80.00 112,50 3400 1200 1300  2.50
3 4Four 1 fO YES YES 50.00 0.00  80.00 0.00  0.00 0.00 70.00  50.00 122,50 38.00 1400 1.00  &.50
4 7 Seven 1 |fES NO YES 0.00 0.00 192.12 0.00  0.00 0.00 80.00 5S0.00 13250 44.00 18.00  9.00  7.50
5 8 Eight 1 |fES YES NO 151 0.00 198.37 0,00 0.00 0.00 90,00 50.00 142,50 42.00 2400 700 6.50
3 aMNne 1O YES YES 0.00 100.00 0,00 0.00 0.00 100.00  50.00 15250 5400 30.00 500 550
7 10 Ten 1 MO N0 YES 0,00 100.02 0.00 110,00 0,00 202,50 59.00 40,00 3.00 4,50
Mumber|Mame of|ID|REG Avail, |SPM Avail, |SUP Avail, REG Max Up|REG Max|5PN Max|SUP Max|REG Price 5PN Price|SUP Price
of Bus [Bus Down
1 One 1 YES MNO MO 50,00 50.00 102.50 29.00 10.00 15.00 10,50
2 Two 1 YES YES [ 20,00 20,0 112,50 34.00 12.00 13.00 9,50
4 Four 1 MO YES YES J0.00 50.00 122.50 39.00 14.00 11.00 3.50
7 S5ven 1 YES MNO YES a0.0d 50.00 132.50 44.00 15.00 9.00 7.50
8 Eight 1 YES YES MO 90.00 50.00 142,50 43,00 24.00 J.00 6.50
g pine 1 MO YES YES 100,00 50,00 152 50 4. 00 30,00 c.00 g. 50
10 Ten 1 NO NO YES 110,00  0.00 202,50 59,00 40.00  3.00 450
Reserve Control Availability Reserve Control Limits and Prices
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Multiple Area/Zone Case

e Set up the following reserve constraint
requirements:

T T

OPR REG CTG OPR REG CTG
Area A YES YES 150 @ 400 80 @ 300
Area B YES YES 90 @ 250 60 @ 150
Zone 1 YES 65 @ 300
Zone 2 YES 45 @ 140
Zone 3 YES 35 @ 120

e Solve the LP-OPF
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Generator Control Result

¥ OPF Reserve Requirements Results | 3 OPF Generators |

P g Al R S0 4 | Records = Geo = Set - Columns = B~ |@o- 8- < BH- %0 BH | options -
Generators | Loads I Areas | Zones | Super .ﬁ.reas|
Mumber|Mame of ID‘F{EG Avail, |SPM Avail, |SUP Avail, | Min MW [Min Reg MW |Gen MW [REG MW Up|REG MW |SPM M UD‘SUP MW Up|Max Reg (I
of Bus |Bus Down MY
1 1| One 1 YES ] MO 50,00 0,00 180,00 50,00 50,00 0.00 0,00 250,00
2 2 Two 1 YES YES MO 50.00 0.00 20,00 30,00 30,00 5.00 0,00 300,00
3 4 Four 1 NO YES YES 50.00 0.00 74,72 0.00 .00 .00 5.00 200.00
4 7 S5even 1 YES ] YES .00 0.00 198.60 43.00 50,00 .00 40,00 300,00
5 & Eight 1 YES YES MO 150.00 0.00 191.68 0.0a0 10.00 0.00 0,00 300,00
a 9 Nine 1 NO YES YES 0.00 0.00 100,00 0.00 0.00 0.00 0.00  200.00
7 10 Ten 1 MO MO YES Q.00 0.00 99,87 0.00 .00 .00 7.00 1000,00

Some of the generator reserve MW
values are maxed out in this
example. Other are within limits.
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Basic Variables Result

LP OPF Dialag

E=R|EoE ==
| Options | Recylts | LF Solution Details |
All LP Variables | LP Basic Variables | LP Biasis Matrix I Inverse of LP Basis I Trace Solution |
D | Org. Value | Value | Celta Value | BasicVar | Cost{Up) |
1jzen 2 #1 MW Contral | 30,000 30,000 0,000 12 12,00
2|Gen 2 #1 REG MW Up Control 30,000 30,000 0,000 3 12,00
3|Gen 2 #1 REG MW Down Control 30,000 30,000 0,000 7 12,00
4|Gen 2 #1 5PN MW Control 65,000 65,000 0.000 3 13.00
§|Gen 4 #1 MW Control 74,715 74716 0.001 13 14,00
6|Gen 4 =1 SUP My Control 5.000 5.000 0,000 9 3.50
7|Gen 7 #1 MW Contral 193,004 193,001 -0,003 2 30,00
8|Gen 7 #1 REG MW Up Contral 43,000 43,000 0,000 4 15.00
9|Gen 7 #1 SUP MW Control 40,000 40,000 0.000 10 7,50
10|Gen 8 £1 MW Control 191,684 191.687 0.003 1 22.00
11|Gen & #1 REG MW Down Control 10,000 10,000 0.000 a3 24,00
12|Gen 10 #1 5UP MW Control 7.000 7.000 0,000 11 4,50
13|Area Left REG MW Up Control 43.000 43.000 0,000 & - 15|:I.|:IEI¢
4[] r
[ W OK ] | SolvelP OPF | [ Single Quter Loop ] [ Initialize LP DPF[ ? Help ] [ X cancel ]

M6: OPF Reserve Markets
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Negative of
marginal benefit
for binding

" constraints. These
constraints will
cause scarcity
pricing.
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Reserve Requirement Curves

Operating | Regulating I Contingency

M6:

Enforce

Cleared MW

Max Reserve MW
Hourly Cost §fhr
Price s/MWh

REG + REG—
YES YES
80,00 80.00
110.00 100,00
860.00  860.00
143.00 12,00

Hourly Benefit S/hr 24000.0C 24000, 0C

Results

5PN

65.00

235.00
845,00

COperating | Regulating | Contingency
REG + REG--
Enforce YES YES
Cleared MW 43.00  60.00
Max Reserve MW 170,00 100.00
Hourly Cost &/hr Fr4.00  1140.00
Price §/MWh 150.00  24.00
Hourly Benefit §/hr 6450.00 S000.00

OPF Reserve Markets

Results

SPM

0.00

295.00

0.00

AREA A
SUP  CTG OPR
NO YES
500  70.00 150,00
39.00  274.00 384.00
42,50 887.50 1747.50
201,00 -131.00
0.00  60000.0C
AREA B
SUP CTG OPR
NO YES
47.00 47.00  90.00
157.00 45200 622,00
33150 33150 1105.50
0,00 -132.00
0.00  22500.0C

Area Results

Area A enforces Operation and
Regulation Reserve. Prices are
obtained for each one of these
constraints. There is scarcity pricing
so the price is given by the demand
curve.

Area B enforces Operation and
Regulation Reserve. There is scarcity
pricing.

© 2014 PowerWorld Corporation
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Reserve Reguirement Curves

Cperating | Regulating | Contingency Results
REG + REG- 5PN
Enforce NO MO :
Cleared MW 80.00  B0.00  &5.00
Max Reserve MW 110,00 100,00 113,50
Hourly Cost §fr 860,00 850.00 845.00
Price §/MWh 0.00 0.00
Hourly Benefit §/hr 0.00 0.00

Reserve Fequirement Curves

Operating | Regulating Cnnﬁngenr_\yl Results |

REG + REG-  SPN
Enforce MO MO .
Cleared MW 43,00 50.00 0.00
Max Reserve My 80.00 50.00 122,50
Hourly Cost S/hr 774.00  900.00 Q.00
Price §MWh 300,00 300,00
Hourly Benefit §/hr 0.00 0.00

M6: OPF Reserve Markets

Zone Results

Reserve Reguirement Curves

ZON E 1 | Operating | Regulating | Contingency
SUP  CTG OPR REG + REG-
] YES MO Enforce MO MO
0.00 £5.00 145,00 Cleared My 0,00 10.00
0,00 112,50 222,50 Max Reserve MW 90,00 50,00
0.00 845,00 1705.00 Hourly Cast &/hr 0.00  240.00
144.00 .00 Price §MWh 0.00 0.00
19500.00  0.00 Hourly Benefit §hr - 0.00 0.00
ZONE 2
SUP CTG QPR
- YES MO
45.00 45.00 38.00
33.00 205.50 285.50
342.50 | 342.50 | 1116.50
139.50  500.00
300,00  0.00

© 2014 PowerWorld Corporation

Results

SPM

0.00

295,00

0.00

ZONE 3

SUP CTG OPR

: YES MO
7.00 7.00 7.00
113.00 408,00 498.00
3150 | 3130 || 3.0
136.50  0.00
840.00 0,00
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LP OPF Dialog

Resulting Prices

| Options | Results | P Solution Details |

| Solution Summary | Bus MW Marginal Price Details
3 B Ak 42 0| g4 88 | =

Mumber|Mame |Area |MW Marg.| Energy [Conges| Losses [Area 1MW |Area 2
Mame|Cost sMwh |s5Mwh | 5MWh |Constraint [MwW

Bus Mvar Marginal Price Details I Bus Maraginal Controls |

Area 1
Area OPR |OPR
Constrain|ResMyy

Records =~ Geo = 5et= Columnps = ' |%H.E' H&E' T %' i

™ T1 Ta Ta

1 1C0ne A
2 2 Two A
3 3 Three A
i 4 Four A
3 5 Five A
=] B Six B
Fi 7 Seven B
8 8 Eight B
2| 9 Nine B
10 10Ten B

M6: OPF Reserve Markets

11.14 5,12 3.28 40,89 14,45
1.5 15.1% 155 41,02 15,10
13,49 15,12 -Z.33 0,70 15.82
14,00 1512 177 0.85 15,77
22.86 1513 BS96 0.79 15.90
23.08 2520 -2.29 0.17 0.00
30.00 2520 %13 0.86 0.00
22,00 25,20 -2.16 -1.05 Q.00
L T R R -1.57 Q.00
25,20 25,20 0.00 Q.00 0.00

\

0.00
.00
Q.00
0.00
0.00
25.37
25.87
24,16
23.63
25,20

-131.00
-131.00
-131.00
-131.00
-131.00
.00
0.00
.00
Q.00
.00

ih o B

Area 2 Areghrea 1 Area 2
Area REG | Area REG
ResMW ResMWlUp | ResMWLIp
Constrainf Constraint |Constraint | Constraint
0,00 143,00 0,00
0,00 143.00 0.00
0,00 143.00 0,00
0.00 143.00 0,00
Q.00 143.00 .00
-132.00 0.00 150.00
-132.00 .00 150.00
-132.00 0.00 150.00
-132.00 Q.00 150.00
-132.00 0.00 150.00

Marginal effect of each constraint on the reserve market

clearing prices. High values indicate scarcity pricing.
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Reserves 3-D Visualization

Supplemental Reserve
= Spinning Reserve
B Regulating Reserve Up
Generator MW

AREA A

110
40 Mvd 00 N

30 Wvar

Interface A->B
)

195
AGC U

@ 100.00 MW
AGC ON
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Effect of Removing Constraints

* In the previous example, we noticed that
although generators 9 and 10 can provide
contingency reserve for Zone 3, this would also
add operating reserve for Area B, possibly
decreasing the “value” of the reserve.

 |n order to illustrate this effect, let us

(keeping the enforcement of regulating
reserves for this area).
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Effect of Removing Constraints

LP OPF Dialog

Options | Results | | p Sglution Details

Solution Summary | Bus MW Marginal Price Details | Bus Mvar Marginal Price Details | Bus Marginal Controls
B Ak % 508 | i ?&J Records * Geo = Set~ Columns = [Eg~- | o fiB. = BH-
Mumber|Mame |Area| MW | Energy |Congestiof Losses |Area 1|Area 2MW| Area 1 |Area 1 Area 2 AregAn
Mamg Marg. | §MWh |5/Mwh  [5MWh MW [Constraint | Area OPR [Area REG |REG Ar
Cost Constr ResMW |ResMWUp|lResMWLUp |Re
Constraint |Constrainf Constraint (G
1 1 One A 11.14 15,12 -3.28  -0.69 14.43 0,00 1.00 11,00 0.aa
2 2 Two A 10,54 15,12 -4,55 -0.02 15,10 0.00 1.00 11.00 0.00
3 3 Three A 13.499 15.12 -2.33 0.7 15.82 .00 1,00 11,00 0.0a
= 4 Four A 14,00 15,12 -1.77 0.a5% 15.77 0.00 1.00 11.00 0.00
5 3 Five A 22,86 15,12 5,96 0,79 15.90 0.00 1.00 11.00 0.00
& 6 Six B 23,08 25,20 -2.29 .17 0 25,37 0.00 0.00 13.00
7 7 Seven B 30,00 25,20 4,13 0,66 a0 25,87 0.00 0.00 13.00 E
3 8 Eight B 22,00 25,20 -2,16 -1.05 /0,00 24,16 0.00 0.00 13.00
9 9 MNine B 22,12 25,20 -1,50  -1,57 0.00 23.63 0.00 0.00 13.00
1 . 0 25,20 0.00 0.00 13.00
Now prices reflect the absence

of scarcity pricing.

M6: OPF Reserve Markets
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Effect of Available Reserves

e Now assume available reserves are equal to half of
the previously available reserves for all generators

and all types of reserve controls.

e Solve the LP-OPF

| Ciptions | Results

LP Solution Details

All LP Variables

LP Basic Variables | P Basis Matrix | Inverse of LP Basis | Trace Solution |

M6: OPF Reserve Markets

© 2014 PowerWorld Corporation

D Cra. 'u'alue| Value | Celta Value | BasicWar | Cost{Up)
1|Gen 2 #1 MW Control 80.000  75.000 -5.000 11 12.00
2|Gen 4 #1 MW Contral 74.720 79,622 4,902 12 14,00
3|Gen 4 1 5PN MW Control 0.000 13.250 13,250 3 11.00
4|Gen 7 #1 MW Contral 198.600 195.405 2,135 1 30.00
5|Gen 7 1 SUP MW Cantrol 40.000  6.250 -33.750 3 7.50
6|Gen 8 #1 MW Control 191,690 194,033 2,343 2 22,00
7|Gen 8 #1 REG MW Up Control 0.000 20,000 20.000 5 24.00
8|Gen 9 #1 5PN MW Control 0.000  5.500 5,500 10 5.00
9lareaTop  REGMW Up Control 80,000 55.000 -25.000 4 -300.00
10|AreaTop  REG MW Down Cont 80,000 50,000 30,000 -300.00
11|Arealeft REGMW Down Contr  60.000  50.000 -10.000 7 -150.00
12|Zone 1 CTG MW Control 65.000 56.250 8.750 -300.00

Several reserve
constraints now
appear as binding, and
prices will reflect

scarcity.
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Effect of Available Reserves

Supplemental Reserve
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Hour-by-hour Simulations

e Often, we need to analyze the reserve dispatch over
a number of hours, instead of for a single hour.

e Simulator can perform power flow and OPF
simulations using a Time Step Simulation (TSS) Tool.

e The TSS is described in more detail in Section “M7”
of the training manual.

— The TSS supports sequential simulation of reserve
markets

— We introduce the TSS without reserves
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Hour-by-hour Simulations

e Consider the 3-bus case without reserves.
e Recall the congestion example.

e Set the time step simulation so the load at bus 3
increases from 20 to 240MW in steps of 20 MW
each hour. This represents a 12-hour study.

* Simulation considers congestion, thus generators
will increase their output economically while they
do not introduce congestion.

M6: OPF Reserve Markets © 2014 PowerWorld Corporation
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Hour-by-hour Input Data

) ~

Tirne Step Simulation EI
Starting Time: [8/6/2007 1:00:004M ¥/ | Do Run || ResetRun | [ ReadTsBFie |
Ending Tine: lgfﬁfzﬂuj 12:00:00 M.+ | I Do Single Paoint | [ Insert Time Points I | Save TSB File I
Hourly Summary | Input iResults | Results: Constraints I Options I TSE Case Desa'ipﬁun|

Hourly MW Loads | Hourly Mvar Loads I Hourly Gen Actual My | Hourly Gen Max My I Hourly Line Status | g ok
W= +'E.'3| ik ?&D| Records = Set~ Columns = Eg- |%“E* e ¥ BH- @

Date Hour Mum Loads | Total MW Load |Total MVA Load | Bus 3 #1Mw |

1 3/6,/2007] 1:00:00 AM 1 20.0 0.0 20.0

2 3f6,/2007| 2:00:00 AM 1 40.0 0.0 40.0

3 8/6/2007| 3:00:00 AM 1 &0.0 &0.0

4 3/6/2007| 4:00:00 AM 1 280.0 0.0 20.0

L 8/6/2007| 5:00:00 AM 1 100.0 0.0 100.0

=] 3/6/2007| 8:00:00 &M 1 120.0 0.0 120.0

Fi 362007 7:00:00 AM 1 140.0 0.0 140.0

8 36,2007 8:00:00 aM 1 160.0 0.0 150.0

9 36,2007 9:00:00 AM 1 180.0 0.0 180.0

10 36,2007 [10:00:00 AM 1 200.0 0.0 200.0

11 362007 |11:00:00 AM 1 220.0 0.0 220.0

12 3/6/2007|12:00:00 PM 1 240.0 0.0 240.0

Last Result: Initilized Present Time
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Hour-by-hour Generator Results

| Hourly Summary | Input

Result Definitions

Results

Results: Constraints | Options | TSE Case De

| View Modify | |

Load

Save

| Areas | Buses

1 Ik
Date

Group Re:

enerators | Injection Groups | Interfaces I Limes I Owners |

e %8 | i ﬂn| Records = Set ~ Columns - [Ed-

Hour

skip|1 #1 Gen Mw/|2 #1 Gen Mw|3 #1 Gen M|

8/5/2007| 1:00:00 AM

8/5/2007| 2:00:00 AM

8/5/2007| 3:00:00 AM

8/5/2007| 4:00:00 AM

8/5/2007| 6:00:00 AM

8/5/2007| 7:00:00 AM

8/5/2007| 8:00:00 AM

1
2
3
4
5|8/6/2007| 5:00:00 AM
G
7
8
4

8/5/2007| 9:00:00 AM

10|2/5/2007 [ 10:00:00 AM

11|86 2007 (11:00:00 AM

12|2/5/2007( 12:00:00 PM

MO
MO
MO
MO
MO
MO
MO
MO
MO
MO
MO
MO

M6: OPF Reserve Markets

19,98
40,00
60,00
80,00
100,00
120,00
140,00
139.75
119,75
99,58
99.83
99,88

Q.00 Q.00
Q.00 Q.00
Q.00 Q.00
Q.00 Q.00
Q.00 Q.00
Q.00 Q.00
Q.00 Q.00
20,24 Q.00
60,16 Q.00
99,87 0.25
99,87 20,25
93.87

/i\

Gen Timepoint Custom Results Variables

Values

1:.00 AM 2:00 AM 3:00 AM 4:00 AM 5:00 AM 6:00 AM 7:00 AM 8:00AM 9:00 AM 10:00 AM 11:00 AM 12:00 PV
DateTime

[=1#1Gen MW —2#1 Gen MW —3 41 Gen MW |

Genl can increase its output up to 150 MW,
when line 1 to 3 becomes 100% loaded.
Then Gen2 must increase its output, but
Genl must decrease simultaneously so line
1 to 3 does not become overloaded.

When Genl and Gen2 are both generating
100MW, both lines 1 to 2 and 2 to 3 are
loaded at 100%. Then Gen3 must generate
to serve the load.
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Hour-by-hour Bus Marginal Prices

| Hourly Summary I Input Results |Results: Constraints I Options I TSE Case Description

Fesult Definitions Group Results by Identify Re

| View Modify | | Load | | Save | i@ Objects ) Fields @ Mumber

| Areas | Buses | Generators I Injection Groups I Interfaces I Lines I Owners I SuUperareas I Transforme * | *

g Ak w50 | dth ﬁ%,,| Records = Set = Columns = [Eg- |“.E* ee ¥ E. Z

Date Hour Skip | 1MW Marg. Cost | 2 MW Marg. Cost | 3 MW Marg. Cost |
1 8/5/2007| 1:00:00 AM|MO 10.00 10.00 10.00
2 8/5/2007| 2:00:00 AM|MO 10.00 10.00 10.00
3 8/6/2007| 3:00:00 AM|ri0 10.00 | 10.00] 10.00
4 8/6/2007| 4:00:00 AM|NO 10.00 10.00 10.00
5 8/6/2007| 5:00:00 AM|NO 10.00 10.00 10.00
5 8/6/2007| 6:00:00 AM|NO 10.00 10.00 10.00
7 8/5/2007| 7:00:00 AM|MO 10.00 10.00 10.00
8 8/5/2007| 8:00:00 AM|MO 10.00 12.00 14.00
3 8/6/2007| 9:00:00 AM|MO 10.00 12.00 14.01
10 8/6/200710:00:00 AM|MO 10.00 12.00 20.00
11 8/6/2007|11:00:00 AM|MO 10.00 12.00 20.00
12 8/6/200712:00:00 PM|NO 10.00 12.00 20.00
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TSS Reserve Simulations

* Data that can be modified using the Input page
— Individual Load MW and Mvar
— Individual Generator MW and Mvar
— Area and Zone Total Active and Reactive Load

e However, we are interested in modifying generator
reserve-related input data such as reserve bids.

e Schedules can be used for this purpose.

e Let us assume that generators bid spinning reserves
at double the price during day-hours than during
night-hours. Let us set up the following schedule.

M6: OPF Reserve Markets © 2014 PowerWorld Corporation
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TSS Reserve Simulations

Schedule will repeat
every day. At 6 pm it
will assume a value
that will be doubled at
6am.

M6: OPF Reserve Markets

Schedule Dialog

| S e S

Schedule Mame: Schedl

Periodic Schedule
Days Hours

- -

Repeat Ewvery L5 0=

R —

[] walid From Sat, Jan 01, 2000

[ valid ntil Tue , Dec 31, 2030

Yalue Type

(@) Mumeric

() YesMo, Closed/Open
) Text

[]interpolate Values Between Time Points

Mame Suffix: Mum.PER 1d0hOmds.M2

Minutes

Timepoint List

Delete Point

Week Day

Seconds

shift Datetime
Hour Minute Sec

. . . - .

- - - -

Date Hour Numeric Value |
1 Monday, 08/06/2007 01:00: 00 AM 1.0000
2 Monday, 08/06/2007 07:00: 00 AM 2.0009
Lok | [ save |

© 2014 PowerWorld Corporation
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TSS Reserve Simulations

* Then we subscribe the spinning reserve bid price
variables to the schedule and scale the bids as

follows:

Hourly Summary | InPut | Results | Results: Constraints I Cptions I TSE Case Descripﬁcln|

| Hourly MW Loads I Hourly Mvar Loads I Hourly Gen Actual Mw | Hourly Gen Max M I Hourly Line Status | Hourly Area Loads I Hourly Zone Loa * | *

B & Ak % 5% | &4 | Records = Set - Columns - [B- | wo- U ¥ B H | Options =
Ohject |Object|Cbhject|Object Object Field Schedule Mame Suffix Active|Relative|Multiplier | Value
ID1 D2 |ID3 shift
1|Generator 1 ] 1 OPF Input'Reserve Spinning Price Sched1 Mum.PEROdOhOmMOs. M2 YES  YES 10,0000 40,0000
2|Generator 2 i 1 OFF Input'Reserve Spinning Price Sched1 Mum,PEROdOhOmds. M2 YES Y 15,0000 0.0000
3|Generator 3 ] 1 OFF Input'\Reserve Spinning Price Sched1 Mum,PEROdOhOmds. M2 YE YES 18,000 0.0000

SR price of Gen 1 will be 10 $/MWh during the
night and 20 $/MWh during the day, respectively.
Gen 2 will be 15 and 30 $/MWh, etc
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TSS Reserve Simulations

 Enforce Area Operation, Regulation and
Contingency Reserve Requirements

e Set recourse available as for the complete 3-bus
case simulation.

* |n OPF Dialog check the options to:
— Include Reserve Requirements in OPF
— Use a single control for up and down regulation

e Run the TSS Simulation

M6: OPF Reserve Markets © 2014 PowerWorld Corporation
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TSS Reserve Simulations

Generator Results are as follows:

|Areas |Euses Generators |Injecﬁn:|n Groups I Interfaces | Lines Iﬂwners |Superareas | Transformers I Ennesl

B Akt 5% | ] ?&D| Records = Set = Colmns - B~ o~ L~ ¥ B- & H | Options ~
Date Hour  |skip 1:15PP12=15P[~13 :15PHI=1Ger‘2=1Ger‘3 :1Ge11=1RE12:1RE13:1RE11#15P#1
Price_ |Price [Price MW [Mw__ |MW MW Up |MWUp |MWUp (MW Up
ilafg/ao07| nomooamfno| w0 150 0| 20 00 00| 50 750 0.0 | 160
2|sje/2007| 200:00aM[n0| w0 150 10| 400 oo oo 40 00 00l 69
3|sjsj2007| 3o0:00AM|NO| 0.0 150 180)] 550 50 00| 550 50 0.0 | 160
4(gfe/2007| 4on:00Amno| w0 150 80| 550 250 0.0 S50 250 0.0 | 160
5|sjsf2007| so0:00aM|NO| 0.0 150 180] 750 250 00| 550 250 0.0 | 160
6l3//2007| e:onooamino| w0 150 80| 950 250 0.0 550 250 0.0 | 160
7lsjsj2007] 7o0:00AM[NO] 2000 300 380| 1150 250 00| 550 250 0.0 | 160
3lgfe/2007] s:onooamino| 200 300 30| 1350 250 0.0 S50 250 0.0 | 160
glgfea07] o000 amino| 200 300 30| 1197 802 00| 198 802 0.0 | 160
10gjsf2007|10:00:00 AM[NO | 2000 300 30| 999 988 03| 50 750 00| 160
11|gjsf2007| 10000 AM[NO | 2000 300 30| 999 988 03| 50 750 0.0 | 160
12|8/6/2007| 12:00:00PM[no | 200 30.0  36.0] 993 938 43| 50 750 00| 160
Verify Generator Generator hourly
change in hourly cleared regulating reserve

Reserve Bid energy output

M6: I(D)gl-cggserve Markets

2F15PM3 #15PM1 #15UR2 #15UR3 #1 50

MW Lip 1MW Up 1M'n Up P‘MW Lp F|I'~’IW Lp P‘
0.0 0.0 0.0 43.0 36.0
0.0 0.0 0.0 43.0 38.0
0.0 0.0 0.0 43.0 36.0
0.0 0.0 0.0 43.0 36.0
0.0 0.0 0.0 43.0 30.0
0.0 0.0 0.0 43.0 36.0
0.0 0.0 0.0 43.0 36.0
0.0 0.0 0.0 43.0 36.0
0.0 0.0 0.0 43.0 38.0
0.0 0.0 0.0 43.0 36.0
0.0 0.0 0.0 43.0 36.0
0.0 0.0 0.0 43.0 36.0

()
Generator hourly

supplemental reserve

Generator hourly
© 2014 PowerWorld Corporation SPINNINg reserve
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TSS Reserve Simulations

e Using the column plot

Gen Timepoint Custom Results Column Plot

|"-.-"a[iab|eg| Scale/Ophions |

Scales

smax 08/06/07 -~ 12000PM 2
Hmin 03/06/07 w01 00AM 2
Y max 140,000
' min -10.000

Autamatic #-axiz Window

Wwiindow Hours Bl

Dirag the mouse an the plot o 200m in

Line Optionz
Line Wwidth e

Yalues

Gen Timepoint Custom Results Variables

10 : : i :
1204 - R T T M- TR
1204 ------ b oo e R e e R
1104------ EE aGREEEEREEEEE SRRy CEEPEEE  ERREEEE FLE R EEEEE LR
1004------ R RREEDE cEEEEEEEEEEED P R R ;
904------ T T EETEETEEY 4 S RERREEEE
of — LS R
R S T o S
go4h----- N L I LT e
cpl b L RN RRPU UpRpRpR N NpUpRRRRRRPY | WRPUPN R o
ol Nl T e YA SR )
30/(r ------------- oo 3o SRR R / -
20440 b - G- . N S
105~ \I\ 5"‘"('_';_7['"5 """"""" doceoeoos boooon e g
l:l 1 1 1 !f
— — — — -
2:00 AM 4:00 AM 6:00 AM 8:00 AM 10:00 AM 12:00 P
DateTime

Gen MW
REG MWW Up
SPN MW Up

en MW — 3#1 Gen MW

—2#1 G
=—3#1 REG MW Up — 1 #1 3PN MW Up — 2 #1
—1#15

UP MW Up —2#1 SUP MW Up =— 3 31

1#1 REG MW Up
SPN MW Up

SUP MW Up

| ﬂglnse |
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