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A Quantitative Analysis of the Relationship Between Congestion and
Reliability in Electric Power Networks

Seth Blumsack Lester B. Lavé Marija lli¢®

Abstract Restructuring efforts in the U.S. electric power sector hagd to encourage
transmission investment by independent (non-utility) transmission compamielsave
promoted various levels of market-based transmission investment. ngehlis shift to
“merchant” transmission investment is an assumption that new transmission
infrastructure can be classified as providing a congestion-relief besreditreliability
benefit. In this paper, we demonstrate that this assumption is langelyect for
meshed interconnections such as electric power networks. We foaymadicular
network topology known as the Wheatstone network to show how congestion and
reliability can represent tradeoffs. Lines that cause congestion magtifeed on
reliability grounds. We decompose the congestion and reliability etitatgiven
network alteration, and demonstrate their dependence through simulations on a 118-bus
test network. The true relationship between congestion and reliadelignds critically
on identifying the relevant range of demand for evaluating any network extiesali
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1. Introduction: Transmission Investment in the Old and New Electricity Industry
One distinct difference between restructured and traditisarganized electric power
systems is the way in which congestion is managed dperators in many areas where
restructuring has not occurred use a command-and-conticdgue known as
transmission loading relief (TLR), which physicallymages constraints by rationing
access to portions of the transmission network. Inugre System Operators (ISO) or
Regional Transmission Organizations (RTO) on therdtbad, generally use market-
based methods to manage congestion. Of particular coteeplicymakers and system
planners is that both metrics indicate that streghemsystem has risen dramatically,
particularly since the beginning of restructuring. Corigastosts have risen on both a
gross and average level in the PJM market (Blumsack 20064) Ghhile the incidence
of TLRs has risen by a factor of five (Joskow 2005a, Blark, Apt, and Lave 2006).

In the regulated electricity industry, the transmissigstem is essentially a vehicle for
the delivery of bulk power. The transmission networkldé@lso act as a physical hedge
against unplanned generator outages. Either way, theponginse of utility
transmission planning was to support system reliabilRgliability reflects the goal that
the system should be redundant enough to avoid serviceuptiens even in the face of
contingencies. Examples of some common reliabilgyrits are:

1. TheN — kcriterion; whether the system can continue to prowitiaterrupted
service to customers in the face of a contingeneyhich k out ofN pieces of
equipment are lost, damaged, or otherwise disconnectedtionetwork;

2. the Loss of Load Probability (LOLP), defined asphebability over some period
of time that the network will fail to provide uninterreptservice to customers;

3. the Loss of Energy Expectation (LOEE) and Loss @frgnProbability (LOEP),
defined as the expected amount and proportion of customandemot served
over some time frame. These are also known asiserlled Energy Expectation
or Probability.

Transmission planning in the regulated industry represamtedtep in an overall
integrated resource plan, in which utilities ensure resoadequacy in generation,
transmission, and distribution for a given set of peaksmasonal demand scenarios
(Coxe and It 1998). Under industry restructuring, an increasing numbevestment
decisions have been made by decentralized market pamtgisch as independent
power producers), and not the vertically-integrated utilBgaldick and Kahn (1993)
outline how issues of economics and externalitiespdoly handled within the utility
planning process, may yield different or conflicting solus$ in the context of markets
and open transmission access. Transmission compangslso accommodate energy-
market outcomes into their investment decisions. Thwheyeas prices in the regulated
environment were an output of the planning process (anel determined largely by the
decisions of regulators), prices in the restructured @va hecome inputs to the planning
process (Coxe anddlil998). Prices in the energy market must solve bothhibw-sun
operations problem (clearing the hourly or daily mar&etelectric energy) and the long-
run investment problem (Yu, Leotard, and 1099, Blumsack 2006a, Ch. 1).



DRAFT WORKING PAPER — JULY 2006

Just as a non-utility or “merchant” generation seetoerged following the passage of
the Energy Policy Act of 1992, restructuring brought witihé potential for a merchant
transmission sector. These transmission-only commpavould build lines in RTO
territories in response to congestion pricing signalskdw and Tirole 2005), and would
be compensated with financial or physical congestginisiassociated with any
incremental capacity created by their investmentsgan (1992) proposed a system of
point-to-point financial transmission rights (FTR),i@fhwould grant the holder the right
to the difference in locational prices between any pwints on the grid. Thus, the value
of an FTR can be determined as a by-product of the engagyet; this allows market
participants to hedge locational price risk (Aruqui et2@05, Patifio-Echeverri and
Morel 2006). The analysis of Chao and Peck (1996) introdueechtircept of tradable
“flowgate” rights, which would associate congestion paysievith physical congestion
on specified paths. More recently, Gribik et. al. (20@&)ehconsidered augmenting the
flowgate model to separate payments into a capacity coemp@nd a component
reflecting the physical aspects of transmission ljgash as admittance). Apt and Lave
(2003) propose a two-part tariff for transmission investme&hich would combine
locational pricing with the megawatt-mile charge descrilm Yu and David (1997) for
long-run marginal cost pricing. Vogelsang (2001, 2004) has adbpatformance-
based regulation for non-utility transmission, whileibg and 1€ (1997) describe a
possible peak-load pricing formulation for transmissi@seol on the work of Crew and
Kleindorfer (1979) for the regulation of public utilities.

Proponents of both FTRs and flowgates have argued thgestion rights can be used to
promote merchant transmission investment. BushnélStoft (1996, 1997) show that if
transmission investors are compensated with increahEmMRs, merchant transmission
investment will be economically efficient (in thense that profitable investments will
also be beneficial to the network), as long as theddre allocated according to the
“feasibility rule.” Oren (1997) argues that using congestion contracts tiedret
prices favors generators with market power, and thaitgbeof tradeable flowgate rights
removes localized market power associated with netwamktcaints. The dominant
merchant transmission model, based on FTRs, haschidezed for failing to account

for system dynamics driven by uncertainty in demand) &sl, Leotard, and ki (1999).
Joskow and Tirole (2005) find that efficiency of the marntttransmission model is not
robust to deviations from the underlying economic assomgpti

Underlying the merchant transmission model, as welbaations like the “participant
funding” model (Hebert 2004, Roark 2006), is an implicit assumpkiana distinction
can be drawn between “economic” investments (whighaily relieve congestion along
a readily-identifiable portion of the network) and “&yst investments (which promote
reliability). A related distinction divides projectsarthose affecting a reasonably small
number of identifiable network participants and thosec#fig the entire network.
Transmission policy, both at the RTO level and at EERas encouraged planners to

! The feasibility rule allocates FTRs in such a watoagspect all the network constraints; it was o&tjin
devised by Hogan (1992) to ensure that the RTO’s FTR olgigatlid not exceed its congestion revenues.
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make either or both of these distinctions, and to esiphdhe congestion and
competitive effects of new power lines (Awad et. al. 2@®siyma and Oren 2008).

Joskow (2005b) has argued that attempts to divide transmisgestments into
congestion-relief and reliability categories, as irgeio (2003) and Shanker (2003),
amounts to a meaningless dichotomy, since most ineessnhave been made (and will
continue to be made) by regulated utilities driven bwlodily criteria. This paper goes
one step further and provides a quantitative analystseadégree to which congestion
and reliability are independent system attributes. i¢ethat the dichotomy is not
simply meaningless. In many cases, it is wrong. elming network reliability by adding
new AC transmission lines can actually increase cstitge(though in some instances
the two are complementary — congestion can be reduceelaidity enhanced with a
single line). Further, this relationship is a functadrboth the network topology and the
level of demand. The degree to which congestion arabilityi represent tradeoffs faced
by system planners and investors is more pronouncesbioe network topologies than
others. Assessing whether a given transmission priogescsignificant externalities
(positive or negative) depends on identifying the relevamje of demand.

2. Wheatstone Networks and the Braess Paradox

Consider the four-bus test network shown in Figure 1.réfaee two generators in the
system, at buses 1 and 4; each is assumed to have aycapa6D MW. The load at bus
4 has a constant real power demand (denBtgaf 100 MW. There is no other net
demand in the system. Buses 2 and 3 are merely tie-poitiisneither net generation
nor load. The four transmission lines in the netwanall rated to 55 MW. LinesS;»
andSs4 have identical admittances, and lilgsand$S4 have identical admittances.

Bus 2

F =50 MW Fz4 =50 MW

Bus 1
Pz = 100 MW

Bus 4
PLs =100 MW

Fis =55 MW
13 Fae =50 MW Pos =0 MW

Bus 3

Network Data

Line S, Line S13 LineS,; LineSs, o
2 Tarif‘fs Ul [||€ TTOT [||EHS[E||| RT US| blIII LUlIldIllgdblge plUlllUlIHg llle Hle!l,lldlll AT TMansmission model.

A more| YSFERIaIER i 6R- Bf)suppc rt foP 9 model &RBedon NEWOPork 1ISO@ZP5). Section 1221 of
the Ene @gliagﬁﬁm:t 0 l%f’w aIIo Vs fOIB%‘Ie de&gnaggi‘natlonal igkerest transjglsa bn corridors,” the

location Hhe-determined-based-entheltepfperiodic-congestion-studies by the U.S.
Department of Energy. See FERC Docket No. RM-06-12-008guRitions for Filing Applications for
Permits to Site Interstate Electric Transmissionridors.”

% We express the line limits in MW since we are conedrwith real power flows. Thermal and stability

limits in actual networks are given in MVA, and aresthfor both real and reactive power.
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Figure 1: Four-bus parallel test network

The cost curves of the generators are parameterized as:

(1)  Cy(Ps1) = 200 + 10.3R; + 0.008R;;?

(2)  Ca(Pgs) = 300 + 50Rs4 + 0.1Ps4%,

wherePg; is the real power output of thih generator.

Figure 1 shows the flow of power through the network. [dbational marginal prices
(LMP) derived from a lossless DC optimal power flow cimthe network are all equal to
$12.11/MWh. The optimal power flow (OPF) algorithm dispasafpeneration assets in

merit (least-cost) order subject to the physical camgs of the electric network. The
problem is formulated as (Wood and Wollenberg 1996):

(3) mln CGl(PGl) + CG4 (PG4)

Gi YT

subject to the following constraints, for sindj except the slack (or reference) bus:

Z Pei = Z P

F, =B (6?i “91')
R ZZFij

j
IFy|< R

whereB; is the susceptance of the transmission line comgebtises andj, Fj is the
flow of real power from busto busj, Py; is the real power demanded at bu is the
voltage angle at thieh bus, andP = P, - B, is the net real power demanded atithe
bus.

Bohn, Caramanis, and Schweppe (1984) derive optimal loehpoines (also known as
locational marginal prices or LMP) from the OPF foratiain in equation (4). In the DC
OPF with no resistive losses, the LMP atitinebus is given by (Yu, Leotard, ancli
1999):

® 7Ti:/]+ZHik:uk’
K
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wherel is the system marginal cost of generatigns the shadow price of transmission
along linek (derived from the solution of the OPF in equadgnandHj is theikth entry
of the power transfer distribution matrix:

© [l =%

Sauer (1981) and Baldick (2003) provide an exgimimula for the entries of the
distribution factor matrix under the DC power fl@assumptions.

Equations (5) and (6) show that the LMP at brepresents the social marginal cost of

supplying an additional unit of power at bu&Vu et. al. 1996). Thus, in the absence of
generation or transmission constraints (or loss@dPs should be equal throughout the
network. This is the case for the network in Feglir The total cost of serving the 100

MW of demand at bus 4 is equal to $1,620 per hour.

Next, suppose that a fifth transmission line wasealdto the network in Figure 1,
connecting buses 2 and 3. This transforms thear&tivom a simple parallel network to
a meshed network consisting of two back-to-baangies, as shown in Figure 2. The
results of the DC OPF in equation (3) run on thigified network are also shown in
Figure 2. The generator cost curves and otherar&tparameters are identical to the
network in Figure 1.

Bus 2

T = $4696
FSlZZ 55 MW
usio= $45.87

F524: 36.7 MW
usze= $0

Fszgz 18.3 MW
Hs23= $0

oo Bus 4
PG£:$?_182 MW Fs13=36.7 M P4 =100 MW
"o . ps1z= $0 Fs34= 55 MW Pss = 8.33 MW
pszs= $20.30 n, = $51.67
Bus 3
nz = $33.72

Figure 2: Four-bus Wheatstone test network.

As can be seen from Figure 2, adding the link betwmuses 2 and 3 causes congestion in
the network. Line&,; andSs, hit their rated limit of 55 MW. The remaining tviines

on the boundary of the network (lin§g and$;4) each carry 36.7 MW. The congestion

in the network implies that the generator at beari no longer supply all 100 MW
demanded by the load at bus 4; generator 1 onyyzes 91.67 MW. The remainder is
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made up with the more-expensive generator at buig¢h produces 8.33 MW of power
(in the absence of a generator at bus 4, blackotatng 8.33 MW would occur in the
network). This increases the total cost of sertirggload to $1,945 per hour.

The network topology shown in Figure 2 is knowrnlesWheatstone network, and the
link between buses 2 and 3 is known as the Whewtdindge' The phenomenon that
adding links to a network can actually cause comgess known as the Braess Paradox.
This behavior was first formalized outside of alectircuits by Braess (1968) in the
context of automotive highway networks, but hasbdiscovered to occur in a variety of
other type of networks. Korilis, Lazar, and Ord@47, 1999) examine the Braess
Paradox in the context of internet routing, whileh@rt and Keady (1993) and Bean,
Kelly, and Taylor (1997) discuss the Paradox forengeneral networks, including
telecommunications and pipes. Arnott and SmaB{)@liscuss an actual example of the
Braess Paradox in a German road network.

3. The Relationship Between Congestion and Reliability in the Four-Bus

Wheatstone Test Network

Our focus on the Wheatstone configuration is mégigtan part by Duffin (1965) and
Milchtaich (2005), who demonstrate that any netwioology can be decomposed into
purely series-parallel components and componemisaring an embedded Wheatstone
sub-network. Although it is possible for a simpéies-parallel power network to exhibit
Braess’ Paradokcongested Wheatstone networks have a number eff pthperties of
interest, as described in Blumsack (2006a Ch. 3and

1. The Wheatstone bridge causes congestion in p#res of the network, but the
bridge itself does not become congested. Reliexamgestion in the Wheatstone
network requires either upgrading both congestes$Jior removing the
Wheatstone bridge from the system.

2. Both congested lines sport non-negative shadmesin the DC OPF mod®l.
Financially, each of these shadow prices indivighddes not represent the social
value of incremental transmission upgrades. Theaithe two shadow prices
does represent the social value of incrementalageg on both congested lines.

3. The use of shadow prices or LMPs to guide nétweapansion would lead
transmission companies or system planners to updrath congested lines.
However, removing the Wheatstone bridge would ag@iismthe same goals,
perhaps at a lower cost.

4. In a system with non-utility or “merchant” tramssion, the Wheatstone network
represents a case where investors could earngbgfibuilding lines that cause

* The earliest known reference, given in Ekeldf (2001¢Harles Wheatstone’s 1843 article, “An Account
of Several New Instruments and Processes for Detergithe Constants of a Voltaic Circuifhilos.

Trans. R. Sod?t. 1l, pp. 303 — 327. Ekel6f's interesting history noteg ¥Wheatstone did not actually
invent the circuit configuration.

® Milchtaich’s paper builds on Duffin’s result by provingatHor a large class of undirected networks, the
existence of an embedded Wheatstone sub-network is ssaegand sufficient condition for the network
to display the Braess Paradox. This result does not &pplywer networks (Blumsack 2006, Ch. 3).

® This may not be true in the AC optimal power flow mode
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congestion, even if congestion rights are allocat=mbrding to the “feasibility
allocation rule” described in Hogan (1992) and Bwedlhand Stoft (1996).

Despite the negative effects on the system, theat8tene bridge may be justified on
reliability grounds. Consider the Wheatstone nekwahown in Figure 2, except suppose
that linesS;4 andSs4 can carry 100 MW. Without the Wheatstone bridgeputage on
either lineS4 or S4 will restrict the power transfer to 55 MW betwdarses 1 and 4.
Thus, for a load of 100 MW at bus 4, the expengemerator at bus 4 must generate 45
MW in order to avoid shedding any load. This iases the cost of operating the
network according to the differences in marginatsmf the two generators. If the
Wheatstone bridge is installed in the network,gbeser transfer between buses 1 and 4
in event of an outage across Iag or S34, is 100 MW, and the load can continue to be
served with the inexpensive generator at bus 1.

During normal system operations, the Wheatstorgbrimposes a cost on the system in
the form of congestion. In the case of a contingem lineS4 or S, the Wheatstone
bridge offers a reliability benefit to the syste®pecifically, the Wheatstone bridge
serves to satisfy thd —1 reliability criterion with respect to transmissitnes. The
unserved energy expectation and probability albadaordingly. Increased reliability is
earned at the cost of increased congestion. Tlgesgeception to this tradeoff occurs at
very low levels of demand — less than 55 MW in¢hse of the Wheatstone network in
Figure 2. Thus, the value of the Wheatstone brisiglee difference between the
reliability benefit that it offers to the systememwsome period of time and the congestion
costs it imposes on the system.

In the Wheatstone network, the extent of the triidea function of the level of demand
and the probability of an outage on the lines dameasn of the Wheatstone bridge.
Conditional on an outage on either IBg or S4, let Ty be the feasible transfer capacity
between buses 1 and 4 andTlgbe the feasible transfer capacity between busesl 4
without the Wheatstone bridgeDefineU to be the event of an outage on &g or Ss..

U is assumed to be a Bernoulli random variableighatjual to one (the case of an
outage) with probability, and equal to zero (no outage) with probabilityd. The

level of demand at bus B, 4, is assumed to be constant or perfectly predietabl

3.1. Congestion and Reliability Metrics
We measure the congestion cost imposed on a syateriB busesduring normal

operations by the difference in total cost of seg\a given demand profiR.,,...,P, s}

with the Wheatstone bridge in the network, andttitel cost of serving an identical
demand profile without the Wheatstone bridge. Wi Wheatstone bridge, suppose

that the generation profile of the network &, ,...,P; sz} and that the generation profile

without the Wheatstone network{igs,,...,P; ys} . The congestion cost associated with
the Wheatstone can be written as:

" “Feasible transfer capacity” means the total amofipbwer that can be transferred from bus 1 to bus 4
while respecting all network constraints.



DRAFT WORKING PAPER — JULY 2006

) CC= ZB:(Ci (Ps*) —Ci (P I))

i=1

In the case of the Wheatstone network in Figure 2,ave 6C = 0, but in theory this
need not necessarily hold in more geneedorks.

Quantifying the reliability benefit of the Wheatstametwork involves comparing the
amount of unserved energy in a network equipped with a Whbeatbridge to the
amount of unserved energy in a network without the Wtaadridge:

T, -T,, U=1
6 UE=q" ° .
0, U=0

Note thatUE measures only the decrease in unserved energy assowidi ¢oe
Wheatstone bridge. In the case of the Wheatstomeoneshown in Figure 2, we will
haveUE = 0 if the generator at bus 4 has a maximum output of less4s MW.

Following Bohn, Caramanis, and Schweppe (1984) and Joskoivirarel (2006), end-
use consumption at thh bus is assumed to follow a demand functip(P_ , wherer;

is the price faced by consumers at bu€onsumer surplus at tité bus is therefore
given by the value function:

PLi

@ w(R) = [7m(R)dR;.

The cost (to consumers) of an amount of unservecyg,, — T, is:

® CUE=Ux(«(T,)-V(T,)).

If there is no outage on the line, tHek = 0 and thu€UE = 0. Also, ifTw = Ty (that is,
the possible transfer across the network is netedtl by line outages or the presence of
the Wheatstone bridge), then the cost of unsermeryg is also zeroAssuming that the

outage probability is independent of the level @indnd, we measure system reliability
using the expected cost of unserved energy:

9 ECUE=ux(v(T,)-Vv(T,)).

The (expected) net benefit of the Wheatstone briddiee presence of nonstochastic
demand is thuE(NB) = ECUE —(1 — u)CC.

3.2. Application to the Four-Bus Test Network
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Applying the cost-benefit calculus of equationst{spugh (9) to the four-bus
Wheatstone network in Figure 2 is straightforwakar P_4 between 0 MW and 100
MW, we simulate generation dispatch and power flowthe network both with and
without the Wheatstone bridge; and with and with@gbntingency on one of the
transmission lines forming the boundary of the et

For ease of illustration, we make the following [glifging assumptions:

1. The 100 MW of load at bus 4 represents net ddmaihis modifies the network
in Figure 2 by effectively removing the generatbbas 4.

2. Outages occur in the downstream portion of #tevark; that is, on either lin&4
or line Ss.

3. Each line outage lasts one period. Thus, théemefit of the Wheatstone bridge
is in terms of dollars per MW-interrupted.

4. The consumer’s per-period marginal value fumcigoconstant at $50/MW. We
will call this the value of lost load/OLL).

We can thus write equation (8) as:
@) CUE=U x(VOLLXT,, ~VOLLXT,).

The net benefit of the Wheatstone bridge is caledlaising the simulation output as:

(0) E(NB)=ux(VOLLxT, -VOLLxT,)-(1- u)iB:(Ci (P,*) —C,(Py").
reliability =

congestion

In our simulations, we assume that there is a sysparator who dispatches generating
resources to solve the following optimization problem:

@) min > (C/(Ry) +VOLL xUE)

st.

a ]a) Z Fijtransfer - PGi _ P|_i Oi
j

()  g(x)=0

) h(x) <0

whereg(x) andh(x) represent the equality and inequality constraintsaroftimal power

flow problem, as expressed in equation (3). The tEr:rﬁij"a”Sfe’ represents the total
i

10
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amount of power than can be transferred into or othiaith bus® Thus, constraint
(11c) represents the power balance condition.

Equation (10) provides some insight as to how the netibkmetion is expected to
behave. For sufficiently low levels of demand, thegestion cost will be zero since the
rated megawatt limit of the lines in the network rgérelative to demand. Similarly,
the reliability benefit of the Wheatstone will alse zero if demand is low relative to the
amount of capacity in the network. In this case, d@vaitine goes out and the network
does not have a Wheatstone bridge to redirect flowsgestwill not occur in the
downstream portion of the Wheatstone (bus 4 in the @aSigure 2).

The simulation results are displayed graphically in FigurénZalculating the net
benefit function in equation (10), we consider outage pititiegbetween x 10° and
1 x 103 The cost function of the generator at bus 1 is giveguation (1).

Net Wheatstone
Benefit ($/h)

“os Outage
50 Probability x 103

Demand (MW)

Figure 3: Expected net benefit of the Wheatstone bridge in the fourdbunete/ork.

4. Application to the IEEE 118-bus Network

The four-bus test network from Section 3 is useful fostitating the concepts behind
equations (5) through (10), but is not a very descriptive hudd actual system. A
Wheatstone network embedded in a larger system mightied\generation or load at all
four buses; generation or load at one end of the Wioeat&tridge could sufficiently alter

8 Transfer capacity out of a given bus is constraineth@pamount of available generation and
transmission. Transfer capacity into a given busiloer area of a power network) depends on the
supply/demand balance in other portions of the network.takke the total transfer capacity as exogenous.

Wood and Wollenberg (1996) discuss the calculation of margimélotal transfer capacity.

11
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the pattern of flows such that congestion is avoiddak r€liability benefit of the
Wheatstone bridge also depends on how it interactsthethest of the network; the loss
of one of the boundary links might simply be made up neased flows from other
portions of the network, with the Wheatstone bridgeaututing any benefit to the system
at all.

Equations (5) through (10) decompose the congestion attabatgiven transmission
upgrade from its effect on reliability. Blumsacke,lland Lave (2006) derive explicit
topological conditions under which the addition of a nemagmission line will decrease
congestion, but will not improve reliability (and viegersa). In particular, they show that
reliability and congestion can represent tradeoffs e network has an embedded
Wheatstone sub-network. Blumsack (2006b) provides a graptetlwealgorithm for
identifying embedded Wheatstone structures in larger nkswor

C—

AN . Wheatstone B
AR | & J [

R ®
- Tz B == —=

% \‘
. :
, 1 \
{ e A _
L iy ” i s
- i A S ¥ ;
v =g p) L
Wheatstone A E = i
é, @D

Figure 4: Four Wheatstone sub-networks of the IEEE 118-bus test network.

The magnitude of the relationship between congestiomediatility is ultimately an
empirical question. We examine the congestion andiléiseffects of four Wheatstone
sub-networks in the IEEE 118-bus test network, using the sanulation procedure as
in Section 3. The four Wheatstone sub-networks aredt®ti in Figure 4, which also

12
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shows the topology of the 118-bus netwdrkhe networks are labeled A, B, C, and D.
The system topologies for the four networks and illusediase case power flows are
shown Table 1, for comparison with the four-bus Wheatstest network of Figure’8.
The base-case power flows are used to determine “upStag@tidownstream” portions
of each embedded Wheatstone sub-network, as described'belo

For each level of demand in each Wheatstone sub-rietther associated congestion
cost is measured using equation (5). Thus, the congessbisalefined to be the
difference in total system cost to serve identicalatahprofiles in a system with the
Wheatstone bridge and without the Wheatstone bridge.

Wheatstone Sub-Network
A B C D
S, Reactance (p.u.) |0.09 0.02 0.12 0.13
Base-Case Flow (MW) |27 13 220 104
Sis Reactance 0.12 0.02 0.05 0.14
Base-Case Flow 23 2 186 33
S Reactance 0.09 0.05 0.05 0.1
Base-Case Flow 32 92 121 210
Su Reactance 0.07 0.01 0.05 0.19
Base-Case Flow 15 25 257 19
Sy Reactance 0.09 0.04 0.05 0.12
Base-Case Flow 35 118 151 140

Table 1: Topology and base-case power flows in four Wheatstone sub-networks
embedded in the IEEE 118-bus test system.

The reliability benefit of the Wheatstone bridge sasured using equations (8) and (9).
We assume that the marginal value of consuming powen&ant, and that all
consumers in the network have an identical value fumef{®y;). In this set of
simulations, we set the value of lost load equal to $1,000iM&vrupted. The analysis
considers a range of outage probabilities betwe&rah@ 10", so the(L—u) term in

equation (10) is never lardé.

® Data for the test network were downloaded from theBlPBwer Systems Test Case Archive at
http://www.ee.washington.edu/research/pstca/.

19 One-line diagrams illustrating the base-case power fisults can be found in Blumsack (2006a, Ch.6)
1 Depending on supply and demand conditions throughout the kefivisr theoretically possible that the
“upstream” and “downstream” portions could change. We dicgnoounter this phenomenon in the
simulations performed for this paper.

12| arger outage probabilities were examined but are nhidad here. Once the outage probability
becomes much larger than 10&<0.1), at larger levels of demand, both the congestishand

13
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Calculating the net benefit function in equatiofi)(fiequires running four sets of optimal
power flows on the IEEE 118-bus network for eactheffour Wheatstone sub-networks
under consideration. The DC optimal power flow elad equations (11) is used
throughout this analysis. The four power-flow cagee:

Case I: The “base case” set of DC optimal powavdlonvhere the sub-network has the
Wheatstone bridge, and there is no assumed contp@s any of the transmission lines.

Case Il: Same as Case |, but the DC optimal polassfare run on the sub-network
without the Wheatstone bridge.

Case lll: This case assumes an outage on one bbthelary links in the Wheatstone
sub-network, but assumes the sub-network has atéfbaea bridge.

Case IV: An outage is assumed on one of the lgkd,there is no Wheatstone bridge in
the sub-network.

The power-flow results from Cases | and Il are usechlculate the congestion effect of
the Wheatstone bridge, and the results from Caisard IV are used to calculate the
reliability effect of the Wheatstone bridge.

Wheatstone sub-networks C and D are good examptag gimulation results, so we
discuss those in greater detail than Wheatstonaasiiorks A and B. The full set of
results from simulations run on all four sub-netkgoare in Blumsack (2006a, Ch.6).

4.1. Cost-Benefit Analysis of Wheatstone C

Wheatstone sub-network C is located in the souteeaportion of the IEEE 118-bus
network, as shown in Figure 4. This WheatstoneWwasof its four component buses
connected to the external network. From Tabled see that power flows from the
external network through the Wheatstone networlaro® bus 90. Thus, bus 90 is
designated as the downstream node for this subemnketw

Figures 5 and 6 show the congestion cost and iitjidznefit of the bridge in
Wheatstone C. The real power demand at bus 3&usraed to vary between 0 and 500
MW; we hold demand constant at all other nodekenmetwork. The positive value for
the congestion cost indicates congestion chargesiased with the Wheatstone bridge.
At lower levels of demand, Figure 5 shows thatdbegestion caused by the Wheatstone
bridge increases with the level of demand, jush dise four-bus test network shown in
Figure 3. At demand levels larger than 450 MW egation from elsewhere in the
network is dispatched to meet the increased lodds00, and the congestion cost
associated with the Wheatstone bridge declineg ekpected congestion cost does not
vary widely with the outage probability becauseomly consider small outage
probabilities (less than a 10% chance of an outage)

reliability benefit get large enough so as to obscuedbthavior of the net benefit function at lower Isve
of demand.
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Figure 5: Expected congestion cost associated thethbridge in Wheatstone C.
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Figure 6: Expected reliability benefit associatedivihe bridge in Wheatstone C.
The reliability benefit associated with the Wheaist bridge is shown in Figure 6. At

low levels of demand, the capacity in Wheatstormerstiwork C is large relative to
demand, so a single line outage makes little @iffee in the ability of power to be
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transferred across the network towards bus 27arger levels of demand, the expected
reliability benefit is highly sensitive to both tlevel of demand and the outage
probability.
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Figure 7: Expected net benefit associated withtifiege in Wheatstone C.

The net benefit of the bridge in Wheatstone subroskt C is shown in Figure 7. An
instructive comparison can be made between thevioelaf Wheatstone C and the four-
bus test network discussed in Section 2. In WhexaésC, congestion and reliability are
only independent for low levels of demand (150 MWess). For this range of demand,
the Wheatstone imposes a congestion cost whilestiadility benefit is zero. Only at
higher levels of demand does the net benefit fanatidicate the tradeoff between the
congestion cost imposed by the Wheatstone briddetsneliability benefit. Once the
reliability benefit kicks in, the net benefit furat will rise more sharply if the

probability of an outage is larger; for low outggebabilities, the congestion component
of the net benefit function dominates.

4.2. Cost-Benefit Analysis of Wheatstone D

The second Wheatstone sub-network discussed hexated in the middle of the IEEE
118-bus network, just northwest of Wheatstone Gpologically, Wheatstone D appears
to be more of an interior Wheatstone than the dtimele sub-networks, as it is located
near some of the system’s larger and less expegsiverating units located at buses 80
and 65. The congestion and reliability properiethis sub-network should be different
than the other three Wheatstone sub-networks. bdike-case power flow run on this
Wheatstone sub-network indicates that bus 77 shmuttbnsidered the downstream bus;
power flows from the external network through thaéAtstone towards bus 77.

16



DRAFT WORKING PAPER — JULY 2006

Congestion Cost ($)

10e-04

400 300

—_ Outage

- = 0 Probability

Demand at bus 77 (MW)

Figure 8: Expected congestion cost associated thihbridge in Wheatstone D.
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Figures 8 and 9 show the congestion cost and ijidiznefit associated with the

Wheatstone bridge in sub-network D. The tradeetfiieen congestion and reliability
evident in Wheatstone sub-networks A, B, and tsas evident. In the other three sub-
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networks discussed here, the congestion cost(ns@® or less) monotonically with
demand. However, Figure 8 shows the congestishresing and falling in a roller-
coaster pattern. For the most part, the Wheatdindge in sub-network D has negative
congestion costs, meaning that the presence diridhge reduces congestion rather than
causes congestion. The reliability benefit assedisvith the Wheatstone bridge in sub-
network D, as a function of demand and the outagbability, behaves similarly to the
other three Wheatstone sub-networks.

The same roller-coaster pattern of the net befufdtion can be seen in Figure 10,
which shows the total net benefit function as lgmand at bus 77 and the outage
probability vary. The shape of the total net bierfiefiction is nearly identical to the
shape of the congestion cost curve in Figure 8.civelude from Figures 8 through 10
that congestion and reliability are not independefheatstone D, but neither do they
represent tradeoffs. In this case, congestiorraiability are complementary. The
Wheatstone bridge could be justified for reliapiteasons, but (over a large range of
demand) congestion would decrease as well.
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Figure 10: Expected net benefit associated withbtfrgge in Wheatstone D.

For a given level of the outage probability, the Imenefit of the Wheatstone bridge
should be an increasing function of the level ahded. Wheatstones A and C both
behave this way, but the relationship is somewdss tlear for Wheatstone B and is
virtually nonexistent for Wheatstone D. This hights the influence of the system, and
the importance of location, on a given individuah&dtstone sub-network. Wheatstone
sub-networks A and C are located topologicallyHartaway from the center of the 118-
bus network. More importantly, Wheatstones A arita@e fewer connections to the
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external network. Thus, the external network bas Influence over the behavior of
Wheatstones A and C than over the behavior of VEheads B and D.

The most significant portion of the external netkvior explaining the behavior of
Wheatstones D is the location of large and inexperggeneration in close proximity.
Generators at buses 80 and 65 are directly comhezté/heatstone sub-network D; the
generator at bus 80 is directly connected to tivendtream load bus of Wheatstone D.
Empirically, we found that changes in the dispaitbenerator 65 had the greatest
influence on the congestion-cost function showhigure 11. To illustrate the influence
of these generators on the congestion cost ardbitieyi benefit associated with the
Wheatstone bridge in sub-network D, we artificialigreased the marginal cost of the
generator at bus 65 by a factor of ten, from $2\@hMo $25/MWh. The new net
benefit, after the cost increase, is shown in lEdir. After increasing the marginal costs
of the generator at bus 65 to the point where tonger changes dispatch in response to
changes in demand at bus 77, the Wheatstone nefitdanction looks much like the net
benefit functions from Wheatstone C.

2500 —
2000

1500 —

1000~

Net Benefit ($)

" 10e-01

500 : = 10e-04

i <9 100 Outage
0 10e-07 .
Demand at bus 77 (MW) Probability

Figure 11: Expected net benefit associated withbiiidge in Wheatstone D, after the
marginal cost of generation has been increasediatGb.

4.3. Cost-Benefit Analyses of Wheatstones A and B

The net benefit functions for Wheatstone sub-nek&/ér and B are shown in Figures 12
and 13. Both of these sub-networks are locatélaeimorthwestern portion of the IEEE
18-bus network. Like Wheatstone C, they are latateser to the boundary of the
network; this differentiates them from Wheatstonenbich has a more interior location.
Figure 12 shows that Wheatstones A and B displgdme sort of tradeoff between
congestion and reliability as Wheatstone C.
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Figure 17: Expected net benefit associated withbifigge in Wheatstone B.

5. Conclusion

AC transmission investment is a systems problefre ffature of the problem has not
changed with electric-industry restructuring, bome aspects of practice and policy have
changed. In the past, most transmission invessweate made with reliability and
resource adequacy in mind. With the move to camgepricing and market-based
congestion management in many operating areaghamblicy focus on developing
robust spot markets to support the congestion-naameaqt function of the RTO, the
focus of transmission policy has changed. Theojaibe transmission network is not just
to deliver power to customers, but is also to ifaté competition among generators. As
such, the criteria for evaluating and deciding agnwansmission investments has shifted
to emphasize the effects on competition and coiogest

Underlying this shift is an assumption that congaesand reliability are separable and
independent attributes in electric networks. Ia ffaper, we have shown that while the
network attributes can be decomposed, they arly independent, except at levels of
demand that are small relative to the capacitheftetwork to transfer power. Certain
directed network investments, such as HVDC linaghtralso be justified on economics
alone, since these investments are effectivelyrabfgmafrom the larger grid (Coxe and
lli¢ 1998). Whether congestion and reliability repnéseadeoffs or complementary
system attributes, the nature of the relationshgdso dependent on the network topology
and the degree to which the network is meshednsimssion links built in simple series-
parallel networks are more likely to affect a stngystem attribute than are links that
create Wheatstone sub-networks or other meshectstes. This observation not only
clarifies the nature of the externality involvedt lalso suggests that academics and
policymakers need to work with more sophisticatetivork models.

We conclude that the behavioral attributes of the-bus standalone Wheatstone
network are not universally generalizable to Wheaks structures within larger systems.
The behavior of the embedded Wheatstone networtkeit18-bus system is influenced
by their location, electrical proximity to nearbgtwork resources (that is, relative
impedances), and by the initial topology of thenwek as a whole. We find that
Wheatstone sub-networks located in more denselgesziad portions of the network are
more likely to be influenced by variations in adjatload and generation. One possible
implication for the planning process is that loegta Wheatstone in the middle of a
meshed network and near large sources of inexpegseration is unlikely to cause
major congestion problems that would exist if tase Wheatstone were placed at the
boundary of the network.

The key to analyzing general network modificati@secognizing the nature of the
relationship between congestion and reliabilitys with any economic externality, the
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tradeoff needs to be defined over the relevantaariglemand. Current transmission
policy endorsed by some ISOs and RTOs, and eved.teCongress errs in failing to
realize these distinctions. Current policy trehtstransmission system as if individual
lines could be divided into those that benefitdisstem through added redundancy, and
those that harm the system by causing congeslicemsmission lines are also treated as
if their contribution to the system is independefithe state of the system. The RTO and
FERC rationale for market-based merchant transomssilargely based on this false
congestion-reliability dichotomy.
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