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Congestion-Management Schemes:. A Comparative
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Abstract—The restructuring of the electricity industry has  responsibility of the entity that operates and controls the inter-
spawned the introduction of new independent grid operators connected transmission system. The various organizations that
(IGOs), typically called transmission system operators (TSOS); ¢qordinate and control the usage of the transmission system or

independent system operator (ISOs); or regional transmission _ . . . . . :
organizations (RTOS), in various parts of the world. An important grid vary in several respects in the various implementations that

task of an IGO is congestion management (CM) and pricing. This have emerged as a result of electricity restructuring. Typically,
activity has significant economic implications on every market the various existing organizations have grid control but no grid
participant in the IGO’s region. The paper briefly reviews the CM  ownership. A common need, however, for the restructured

schemes and the associated pricing mechanism used by the 'Gosmdustry is that of operating the grid independently of the
in five representative schemes. These were selected to illustrate . ket pl 1 doL s t id fusi
the various CM approaches in use: England and Wales, Norway, various market players [1] and [2]. So as to avoid confusion,

Sweden, PJM, and California. We develop a unified framework We use the term “independent grid operator” (IGO) to refer to
for the mathematical representation of the market dispatch and the generic system operator organization and include under it
redispatch problems that the IGO must solve in CM in these the independent system operator (ISO), transmission system

variou_s jurisdicti_ons. We use this uniﬁ_ed framework to develop operators (TSOs), and regional transmission organizations
meaningful metrics to compare the various CM approaches so as RTOS) struct ’
o S) structures.

to assess their efficiency and the effectiveness of the market signal - o
provided to the market participants. We compare, using a small  Congestion occurs whenever the system state of the grid is

test system, side by side, the performance of these schemes. characterized by one or more violations of the physical, opera-
Index Terms—Congestion management and pricing, congestion tional, or policy constraints under which t_he grid operates inthe
redispatch, economic signals, market dispatch, optimum power Normal state or under any one of the contingency cases in a set of
flow. specified contingencies. Congestion is associated with a speci-
fied pointin time. As such, the problem of congestion may arise
during the day-ahead dispatch, in the day-ahead market, the
hour-ahead dispatch, in the hour-ahead market, or the real-time
HE electricity industry is well along the road to becomeperations of the system, in the balancing market. In this paper,
completely reregulated in the presence of significamte address the CM problem for the day-ahead and hour-ahead
market competition. With the issuance of the FERC Ordenarkets. Similar concepts to those used in these longer horizon
No. 2000, a major policy step has been taken in the U.$narkets may be extended for the real-time balancing markets.
encouraging the development of efficient competitive marketsin the old vertically integrated industry, the generation,
[1]. During the debates that preceded Order No. 2000 and in tignsmission, and distribution were, typically, owned, con-
order itself, the problem of transmission congestion manageolled, and operated by a single entity, the vertically integrated
ment (CM) and pricing has been singled out as one of criticalility (VIU). The central operator would dispatch the system
importance to the smooth functioning of competitive markethaving full knowledge of operational costs and constraints of
In this paper, we use the term CM to include both the congestithe system. In this structure, the use of the grid by other entities
relief actions and the associated pricing mechanisms. CM is fpas relatively limited and so congestion was not a term that
was used. Typically, the problem was formulated as the opti-
mization of some objective function subject to satisfying the
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of the generation and load levels so as to establish a systm economic consequences of those rules and the performance
state without constraint violations. The role of the pricingf the CM schemes.
of congestion plays a major role in attaining such a state. InThe paper has four additional sections. Section Il presents an
addition, the IGO may partition the grid into zones as a keyverview of the CM schemes used by the different IGOs. Sec-
step in removing congestion. A zone is defined as a subsettioh 111 constructs the analytical framework for unifying the for-
buses of a grid. Zones are interconnected by tie lines, whaselation of the CM problem for the various approaches. In Sec-
end buses are in the different zones. Typically, there is tion IV, we present the numerical results used in the comparison
congestion or easily relievable congestion within the zone$the five CM approaches. We discuss the conclusions in Sec-
and so when zone patrtitioning is used, the goal is to rematien V.
interzonal interface congestion.
The operation of a competitive electricity market takes place,
typically, in two distinct stages. In the first stage, which we term II. DESCRIPTION OF THEFIVE CM SCHEMES
market dispatc{MD), the participants of the markets submit
forward market bids and offers as the basis for the determi-We start our comparative study with a discussion of the five
nation of the generation and demand profiles for the markeglected CM schemes of five IGOs. These selected schemes
horizon. Scheduling coordinators (SCs), who are the bilategie representative of the range of CM schemes used around the
contract administrators including the PX, use their portfoliogorld.
of resources and loads to prepare balanced supply-deprand  The England and WalegE&W) market is an extreme case
ferred schedules that are submitted to the IGO [4]. During thizecause only one zone exists, and thus, no constrained interfaces
first stage, the IGO may partition the grid and the correspondiage considered for the MD. In this stage, the zonal price is the
markets into zones. This partition may be performed for evesp-called system marginal price (SMP) and is determined from
market period, based on the forecasted operational and operthiergenerators’ offers [8]. The load is, in the original formula-
judgment. tion, considered to be fixed. In the CR stage, all constraints of
When the market dispatch fails to provide a feasible opehe system are considered and every bus becomes a zone. Gen-
ating state (i.e., a state with no constraint violations), the IG&ators are commanded the adjustments by the IGO and they re-
invokes the second stage actioongestion redispatcfCR). In  ceive compensation for undertaking those actions. A plant that
this stage, the IGO aims to move from the infeasible to a feaas scheduled to run in the unconstrained dispatch but was pre-
sible state and does so, usually)edst cost The adjustments cluded, either totally or partially, from doing so due to system
involved in this action may use market forces to greater or lessmnstraints is said to be “constrained off” and is paid its lost
extent. Sometimes, the CR, is also referred tmasof-merit profits. A plant that was not included in the unconstrained dis-
dispatch, due to the fact that the participants will not be digatch but is ordered to run in the constrained dispatch is said to
patched solely based on the values of their adjustment bids ded‘constrained on” and is paid its offer price. The loads do not
offers since the accommodation of transmission constraintsparticipate in the CR. Since a unique zonal price results from the
implicitly taken into account, or as buy back, referring to th#ID, all of the participants are paid and charged for their produc-
action of buying back power from the generators for congestition and consumption a uniform price. Consequently, there are
relief. The IGO may use zonal partitioning in this second stag® congestion charges in the MD. However, generators may re-
just as in the MD [4]. ceive compensation as a result of the CR. The resultant charges
Previous work on CM mechanisms aimed to define the ruléscurred by the IGO are passed on to the consumers as a part of
for the emerging competitive electricity markets [3], [4]. Twdhe so-called uplift. The uplift is the component of the final price
IGOs—the PJM ISO and the California ISO—have receivetiat is not directly related with the costs of energy production.
considerable attention [4]-[7]. One important issue is the appli-includes the costs for losses and ancillary services.
cability of the OPF to competitive markets in light of problem In the Pennsylvania—Jersey—Marylan@PJM), the IGO con-
characteristics such as a flat solution surface in the optimutacts a centralized MD for each time period in the scheduling
neighborhood and the level of discretion of the central decisitworizon. This price-based dispatch is determined from the offers
maker [10]. of the forward market participants. The conceptual basis of the
This paper looks at the different CM mechanisms usingdispatch is an optimization framework in which the nodal prices
common language and the same set of evaluation metrics. Thaa be determined as dual variables corresponding to specific
paper presents a comparative assessment of the conceptuat@sstraints. In actual implementation, the nodal price is com-
pects of the schemes for CM used by the IGOs in five divergpaited using the state estimator data [12]. Each participant is paid
jurisdictions: England and Wales, Norway, Sweden, PJM, aadd charged for its production and consumption according to its
California. These systems were selected to provide a represeodal price and, since there may be nodal price differences be-
tative sample of the various implemented IGO structures. \il@een any bus pair, these nodal price differences become the
have developed a unified framework for the representation of ttransmission usage charges that are applied to flows over the
MD and CR problems. We use this framework to describe tlyeid. We may view this market as the ultimate case of zonal par-
five systems’ CM schemes and we compare their performart@@ning, where each node is a zone with its own zonal price
on a test system. The numerical results for the test system angl every line is an interzonal interface. TBR stage is con-
illustrative of the impacts produced by the different rules usesquently not needed since all of the constraints are implicitly
in the various CM schemes and help in getting good insight intandled in the MD stage.
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In Norway (NOR), the IGO uses, for each hour of the scheds, = {¢: £ = {i, j}, i € By, j € H; N B}. The zone par-
uling horizon, the forecasted operational state of the grid titioning results in the set of interfac&= {1, 2, ..., I}. An
determine whether a partitioning of the grid into two or moriterface between two zones is defined by the subset of lines
zones is required [9]. The MD stage for each period determinesnnecting buses in each of tli€ zones. For an interface to
the grid wide or the zonal clearing prices, as the case may bgist between two zones there must be at least one line con-
The different zonal markets are operated, taking into accourdcting a bus in one zone to a bus in the other zone. An in-
the export/import limits for each zone through the interzon&trface is further characterized by its active-power transfer ca-
interfaces. During the CR stage, if needed, the participants @aility on its lines. We denote an interface between zdnes
adjusted according to their adjustment bids and offers. In tlaad ks by S, 1, = {1, {2, ...} € . By definition of £y,
second stage, all of the buses are considered to be in differépf N Li, = ¢, VEk1, ke € Z, k1 # ko, andS N Ly = ¢,
zones. Vk € Z. Furthermoref = S U ez Lk

The generators and the loads are paid and charged for proA line / € S, , &, 1S Characterized by end busieandy, with
duction and consumption according to the zonal prices defineds Z;, andj € Z;,. The real-power flowF;; on line / is
during the MD stage. All flows from one zone to another argefined to be nonnegative and so is the fléy from j to :.
through the interfaces and are charged the zonal price difféhus, F;; is positive if the flow is from: to j; else,F;; = 0
ences. Adjustment payments and charges may result from @ftl the flowF;; is nonnegative frony to ;. The power flows
and these are done at uniform price. Upwards adjustment is pagociated with the line must satigfy < F;; < Fpex and
the most expensive bid/offer price and downwards adjustmentis< F;; < Frex.
charged the cheapest bid/offer price. Let us next examine the set of generatofls =

In Sweden(SWE), the IGO uses the same set of rules g4, 2, ..., N;}. We associate with each generator
the Norway IGO, with one substantial difference. In SWE, the € ¢, a triplet C,(g) consisting of the connection
IGO considers only one zone in the MD just as in the E&€VBus b, the power generation ranggr’;™", P;"*¥], and
market. Actually, both Norway and Sweden along with Finthe offer function p,(-) expressed in marginal terms
land, and Denmark belong to the so-called NordPool thatcovtd]. Thus, Cy(g) =  {b, [P, P™*], py(-)} with
the wide-area market and the interconnected grids of all thdsec B. For each zone, we define the subset of generators
countries. Gr =1{9: bof Cy(g) € Bi}. Note thatG = J, ., Gr With

CM of the California ISO (CAL) uses the grid partitioning Gy, N G, = &, Vk1, ko € Z, k1 # ko. We denote byP the
into a number of predefined zones [13]. The MD stage estalector of active-power generation Gf
lishes the hourly market zonal prices for the next-day markets.We denote byD = {1, 2, ..., Np} the set of loads in the
These auction-based results have no consideration of the tregystem. With each load, we associate a triple®;(d) con-
mission and they are the solution of the preferred schedules sisting of the connection bus the power consumption range
tablished by the several SCs in the bilateral markets. If the MD?i» | D™ax]and the bid functiorv,(-) expressed in mar-
solution leads to congestion, then its elimination is achieveghal terms. ThusCy(d) = {b, [DF", D™aX] v,(-)} with
using CR with zonal partitioning. This stage gives the zonal € B. For each zone, we define the subset of loAts =
prices and also the transmission usage prices that are the ddal: b of C,(d) € Bi}. Note thatD = J, .- D) and
variables associated with the interface flows. Consequently, p@z, N Dy, = ¢, Vki, ks € Z, k1 # ko. We denote byD
ticipants are paid and charged according to zonal prices defirted vector of active-power consumption®f
during the CR. Congestion charges are applied using the transwWe consider the sef = {1, 2, ..., S} SCs. This set in-
mission charges in the interzonal interfaces. cludes the power exchange(s) and all bilateral transactions. Let

One salient characteristic of this market is that the IGO maig# and D® denote the subset of generators and loads of SCs,
tains the separation between portfolios of the different SCs. Bgch SCis characterized 8y = {G*, D*}. By definition, each
doing so, the IGO does not promote any implicit trade betwe&T must hold a balanced portfolio.

them [4]. The MD problem is then to
lIl. A UNIFIED CM FRAMEWORK E“ﬁkz: 2 [Cy(Py) = Bu(Da)] (M)
€Z gegy
We start by giving some definitions that characterize the prop- 4P
erties and topology of the electric system. We call the set sfibject to
busess = {1, 2, ..., N}. Each bus is connected through di- power balance for zonek
rect lines to nodes in the séf; ¢ B. Let£ = {1,2, ..., L}
be the set of lines. A liné is defined by the pair of buses Z (Py— Dgq) — Z Fi; + Z Fj; =0,
andj which it connects? = {i, j} € L, 4,5 € B. In par- 9EGH {i,3YESy w {i,5}€S 1
ticular, {i, H;} is the subset of lines i with busi as an """ fois s
end node. We consider the network to consist of a set of zones  /;. cz (M2)

Z ={1,2,..., K}. Each zoneg: € Z is characterized by
its constituent lines and buses. For zdneve define the pair interface power flows
2 = {Bg, Li}. Here, By is the set of buses in zorle with

B = Upez Bk, B, N By, = ¢, Vi, kay € Z, k1 # kp and Fij = fi;(P, D) V{i,j} €S (M3)

?
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separation of SCs’ markets

> P,— Y Dy=0,

geG*® deDs

Vses (M4)

interface line transfer capability

0<Fy <FI™, 0<Fu<FF  V{i,j}, {ji}e3

(M5)
generation limits
Pt < Py < P, Vgeg (M6)
consumption limits
D¥in < Dy < DX YdeD. (M7)

The charge€’,(-) of a generatoy [the benefitsB,(-) of a load

d], arepy(-) [va(-)] and are given by [14]

0y (28]
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TABLE |
MD REPRESENTATION IN THEFRAMEWORK

The objective in (M1) is to the maximization of the social sur-

plus [14], or equivalently, the minimization of the social costs,

System| PJM E&W CAL NOR . SWE
Zones | K=N K=1 =1 K<N ' K=1
M1 v v v v
% % v v
v v T
v v !
v v
v v
TABLE I
CR REPRESENTATION IN THEFRAMEWORK
System E&W | CAL | NOR : SWE
Zones K=N K<N K=N , K=N
Load redispatch no ves ves 1 _ves
R1 v v v Vv
R2 v v v v
R3 v v v v
R4 . v | ]
v v v ' v
v v v v
, v v 1 v
consumption limits
D" < Dg+ ADg < D7, VdeD. (R7)

for all of the zones under the various constraints (M2)—-(M7)
of the model: We refer to (M1)—(M7) as the MD problem orHere, a generatog (load d) may be adjusted by an amount

(MDP).

AP,(AP;). We defineAP (AD) to be the vector of variations

A general mathematical description of the CR problem in the the active power of the generatorsgn(vector of the vari-

second stage of CM is

Jming > X0 [8g(AP) = n-ea(ADa)] (RD)
T T kez gegy
d€eDy,
subject to
power balance for zonek
Y (AP,~ADs)- > AF;+ Y AF;=0,
gEGK {i,5}€Sy 1 {i,5}€Sy 1
d€eDy, 1€EBy 1€By
£k £k’
VkeZ (R2)
interface power flows
AF = H - (AP — AD) (R3)
separation of SCs’ markets
> AP, - > ADy=0, VseS (R4)
gegs deDs
interface line transfer capability
0 <Fij + AF;; < F7™, V{i, j} €

N
N
0<Fji+AF,; <F2™, V{i,j}e3 (R5)

generation limits
P < Py + APy < P,

Ygeg (R6)

1The model does not take into account the impacts of firm transmission rights
and, in their presence, the problem is further constrained since some of thed

terfaces could be reserved for the rights holders.

ations in the active-power consumption of loadsih 7 is a

0/1 parameter indicating whether or not loads may participate
in the CR. The flows variations along the tie linesdrare ar-
ranged intcA F’ used in (R3). The components AfF for each
line i, j are given byAF;; — AF};. H is the reduced matrix of

the bus-branch power distribution factors for the intertie lines.
To use this expression,we need to express the augmented vector
of adjustment of net active-power generation at each element of
B.ThetermAP (AD) is constructed frord\ P (AD) by intro-
ducing zeros at those buses where there is no generation or load.
We refer to (R1)—(R7) as the CR problem or (CRP). The objec-
tives in (CRP) and (MDP) need not be identical. For example,
possible candidates in (CRP) are minimum shifts in power from
the MD result or least-cost congestion relief actions. The eco-
nomics associated with the change’, (AD,) are expressed

by 7,(04) with eachr, > 0 (o4 > 0).

The individual CM schemes for the different markets are
summarized in tabular form: the entries in Tables | and Il are
obtained from the rules of the various schemes and represented
within the unified framework. In the CAL approach, we
assumed that during the unconstrained dispatch, congestion is
detected and so zonal partitioning is undertaken. While actually
this partitioning is part of the CR stage, we consider that in the
MD stage to keep consistency with unified framework. The
existence of more than one SC was considered only for the
CAL approach.

The formulation here is for the operating state to be analyzed.
A complete formulation requires the explicit inclusion of the
constraints associated with contingency cases (i.e., the set of
Recified contingencies under which the system security is ana-
lyzed). The framework is general enough to allow the inclusion
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of such constraints. However, in order to allow focusing on the
comparative aspects, we omitted everywhere the inclusion of
such constraints.

We include in the unified framework the definitions of
the metrics that allow the economic evaluation of each CM
scheme. These metrics provide consistency in comparing the
performance of the two stages of a given scheme or across
different schemes. They are the consumer surffdisthe pro-
ducer surplusS“; the merchandise surplu" ; and the social
surplusS® [14]. For the (MDP), these metrics are defined by

Zone 1

SE(P) =) [pgPy = Cy(Py)] (M8)
9€9 Fig. 1. Test system configuration.
SP(D) = [Ba(Da) — vaDd] (M9)
e These relations define explicitly the changass?, ASY,
SM(p, D) = Z vaDg — Z pe Py (M10) ASM, andAS® in each surplus metric correspondingAd®
deD geG andAD during CR. Whenever there is no congestisff, = 0.
s D . v A nonzero value of5" indicates congestion. Th&" arises
S°(P, D) =57(D) + $7(B) + 57 (P, D) (M11) due to the role of transmission and belongs, consequently, to
the 1IGO. When total demand expenditures exceed total supply
wherev = [vy, ..., vg, ...Jandp = [p1, ..., pg, .. Jarethe \oyan 660 < o In the reverse case, whéd! < 0, the IGO

vector§ of the prices corresponding to the vectors of pc@er must subsidize the users of the transmission system to relieve
andP in the (MDP). The values of the variables at the Opt'm“r@ongestion

are denoted W@th * in_the (MDP). The definition of the metrics The coupling of the framework with the given rules of a spe-
for the (CRP) is carried out analogously. We make use of g arket allow the assessment of the effectiveness and effi-

change in cost (benefit) terddC, (A By) for each generatay
(load d), whereAC, = C4(P, + AP;) — C,(P,) (ABy =

Bi(Dg+ ADg) — Ba(Dy)). The corresponding change in rev-

enues (expenditures),(AU,) for each generatog (load
d) are AW, = 7,AP, (AU; = 04ADy). We denote the
total change in costs (benefits) iyC' = deg ACy(AB =

ciency of each scheme for that market.

IV. COMPARISON OFCM APPROACHES

We illustrate the application of the unified framework to the
comparison of the five CM approaches. We use the seven-bus

> 4ep ABg) and we denote the total change in revenues (exest system described in the Appendix. The system is divided

penditures) WAW = 5" - AW, (AU =}, AUa). The
metrics for the (CRP) are expressed by

S(P* + AP)
= Z[(PZP; + 79AFy) — Cy(Py + AF)]
9€g
= SY(P*) + AW — AC = S¢(P*) + AS® (R8)
SP(D* + AD)
= [Bu(Dj + ADa) — (vjD} + 04ADy)]
deD
= SP(D*) + AB - AU = SP(D*) + ASP (R9)

SY(D*+ AD, P* + AP)

=N uiDi+ > 0aADa =Y piPr = T,AP,

deD deD g€eg geg
_ SM(E«7 D*) + AU — AW = SM(B*7 Q*)+A5M
(R10)
S%(P* + AP, D* + AD)
= S”(D*+ AD) + S(P* + AP)
+ SM(P* + AP, D* + AD)
= SP(D") + SC(P*) + (P, D*) + ASP

+ ASY + ASM, (R11)

into the three zones depicted in Fig. 1. In the MD stage, line
flow limits are not considered and only the NOR scheme con-
siders zone patrtitioning. For the CR stage, each bus is a zone in
the E&W, NOR, and SWE schemes, and so all of the lines are
tie-lines. For the CAL scheme, the network is partitioned into
zones and the lines interconnecting the zone are considered to
be tie-lines. For the sake of simplicity and to allow us to focus
on the thrusts of our discussion, we assume that the bid and offer
schedules are the same for the MD and CR stages. Furthermore,
we consider no contingencies in the numerical studies discussed
here. The results are reported in Tables Il and IV. In addition
to the metrics discussed for the (MDP) and (CRP), we provide
measures of the total demand and the maximum and minimum
prices. Note that the E&W scheme is the single-zone uncon-
strained market dispatch.
An examination of the results of Table Il leads to the fol-
lowing observations:
 Total consumptiorthe E&W and the SWE schemes result
in the maximum amount of power consumption.
 Prices the prices are uniform for E&W and SWE
schemes. Due to the constraints considered, the PIM, the
NOR, and the CAL schemes result in a nonuniform price.
+ Surplus metricsthe value ofS®, which measures market
efficiency, attains its maximum for the E&W and the SWE
schemes. For these two schemes, no other constraints are
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TABLE Il S5 and its more askewed allocation among the genera-
MD ResuLTs tors and the load. The E&W scheme attains the lowést
and keeps unchanged tl§&¢ in the CR stage, due to the
inelasticity of the loads. In the NOR and CAL scheme,

E&W | PJM | NOR | SWE | CAL

towl consumption | 1733 | 1075 | 10337 | 10733 | 10442 the S is positive when congestion is relieved as in the
Produce 15544 | 12336 | 14555 | 15544 | 22979 PJM schemeS? , in the SWE and E&W approaches, re-
S(‘:’f)‘;ls“jn(xﬁﬁm flects the fact that no zone partitioning was done in the
Surplus (/) | 18036 | 16185 | 16277 | 18036 | 93199 MD stage. In addition, the E&W scheme also reflects the
Merchandise 2138 | 1576 0 0 lack of load participation in the CR.

Ssoliﬂ‘fugﬁl TheSM signal may provide an improper incentive to the IGO
__(Sh) 33580 | 32659 | 32408 | 33580 | 32298 in removing congestion. How? is used depends on the rules
“‘"‘(-sm)me 4432 | 37.82 | 38.97 | 4432 | 52.05 in place. For example, the PIJM scheme allows the IGO to collect

max. zonal price | o0 | 530 | 5123 | 4432 | 5205 the positiveS™ . If that money collected is kept by the IGO, this
($/MWh) represents an incentive to maintain congestion so as to continue
congested |3 ¢ 4.5 |implicit| 3-6 |3-6,45| 3-6 collecting such funds. In the actual PJM implementation, that

lines

amount is used to refund the fixed transmission rights holder
the congestion charges.

TABLE IV Similar conditions may occur in the NOR market rules. On
CR-MooiFiED MD ResuLTs the contrary, the CAL market rules provide that the positive
; M i iaai
£ew | NOR | SWE | caL S™ collected is pz_;\ssed to the Frar}smlssmn owners. Or_l the other
ol comsamption ; hand, the possibility of a negati# may provide strong incen-
(MWh) 1073.2 | 1027.6 ; 1027.6 | 1034.0 tives for removing congestion. This is the case of SWE market
produc;;hsurplus 18017 | 14872 © 15846 | 22831 rules where the 1GO uses its own funds to cover this subsidy.
consmfﬂﬂ zu — ; On the other end, the E&W rules allow the IGO to charge such
($/h) PH 1 18036 | 16498 | 18608 | 9622 expenditures for the transmission use in the so-called uplift.
socialsj}l:rplus 31106 | 32659 | 32659 | 32143 The numerical result'_s_ reported are applicable to the test
men(:hagdise : system under the conditions we considered. Due to the par-
surplus () | 4947 | 1289 1 -1795 | 310 ticularities of each system and the time-varying nature of
minsmanég)rice 3014 | 5051 | 42.56 | 46.55 system conditions, the generghzauoq of_thgse results is not
ma)(( vonal price ! possible. However, our extensive studies indicate that many of
($/MWh) 7278 | 53.69 1 53.69 | 52.90 the observations above have wide generality.

considered, so thei™ = 0 andS® = SP + S&. In the V. CONCLUSIONS

other schemes, the nonzero valueSéf indicates a loss  This paper presents a comparative analysis of various
of efficiency which reduce$“ andS” in the PJM and schemes implemented to relieve congestion. The unified

NOR schemes. framework we developed provides the capability of evaluating
+ Congested lineghese are identified and given in the lasthe different CM schemes using a consistent set of metrics.
row of Table III. The framework overcomes the problems of the use of different

The CR stage is undertaken in all of the schemes with the s@d@guageand interpretation used in the description of those
exception of PJM in which the MD solves implicitly any conschemes.
gestion. The results reported in Table IV combine the changesThe side-by-side comparison gives good insight on several
arising from the solution of the (CRP) with the original (MDP)aspects of the various CM schemes such as short-term efficiency
solution. A comparison of these results with those of PIM MBnd appropriateness of the economic signals for congestion
leads to the following observations in assessing the behaviorrefnoval. The unified framework is a powerful construct for
the different CM schemes: putting on a consistent basis the various CM schemes.

« Total consumptiorthe only scheme in which total demand
is not reduced and remains unchanged during CR is E&W,
since the load is assumed to be inelastic. The reductions in
NOR and SWE schemes are comparable to those of PIMThe one line diagram of the test system is depicted in Fig. 1

* Prices the PIJM scheme, where each bus defines, in effeatith the network data given in Table V. The three zones are de-
its own zone, has the widest price variability. The NORnarcated on the figure. There are two SCs—SC1 and SC2. The
scheme has the narrowest variation due to the zone paggnerator bus and the load bus set associated with SC1 (SC2)
tioning in the MD. are{1, 3,4} ({5, 7p) and {1, 2, 3, 7} ({4, 5, 6}), respectively.

* Surplus metricsthe CR modifications results in the NOR Even though each market may have specific ways in which
and SWE schemes have exactly the s&f@alues as that offers and bids are expressed, for the purposes of the comparison
of PJIM MD. The CAL approach CR, with the explicit con-we adopt the same price and value schedules in quadratic forms
sideration of the SC balance constraints, results in a lowfer all markets. We use a generalized formulation of the loads in
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TABLE V
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LINE PARAMETERS (BASE QUANTITIES: 100 MVA, 345 kV)

Line 1-2 1-3 1-4 2-4 3-4 3-6 4-5 5-6 5-7 6-7
X[p.u] 0.0576 {0.0920 |0.1700 |0.0586 |0.1008 |0.0720 |0.0625 |0.1610 | 0.0850 |0.0856
Pralp.u.] 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
TABLE VI [7] T. W. Gedra, “On transmission congestion and pricinggEE Trans.
PRICE AND VALUE SCHEDULE PARAMETERS Power Syst.vol. 14, pp. 241-248, Feb. 1999.
[8] F. A. Wolak and R. H. Patrick, “The impact of market rules and market
Gene Price schedules load value schedules structure on the price determination process in the England and Wales
rator a, o , ﬂ“ IBId electricity market,” Univ. California Energy Inst., Berkley, POWER
© ol 8 2w 4 . Rep., PWP-047, Apr. 1997.
(&/MW'h) | (3/MWh) | (8/h) (S/MW"h) | (8/MWh) [9] “Deregulation of the Nordic power market: Implementation and expe-
1 0.05 13.0 0 1 -0.12 70.0 riences, 1991-1997,” Norwegian Electric Power Res. Inst., Trondheim,
- - - - 2 -0.13 72.0 Norway, Tech. Rep., Nov. 1997.
3 0.07 16.0 0 3 -0.11 75.0 [10] G. Gross, “Optimal power flow: A business case,FAroc. IEEE Power
4 0.06 14.0 0 4 -0.14 68.0 Eng. Soc. Summer Meetingdmonton, AB, Canada, July 18—-22, 1999,
5 0.08 18.0 0 5 -0.10 80.0 pp. 1064-1065.
- - - - 6 - 0.08 84.0 [11] J. Tirole, The Theory of Industrial Organization Cambridge, MA:
7 0.09 19.0 0 7 -0.09 82.0 MIT Press, 1998, pp. 65-69.
[12] PJM Interconnection, L.L.C. (1997, June) Operating agreement. [On-
line]. Available: http://www.pjm.com/.
which consumers are characterized by a responsiveness to pridey California 1SO. (1998, Apr) 1SO Tariff. [Online]. Available:

defined as load elasticity [15]. The functional forms are [14]

http://www.caiso.com/.
P. Correia, G. Gross, E. Bompard, E. Carpaneto, and G. Chicco, “Ap-
plication of microeconomic metrics in competitive electricity markets,”

C (P, = (P.)? .P h Al in Proc. Int. Symp. Exhibition Elect. Power Eng. at the Beginning of the
o(Pg) =z (Py)" a1y Pytan, (3/h) (A1) Third Millennium Naples/Capri, Italy, May 12—18, 2000.
Bd(Dd) — /32,d . (Dd)2 + /31, ¢ Dy ($/h). (A.2) [15] E. Bompard, E. Carpaneto, G. Chicco, and G. Gross, “The role of load

demand elasticity in congestion management and pricingPrc.

|IEEE Power Eng. Soc. Summer Meetirgeattle, WA, July 14-16,
The parameters tabulated in Table VI. 2000, pp. 2229-2234.
For the CR problem, the objective is to minimize the costs
incurred by the IGO for the adjustments. The charges for the
supply generator adjustments &p¢A P, ) and for loads adjust-

ments ared(APd) Ettore Bompard (M’'99) received the Ph.D. degree in electrotechnical engi-

neering in 1994.
Currently, he is an Associate Professor at the Politecnico di Torino, Torino,

bglp:(APy) = Cy(Py + APy) — Cy(Py) (A.3) Italy, where he has been since May 1997. His research activities include power
. systems and distribution systems analysis, electricity markets, industry restruc-
5d|D§(AD;) :Bd(D; + ADd) — Bd(D;), (A.4) turing, and power quality.

Here,n = 1. The transmission losses are neglected and a flat
voltage profile was adopted. Simple linear equations are used to

; ; _ dro Correia received the B.S. and M.S. degrees in electrical and computer
represent the power flows on the lines using the dc power ﬂdeavﬁgineering from the IST of the Technical University of Lisbon, Portugal, in

model. Thus, the relations in (M3) are expressed simply as 1993 and 1996, respectively. He is currently pursuing the Ph.D. degree at the
University of lllinois at Urbana-Champaign.
0;),

Currently, he is a teaching assistant at the Technical University of Lisbon. His
current areas of interest are transmission pricing, congestion management, and
whered; (¢,) is the voltage angle at bus(j) andb;; is the
susceptance of line connecting busesd;.

fij (2, D) = —b;(0; — V{i,j} €S (A.5)

bidding strategies.

George Gross (F'88) received the B.S. degree from McGill University,
Montreal, QC, Canada, and graduate degrees from the University of California,
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