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Abstract—This paper outlines the fundamental features of the The balancing market is the real-time energy market in which
PJM day-ahead energy market and real-time energy market. The the clearing prices are calculated every 5 min based on the
Day-ahead market is based on a voluntary least-cost security con- actual system operations security-constrained economic dis-

strained unit commitment and dispatch with several fundamental tch. S ¢ fi ttl ¢ f df h
design features that ensure the market is robust and competitive. patch. Separaie accountng SEtiements are periofmedior eac

This market offers market participants the option to lock inenergy ~ market, the day-ahead market settlement is based on scheduled
and transportation charges at binding day-ahead prices. The flex- hourly quantities and on day-ahead hourly prices, the balancing
ibility of the day-ahead market rules provide all participants with  settlement is based on hourly integrated quantity deviations
equal access to the day-ahead market through consistent price Si9-from day-ahead scheduled quantities and on real-time prices

nals and by providing all participants with the ability to submit . . .
virtual demand bids and virtual supply offers. These mechanisms integrated over the hour. The day-ahead price calculations and

promote liquidity in the markets. Economic incentives drive the the balancing (real-time) price calculations are based on the
convergence of the day-ahead and real-time market prices. The concept of locational marginal pricing (LMP).

real-time energy market is based on security-constrained economic

dispatch and is cleared based on the actual system operating con-

ditions. The LMP-based markets support reliable grid operations

through efficient price signals. Il. DAY-AHEAD ENERGY MARKET

Index Terms—Electricity market, locational marginal pricing. The day-ahead market provides market participants with the

ability to purchase and sell energy at binding day-ahead prices.

|. INTRODUCTION It also allows transmission customers to schedule bilateral trans-
JM OPERATES the world’s largest competitive wholesala.cnonS at b_lndmg d_ay—ahead _congesnon charges based on the
flfferences in Locational Marginal Prices between the transac-

electricity market and one of North America’s larges ion source and sink locations. Load serving entities (LSEs) may

power grids. PJM currently coordinates a pooled generatin : . . . ..
capacity of more than 67000 MW and operates a wholesa%bm't hourly demand schedules, including any price sensitive

o . eémand, for the amount of demand that they wish to lock-in
electricity market with more than 200 market buyers, selleg dav-ahead prices. Anv generator that has entered into an in-
and traders of electricity. The PIM market covers all or parts ¢ Y P ANy 9

PA, NJ, D, DE, O, A, WA, and h Distict of Couma. .31 202 et TSt s oo ofr sl o e
With the April 1, 2002, addition of PIJM West, for the first Y

. . éo outage. Other generators have the option to offer into the day-
time nationally two separate control areas now operate un %r . ) .
ahead market or into the real-time market. Transmission cus-

a single energy m'arket, single security-constrained econorpc'f(r:ners may submit fixed, dispatchable or “up to” congestion bid
dispatch and a single governance structure across mulUB

North American Electric Reliability Councils. ifateral transactlon schedules'lr?to the day ahead' market and
) may specify whether they are willing to pay congestion charges
The PJM energy market consists of two markets—a - . L . . )
X . r wish to be curtailed if congestion occurs in the real-time
day-ahead market and a real-time balancing market. The .
. . . - market. All spot purchases and sales in the day-ahead market
day-ahead market is a forward market in which hourly clearin .
: .dre settled at the day-ahead prices.
prices are calculated for each hour of the next operating . .
dav based on aeneration offers. demand bids. virtual supol After the day-ahead market bid period closes, PIM calculates
y 9 ' ' PR day-ahead schedule based on the bids, offers, and schedules

offers, virtual demand bids and bilateral transaction schedu es0 . . . .
submitted based on least-cost, security constrained unit com-

submitted into the day-ahead market. The day-ahead ener%¥ . .

market is a voluntary bid-based market that is cleared using@ment’ and dispatch for each hour of the next operating day.
ch,
al

i : ) ) C e day-ahead market clearing process incorporates PJM reli-
security-constrained unit commitment and economic dispatch..:. : S . .
ility requirements and reserve obligations into the analysis.

The resulting day-ahead hourly schedules and day-ahead LMPs

Manuscript received November 26, 2002. _ represent binding financial commitments to the market partic-
The author is with PIM Interconnection LLC, Norristown, PA 19403-249/ . . L. .

USA. ipants. Financial transmission rights (FTRs) are settled at the
Digital Object Identifier 10.1109/TPWRS.2003.810698 day-ahead LMP values.
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A. Market Design Obijectives physical operating limitationsThis design feature ensures that

As stated previously, the PIJM market design is based on {he financial schedules that result from the day-ahead forward
concept of LMP. A key feature of an LMP model is that there ismarket are consistent with the phy;ical transmission capability.
fundamental consistency between the energy price and the pridérefore the day-ahead scheduling process ensures that the
of delivery on the transmission system. In this model, the enerfj¢nSmission capability is not over-subscribed and ensures that
price difference between the injection point and the withdrawH]€ generation schedules are consistent with the generator’s
point is equal to the transmission congestion écterefore, a physical capabilities. The fundamental consistency between
market participant who injects (sells) energy at location A arfje forward market and the real-time market ensures a robust
withdraws (purchases) at location B will pay exactly the sanjB@rket design that promotes economic efficiency and it enables
as a market participant who pays the transmission congestifi Mmarket to avoid the gaming opportunities that have plagued
charge to deliver a bilateral contract from A to B. This consigther market designs.

tency is a feature of both the PJM day-ahead market and thd "€ third market design objective involves more than just
PJIM real-time market. the fundamental structure of a two-settlement systdiralso

In addition to the LMP concept, the fundamental design ofgauires that there is consistency between the market pricing

jectives of the PIM day-ahead energy market are: 1) to provila}_gchanisms and that price convergence occurs between the

a mechanism in which all participants have the opportunity fgarkets over time. - ,
lock in day-ahead financial schedules for energy and transmis- € following series of examples will illustrate the economic
sion; 2) to coordinate the day-ahead financial schedules wifigentives tha.t exist in the two settlement design. _

system reliability requirements; 3) to provide incentive for re- EX@mple 1:A customer submits a day-ahead demand bid

sources and demand to submit day-ahead schedules: and 4@ clears for 100 MW at an LMP of U.S.$ 20/MWh. In the
provide incentive for resources to follow real-time dispatch if€al-time market, the customer has 105 MW of demand and the

structions. LMP value is U.S.$ 23/MWh. In this case, the customer’s re-

The first market design objective is accomplished by pr&Yting finfmcial settlementis: day-ahead load paymebltS.$
viding a variety of alternatives for participation in the day-aheag?/MWh * 100 MW = U-§-$ 2000, Real-time balancing pay-
market. The participation options include the ability to self€nt= (105-100) MWh * $23/MWh= U.S.$ 115. The total

schedule resources, the ability to submit bilateral schedules Afyment is U.S.$ 2115. If the customer had locked in his total
the ability to submit offers to sell or bids to buy from the dayl0ad of 105 MWh at the Day-ahead price of U.S.$ 20 then his
ahead spot market. This flexibility ensures that all market pdRtal payment would have been 105 MWh * $20$2100¢ .
ticipants have equal access to the day-ahead market. TherefH@,rEfore' in this case the cu.stomer has the incentive to su.bmlt
any barriers to trade in the day-ahead market are minimizedf§ actual expected demand into the day-ahead market. This in-
that the market will be as competitive as possible. In order ggntive is driven by the fact that the customer experienced a de-

further promote liquidity, the market design also includes t{8and increase between the day-ahead and real-time markets at
ability to submit purely financial positions in the form of vir-the same time that the entire market exhibited the same trend as

tual supply offers and virtual demand bids. In this way, the da{rdicated by the higher real-time LMP. ,
ahead market provides both the ability the hedge physical deEX@mple 2: A customer submits a day-ahead demand bid
livery and the ability to enter financial positions into the markethat clears for 100 MW at an LMP of U.S.$ 20/MWh. In the
All positions that are cleared in the day-ahead market are findf2!-time market, the customer has 95 MW of demand and the
cially binding and will liquidate in the balancing market if they-MP value is U.S.$ 23/MWh. In this case, the customer’s re-
are not covered by a real-time energy delivery. sulting financial settlement is: day-ahead Ipad paym:e_UtS.$

The second market design objective is important to ensg®MWh * 100 MW = U.S.$ 2000, Real-time balancing pay-
that the day-ahead schedules are physically feasible 4R§Nt= (95-100) MWh *U.S.$ 23/MWh= —$115. The total
are consistent with reliable system operations. This featf@yment is U.S.$ 1885. If the customer had locked in his total
is significant because it requires that the powerflow mod&ad of 95 MWh at the Day-ahead price of U.S.$ 20 then his
used to analyze the day-ahead market is consistent with {RE Payment would have been 95 MWh * $20U.S.$1900.
powerflow model that is used in real-time system operationgherefore' in this case the customer has the mc_entlve to submit
It also requires that the Day-ahead market is cleared condia€ lower demand into the day-ahead market. This result demon-
ering the same single contingency criteria and trans:missif)‘i‘]""teS anotherfga}turg of thetwo-gettlgment system. If a partic-
equipment ratings that are used in real-time operations. sirgant takes a position in the opposite direction of the rest of the

the underlying powerflow model and operating constraintszthese limitations include the generators startup time, minimum run time,
are consistent between the day-ahead forward market and ghrzgy limits, ramp limits, and other physical unit operating constraints.
real-time dispatch, the LMP signals are consistent betweeriThe PIM two settlement system consists of a day-ahead financial settlement

. ... and a real-time balancing market.
the day-ahead and real-time markets as well. In addltlon“This example assumes that the customer’s demand is a small part of the

to the powerflow model consistency, the day-ahead markgtrall market which means that the small increase in demand would not have
also respects system reserve requirements and the generafistantially changed the clearing price.

5This example also assumes that the customer’s demand is a small part of the

IThe current PIM model does not reflect the cost of marginal losses in terall market which means that the small increase in demand would not have
LMP calculation. substantially changed the clearing price.
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market, then economic reward results. This incentive is key PIM Average Hourly System LMP
driving price convergence between the markets. for 2001
h . . . 60

The incentives illustrated in the examples encourage da
ahead market participation because if demand is too low in tl 50 =
day-ahead market, the customer faces higher real-time pric 40 f_/,\_/\\\_i\
and if demand is too high the opposite occurs. In addition, tf /" \
desire to obtain forward price certainty and to manage risk al: 30 y = \\
contribute to the incentive for demand customers to submit da 5 // N
ahead demand bids.

The incentives for generation are best discussed in the cc 10
text of the fourth design objective. Creating the incentive for re
sources to follow real-time dispatch instructions is fundament
to the voluntary bid-based market design. Utilizing a voluntar
market to support reliable grid operations requires strong ec |—Real-time ——'DaY-ahead|
nomic signals that are consistent with real-time reliability re-
guirements of the grid. The best way to illustrate the incefig. 1. Day-ahead versus real-time hourly average LMP.
tive for generation to follow real-time dispatch instructions iﬁause the real-time price reduced. Essentially,

through the use of additional examples. driven by the fact that the generator was paid a higher price for

. Example 3: A generator submits an incremental offer curvg o day-ahead scheduled output and was able to buy it back in
into the day-ahead market for 100 MW at U.S.$ 20 and for 120 .0\ time market at the reduced price

MW atU.S.$ 30. The generator offer is cleared in the day-ahea his section has outlined the fundamental design concepts be-

market' for 100 MW at Q'S'$ 20. Inthe real-time market, the gz the p v day-ahead market. The next section will examine
erator is requested to increase output by the system operatorio, o+ recyits

the 120 MW level and the real-time LMP value is U.S.$ 31. The

generator has the incentive to increase its output above the dgy-p M Day-Ahead Market Results
ahead scheduled amount because the real-time LMP is highe‘Fhe PIM day-ahead energy market was implemented in June
and the generator will receive the higher real-time price for t%oo Since the implementation, the convergence between day-
additional megawatt delivered in the real-time market. The gen- ~ '

rtorstimeni: ey ahead M-S 200 25 CES 2 e prce s g ) e
U.S.$ 2000 and real-time (120-100)MWh * U.S.$ 31/MWh '

. and the average real-time LMP was U.S.$ 32.38. Therefore the
= U.S.$ 620, the total generator revenue 1s U_'S'$ D \§erage day-ahead LMP value was 1.1% higher than the av-
exam.ple Sh,0W§ that the Qe”era“” has |n<?ent|ve to respon ltgge real-time LMP value. The relationship between the av-
real-time price increases if the real-time price exceeds the 98Page Day-ahead LMP and the average real-time LMP varies by

erator’s incremental offer. _ _ hour of the day. A plot of the PIM average hourly system LMP
Example 4: A generator submits an incremental offer curv& shown in Fig. 1 [1].

into the day-ahead market for 100 MW at U.S.$ 20 and for 120 The pot, Fig. 1, illustrates the close relationship that has de-
MW at U.S.$ 30. The generator offer is cleared in the daye|oped between day-ahead and real-time prices. The funda-
ahead market for 120 MW at U.S.$ 45. The next day in th@ental incentives mentioned previously drive this convergence,
real-time market, the generator is requested to reduce to }Qfi the convergence also occurred quickly because of the flexi-
MW output and the real-time price falls to U.S.$ 20/MWh bebility provided by the virtual bidding rules. The PIM day-ahead
cause of lower than expected loads. If the generator redugesign makes it easy to submit virtual supply offers and demand
output then it must purchase the quantity difference at real-timgis which promotes liquidity and a robust market. During the
price. An examination of the generator’s profit under this scgear 2001, the average hourly amount of virtual supply offers
nario will reveal the incentive. The Day-ahead settlement is 12@ared in the day-ahead market was 6547 MW [1]. The onpeak
MWh * U.S.$ 45/MWh= U.S.$ 5400, the generators produchour average was 8094 MW and, at times, the cleared virtual
tion cost? is U.S.$ 2600. If the generator does not reduce outpstipply offers cleared were over 18 000 MW. The average hourly
then its profit is: U.S.$ 5406-U.S.$ 2600= U.S.$ 2800. If amount of virtual demand bids cleared in the Day-ahead market
the generator reduces as requested, then the real-time settleiwast5393 MW [1]. The on-peak hour average was 6298 MW
is: real-time settlement (100-120)MWh * U.S.$ 20 MWhR=  and, attimes, the cleared virtual supply offers cleared were over
—U.S.$ 400. In this case, the generator's production cost is &6 000 MW. These results demonstrate the high degree of lig-
duced to U.S.$ 2000. The generators profitis then equal to U.9liglity in the day-ahead and forward markets.

5400— U.S.$ 400- U.S.$ 2000= U.S.$ 3000. Therefore, the

generator makes more profit by following the dispatch instruc- lll. REAL-TIME ENERGY MARKET

6This example assumes that the generator submitted an offer equal to its rperating conditions. Re_al'time L_MPS are Calcu_lated based on
ginal cost. the actual system operating conditions as described by the PIM

0~
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the incentive is
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state estimator using the applicable generation offer data dndthe PIM dispatchers when the PIM control area is operating
dispatchable external transactions. Generators that are availahiieof economic merit to control such limitations.

but not selected in the day-ahead scheduling may alter their bids

for use in the real-time energy market during the generation 8- LMP Data Model Input

blddlng period from 4:00 to 6:06.M. (otherwise their original 1) Offer Data From Generating Resource8ffer data from
day-ahead market bids remain in effect for the real-time energinerating resources are stored in the markets database with all
market). LSEs will pay real-time LMPs for any demand thaffer data locked as of noon the day before the actual operating
exceeds their day-ahead scheduled quantities (and will receié. These data along with demand bids, and external transac-
revenue for demand deviations below their scheduled quanfbns are used in the PIM day-ahead market to determine the
ties). Generators are paid real-time LMPs for any generation thatual day-ahead scheduled quantities, day-ahead LMP values
exceeds their day-ahead scheduled quantities (and will pay #fd net tie schedules. If a generator offer is accepted in the
generation deviations below their scheduled quantities). Tramgy-ahead market, then the offer carries over into the real-time
mission customers pay congestion charges based on real-tijitket, otherwise the generator may changes its offer data for
LMPs for bilateral transaction quantity deviations from daythe Real-time market during the re-bid period (4:00-62@0).
ahead schedules. All spot purchases and sales in the balancingfter the re-bid period, a reserve adequacy assessment is per-

market are settled at the real-time LMPs. formed by PJM to determine if additional steam units, above
those scheduled in the day-ahead market results, need to be
A. Overview of Real-Time LMP Calculation scheduled in advance of the operating day.

During the operating day, the PJM dispatch will communi-

X ate desired dispatch levels by sending economic price signals
culated for all PJM load busses and generation busses that @& .,nomic dispatch rates) and/or individual unit megawatt to

]Enodeleq in t?e P‘]bM state gshtimﬁtor. LMPsl are also g?lcma'i‘ﬁ% generators. Generators that are following economic dispatch
or PIM interface busses with other control areas and for othggy \ctions will achieve the desired megawatt output level that

busses outside the PJM control area as required. is described in the dispatch signal by comparing the dispatch
In order to perform LMP calculations and to perform the aszse it receives from PJIM to its offer curve.

sociated energy settlements and billing, a complete set of inputz) Transaction Data: Transaction schedules can be

data are required. This set of input data includes submitted for the day-ahead energy market, day-ahead
+ accurate model of the actual operating conditions that exjstescheduling for the real-time energy market or hour by hour

At 5-min intervals, locational marginal prices (LMPs) are calé

on the PJM power grid; into the real-time energy market during the operating day. All
» complete description of all external transactions; transaction schedules crossing the PJM control area boundary
» full set of offer data from generating resources; must be entered into the PIJM energy management system for
» set of dispatchable transactions; creation of pool-to-pool schedules and must include designation

* list of binding transmission constraints; of a point of receipt and point of delivery. Points of import into
 economic dispatch instructions; the PJM control area are chosen from a set of external interface

* log of dispatching instructions. points into the PJM control area. Points of export from the PIM
The PJM state estimator provides the initial powerflow solwwontrol area are also chosen from the set of external interface

tion that is required as input to the LMP calculation. points. Points of receipt or delivery by a participant within the

All PIM generation that is following PIM dispatch instrucPJM control area will be chosen from the list of valid sources
tions are eligible to set LMP values. In addition to generatioand sinks listed on the PJM OASIS. Dispatchable transactions
external transactions that are designated as dispatchable andreiosthe PIM control area that are following economic dispatch
following PJM dispatch instructions are eligible to set LMRnstructions are eligible to participate in the calculation of
values. Since the LMP model includes a detailed model of adjavIPs and are modeled as generation (or load) at the designated
cent external systems, loop flow effects are implicitly includegoint of receipt (or delivery).
in the calculations. 3) Binding Transmission Constraintd//hen the PIJM EMS

In the real-time energy market, PIJM dispatchers megystem detects possible upcoming transmission limit violations,
the energy demand while respecting transmission secutite PJM dispatch investigates solutions to the problem. If the
constraint using the least-cost security constrained econortiEnsmission limitation can be resolved through system recon-
dispatch program, the unit dispatch system (UDS). The UDiguration (PAR operation or switching) then the constraint is
is an ex-ante dispatch that is based on the projected systm@naged using the EMS system. If the transmission violation
conditions within the next 5 min. The LMP calculations areequires redispatch, the system operator transfers the transmis-
ex-post and are based on the actual generation responssido constraint information to the unit dispatch system for res-
the ex-ante dispatch that was sent 5 min before. Since thation. If the transmission constraint becomes a binding con-
LMP calculation is based upon the actual operating conditioesaint in the security-constrained economic dispatch solution,
existing in the PJM control area as described by the PJM st#te unit dispatch system will transfer the binding constraint in-
estimator solution, the LMP values are calculated based oricamation to the locational price calculation module. The LPA
dynamic model of the PIM power grid. The LMP calculatiogontingency processor translates this information and inputs the
will take into account the current transmission and generatitnansmission constraint to the LPA. The three types of transmis-
outages as well as transmission limitations that are identifistbn constraints that can be modeled in the LPA are detailed.
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1) Reactive interface limits Locational Marginal Pricing Model
Voltage and stability limits that are caused by regionz
transfers are modeled as interface limits. Interface limii ¢, .0 = Dispatch Rates
are modeled in PIM system operations, and thereforeint __ offers Di:]p“;t‘ch Desired Unit Outpu
LPA, as a limitation to the total flow on a set of transmis. System
sion lines. The PJM reactive interfaces describe key trar
mission boundaries on the PJM transmission system tt

Flexible Generating
Real-Time Units and Offers
ata | — —

measures the voltage performance of specific areas of |  pau

Energy [;rcmandm LMPs
power grid? R > for all
2) Thermal limits without contingency System Topology'— | Locations
These are limits to the amount of power that can flow on M " Unit
single transmission line due to physical limitations such ¢ Dispatcher — | Dispatch fi_ Binding
conductor heating, line sag, etc. These limits are model Input At Transmission

Constraints

in the LPA such that the flow on the line is held at or below
the state estimator value.

3) Contingency limits
These limits are thermal limits that anticipate the loss of

S . X S Solution. The ICC executes at the beginning of the LMP calcu-
another transmission facility. A contingency limit is eval;

X . ..~ "lation sequence and if a problem is identified the program logs
uated by calculating the resulting flow on the momtorefie error to the LPA error log and produces an appropriate alarm
facility for the loss of the another transmission facility (th g P pprop

contingency facility) or set of transmission facilities ThisO the system operator.
resulting flow is called the contingency flow. These limits The primary purpose of the OCC is to verify that the LMP

. . calculation is performed accurately and completely. The OCC
are modeled in the LPA such that the contingency flow Will check all the output data files to ensure that each program

held at or below the c_ontlngency .ﬂOW that is CaICUIate\gompleted successfully and produced its corresponding output
based on the state estimator solution.

file along with several checks of the results for reasonability.

. The OCC will check the file's operating system timestamp and

C. Description of the PJM LMP Model any internal timestamps to ensure the file’s times are current

The PJM LMP calculation process consists of a variety @hd consistent with the interval being processed. In addition,
programming modules that are executed as part of the real-titie OCC will check the resultant LMP’s for consistency with
sequence that executes every five minutes on the PJM enesgy constraint information. This program performs LMP val-
management system (EMS). A functional diagram of the PJMation by verifying that the LMP of each generator that is a
LMP model is shown in Fig. 2. As indicated in Fig. 2, the maigontrol variable in the LPA is consistent with the price bounds

Fig. 2. Functional diagram of PJM LMP model.

modules of the PJM LMP model are that are set by the generators offer data and dispatch rate. The
* state estimator; OCC executes at the end of the LMP calculation sequence and
* LPA preprocessor; if a problem is identified the program logs the error to the LPA
« locational price algorithm (LPA); error log and produces an appropriate alarm to the system oper-
* unit dispatch system (UDS). ator.

Each of these modules is described in detail below. In additionl) PIJM State EstimatorThe LMP calculation depends
to the main modules that are listed in the diagram, several othgaon having a complete and coherent power flow solution
programs designed to ensure data integrity are executed as partnput. This input requirement can be achieved by using a
of the PIJM LMP calculation process. These programs includtate estimator. The state estimator is a standard power system
the LPA Input Data Consistency Check (ICC) program and tlagerations tool whose purpose is to provide a base case power
LPA output data consistency check (OCC) program. flow solution for input into other computer programs. The state

The primary purpose of the ICC is to perform data verificatiogstimator uses actual operating conditions that exist on the
on all input data to the LMP calculation process to ensure theawer grid (as described by metered inputs) along with the
the information is current, consistent and reasonable. The I@@damental power system equations to calculate the remaining
program will monitor all input data files to ensure that each file’ows and conditions that are not metered. Since the state
operating system timestamp and internal timestamps are curmestimator solution provides a complete and coherent model of
and consistent with the interval being processed. In addition, thetual operating conditions based upon observable (metered)
ICC will check any transmission constraint data to verify thanhput and an underlying mathematical model, it can be used
any contingencies entered and their corresponding controllitiyprovide the basis for the LMP calculations. The inputs to
actions are all entered consistently, accurately, and in a timée state estimator are the available (metered) real-time mea-
manner. The ICC also monitors the status of the state estimagorements, the current status of equipment (lines, generators,
solution to ensure that the solution is a valid solved powerflotkansformers, etc.), and the bus load distribution factors.

. . _ This standard industry tool depends upon data redundancy

Interface limits are modeled in the LPA such that the sum of the flow on the

interface will beheld at the megawatt value of the interface flow from the stagdd the underlying physpal and ma.them.at'cal relationships of
estimator solution or lower. the power system to provide a solution with less error than the
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original measurements. Therefore the state estimator can correct value is calculated by comparing the desired megawatt
“bad data” and calculate missing data in the model to provide a value to the offer curve.

coherent representation of existing network conditions. The eligible generators and transactions are introduced to the
The PJM state estimator is run on a one minute cycle and qgPA (LPA) as flexible generators (or loads) and are modeled
provide the following inputs to the LMP module at actual megawatt output with a small bandwidth to allow for
* ac powerflow solution; solution tolerance. Generators that are not eligible to participate
« actual generator megawatt output; in LMP calculations are modeled as inflexible generators with
* bus loads; their megawatt output fixed at the actual megawatt value from
« tie line flows; the state estimator solution.
» megawatt losses by transmission zone; 3) Locational Price Algorithm:The function of the LPA
« actual megwatt flow on any constrained transmission f§-PA) is to determine the LMP values for each of the PJM nodes
cility. in the state estimator model and for interface busses to the PIM

2) LPA Preprocessor:Since the LMP calculation is baseq@nd PIM control areas on a 5-min basis. The LMP are defined

on actual generation output rather than a theoretical optimal oS (e cost to serve the next increment of load at each node bus

patch, it is necessary to screen generators and transactions tdQggtion for the current system state estimated operating point

termine if they are eligible to participate in the LMP calculatior?nd taking into account flexible generator Real-time bid prices

The LPA preprocessor performs this screening function nd the buses’ location with respect to transmission limitations.
analyzing the following to determine if a generator is foIIowin%'Ven the input from the state estimator and the set of flexible

economic dispatch requests. eneratprs with bid_ prices_ at their_actual operating points_, the
P g calculation of LMP is relatively straight forward. The LMPrice

* generator state estimated megawatt hour output; calculation is an incremental linear optimization problem that

* generator offer price curves; is formulated at the current state estimated operating point.

* economic dispatch rates; The objective is to minimize the cost function subject to

* desired megawatt level for each generator that was Spegla power balance constraint, generation megawatt bounds,
fied by UDS. transaction megawatt bounds and any transmission constraints

The program therefore acts as a real-time performangg, currently exist on the system.
monitoring function for generators that have designated them-gince the goal of the PIM LMP system is to calculate the
selves as dispatchable. Dispatchable generators whose aGi@ltime LMP values based on actual system operating condi-
megawatt output is 110% or less than the desired megawiihs, the state estimated powerflow solution is used as a starting
level are considered to be following the economic dispatch igyin for the incremental linear programming formulation. This
structions and are therefore eligible to be passed through to B’ﬁﬁverflow solution is then linearized in order to perform the
LMP calculation as flexible generators. The LPA preprocesspfp calculations. As outlined in previous sections, the set of
also identifies and validates any generators that are specificgjlyiple generators and transactions is determined by the LPA
requested by the UDS program to operate out of economjganrocessor and is input to the LPA as a set of control variables.
merit order in order to confrol a transmission constrainfne set of flexible generators and sale transacti®hand the
These generators are designated as eligible to set LMP if theyt of flexible purchase transactiohg are modeled in the for-
are on-line and following the dispatch instruction. The LPAyjation at the state estimated megawatt amount with a small
preprocessor also screens transactions that are designategaagwidth to allow for solution tolerance. The cost coefficients
dispatchable to determine if their offer data are consistent wiithe objective function for the flexible generators and transac-
current dispatch rates and if they are therefore eligible t0 $gns are set equal to the real-time bid that is calculated by the
LMP. Generators that are not eligible to participate in LMPpa preprocessor based on the state estimated megawatt level
calculations are those that are declared must run or that gy the incremental offer (or bid) curve. These cost coefficients
not following economic dispatch requests based on the critefg assumed to have a constant slope.
outline before. The PJM incremental linear programming formulation is as
Generators and transactions that are eligible to participatesgfows
the LMP calculation are those that are following the economic pinimize
dispatch requests as described before. These eligible genera-
tors or transactions are modeled in the LMP calculation as flex-
ible generators with offer prices that correspond to the value Z= Z Ci(AR) - Z Ci(ALj)
from their offer curve at actual megawatt output (or megawatt
schedule for transactions). The LPA preprocessor calculates #&J€ct to
real-time offer value using the following criteria

« if the generator’s state estimated megawatt value is less Z AP; — Z AL;j =0
than or equal to the desired megawatt value, then the APmin < AP; < AP max
real-time offer value is calculated by comparing the state i - i
estimated megawatt output to the offer curve. ALmin < AL; < ALmax

« ifthe generator’s state estimated megawatt value is greater J J

than the desired megawatt value, then the real-time offer A AP; + D, AL; <0.
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where mission constraints simultaneously on a near real time basis,

AP; change in power output for generator by providing a recommended dispatch solution. This solution

AP max; upper megawatt bound for generatpr looks at current system conditions, forecasted load, generation,

AP min; lower megawatt bound for generatipr and transactions to produce dispatch solutions for a user-se-

C; calculated real-time offer for generator lected look-ahead time. This allows the operator to simultane-

C; calculated real-time bid for load (transactigh) ously manage multiple transmission constraints.

AL;j change in power consumption for logdnote: in The UDS is not a stand-alone system. It is an application that
practice the only dispatchable loads that currentlgrocesses data from the markets database and other PJM sys-
exit are external purchase transactions); tems. Other data sources include

ALmax; upper megawatt bound for logd + load forecast data from EMS (GDC servers);

ALmin; lower megawatt bound for load « ACE, steam deviation, regulation signal from EMS (COM

As matrix of shift factors for generation bugwith re- servers);
spect to the reference bus) on the binding transmis- « constraint data-unit sensitivities from EMS (NA servers);
sion constraintsk(); « state estimator output from EMS (NA servers);

Dy, matrix of shift factors for load bug (with respect « outage data from eDART:;
to the reference bus) on the binding transmission « transaction data from EES.
constraints K). The UDS executes a dispatch solution automatically every 5

The shift factor matrices referenced above representnfin or when executed by the operator. To calculate the solu-
set of shift factors based on the system topology describggh, UDS looks at online and available generation, generator
by the binding transmission constraint. For interface limitsid data, forecasted load, scheduled and current interchange,
and thermal limits w/o contingency, the transmission systegea control error (ACE), and the regulation signal. The applica-

configuration used to calculate the shift factors is based @Bn then produces three cases with each solution. Each of these
the current topology as described by the state estimator. Eiytion cases contains

contingency limits, the state estimator topology is modified to
include the removal of the contingent transmission facilities
for the shift factor calculation. Shift factors for a transmission
constraint are a measure of the change in power flow on the , i qividual unit dispatch rates;

constraint's monitored element for a unit change in megawatt , yesired megawatt level for each generator.

injection at a bus and a corresponding unit change in megawatf;ng gathers transmission constraint information from the

withdrawal at the reference bus. . EMS alleviate overload and develops its dispatch solution based
The LMP values at each bus are by-products of the linear pig ;;sing the most economic generators to control a given con-

gramming formulation that is listed before. The LMP value aliaint. The optimization that takes place when the UDS exe-

a particular location is essentially the sum of the marginal prigges will ensure that no generator is moved to alleviate one
of generation at the reference bus plus the marginal congestiQp,straint only to aggravate another constraint.

price at the location associated with the various binding trans-yhen the operator approves a recommended solution, the
mission constraints. The marginal prices associated with V3t gispatch rates and/or individual unit megawatt are bridged
ious constraints in the optimization problem are called shadQye EMS, where they are automatically sent out to generators

prices. The shadow price of a constraint can be explained as he,.al control centers. Units that appear on the UDS' excep-
incremental change in value of the objective function for a unity, jist must be manually dispatched.

change in the limit (right hand side) of the constraint. There- |, 5qgition to being used for economic dispatch, results of

fore, an equation for computing LMP values can be expressggeh recommended solution are used as input to the locational

in terms of these ;hadow prices. price calculation process. When the operator approves a recom-

The LMP equation can be written as follofs: mended solution, dispatch rates and desired megawatt level for

LMP;, = )\ — Z A % SPy each generator is sent to the LPA preprocessor. UDS also pro-
duces a list on binding constraints that are sent to the LPA.

» recommended set of zonal dispatch rates;
* list of exceptions to the dispatch rates for constraint con-
trol;

where
LMP; LMPrice at busi; REFERENCES
A marginal price of generation at the reference bus;
Ajk shift factor for busi on binding constraint; [1] PJM 2001 State of the Market Rep., Norristown, PA, June 2002.
SPy shadow price of constrairt

It should be noted that the cost of marginal losses in the PIM

LMP program is ?et to zero; therefqrev the marglnal loss termdrew L. Ott received the B.S. degree in electrical engineering from Penn
does not appear in the above equation. State University, University Park, and the M.S. degree in applied statistics from
4) Unit Dispatch SystemThe UDS is a software tool that Villanova University, Villanova, PA.

. . . . . ... Currently, he is responsible for the oversight of PJIM market development,
is designed to provide the PJM dispatchers with the Capab'lﬁyM market operations, and PIM market settlements. He joined PJM, Norris-

to manage changes in load, generation, interchange, and trasax, PA, in October 1996. He was responsible for implementation of the cur-

rent PJM locational marginal pricing system, the PIM financial transmission

8The current PIM model does not reflect the cost of marginal losses in eithigihts auction, and the PJM day-ahead energy market. Prior to joining PJM, he
the dispatch instructions or in the LMP values. was with GPU for 13 years in transmission planning and operations.
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