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Incremental Transmission Loss Allocation
Under Pool Dispatch

Francisco D. Galiandellow, IEEE Antonio J. ConejpSenior Member, IEEEand Ivana Kockar

Abstract—incremental transmission loss analysis has been usedbilateral transactions [10]-[12]. In this paper, particular atten-
for decades, but recent interest in its application to loss allocation tjon is devoted to incremental methods, already in use in Norway
calls for new in-depth results. This paper demonstrates that, for [13] or under consideration in the U.K. [14] and Spain [15].
incremental methods to be applied correctly in loss allocation, it L L . .
is first necessary to specify the load distribution and loss supply Interg;t in incremental loss alloca_t'on 'S.grow'ng' In part, be_'
strategies. Incremental loss allocation among bus power injections cause it is based on the well-established incremental transmis-
is shown to be arbitrary and, therefore, open to challenge as dis- sion loss analysis, an approach known to power engineers for
criminatory. Loss allocation is possible among incremental loads at |east three decades [16], [17]. Its implementation, moreover,

and/or generators, but the proportion of the total losses assigned | g glgorithms and data consistent with those of the conven-
to either one is arbitrary. Unique, nonarbitrary incremental loss tional load flow

allocations are however possible among the “equivalent” incre- ) . )
mental bilateral exchanges between generators and loads. From The essence of loss allocation by incremental methods is to

these basic components it is possible then to calculate the alloca-expand the system losses through a first order sensitivity with re-
tion among generators or loads in any specified proportion. The gpect to the nodal real power generators and loads. Each term in
main results, although developed initially for small increments, 6 |inear expansion then defines that fraction of the incremental
are extendt_ad to Iar_ge variations. Finally, a general incremental | located to th ding i tal fi
loss allocation algorithm is developed and tested. osses allocate 0. . e correspo_n Ing 'ncreme.n al generation or
load. Although familiar and straightforward, this paper demon-
strates that unless correctly defined, such methods can lead to
arbitrary loss allocations that can always be challenged as dis-
criminatory. Given the current strong interest in incremental loss
allocation schemes, an in-depth investigation of this subject was
. INTRODUCTION carried out with the following results.

OSS allocation is a procedure for subdividing the system ¢ The incremental allocation of losses among poimggc-
transmission losses into fractions, the costs of which tionsis shown to barbitrary and its use, therefore, is ar-
then become the responsibility of individual users of the  guably discriminatory.
power system (gencos, discos, marketers). Loss allocatione The incremental allocation of losses amaugiivalent bi-
does not affect generation levels or power flows, however it  lateral exchangebetween generators and loads is shown
does modify the distribution of revenues and payments at the to beuniqueand, therefore, the basis for a valid loss allo-
network buses among suppliers and consumers. This step is cation scheme.
necessary whenever, for reasons of computational simplicity, ¢ How the unique incremental loss component allocated to
the base generation dispatch and its clearing price are calculated a particular generator/load pair is split between the cor-
through a suboptimal merit-order scheme that initially neglects  responding generator and load is howeret unique. It
transmission losses [1], [2]. The actual generation of losses is could be 50/50, but other arbitrary proportions are also
then taken care of by a pre-determined loss supply strategy, possible (e.g., allincremental losses allocated to the loads,

Index Terms—Equivalent bilateral contracts, incremental trans-
mission loss analysis, loss allocation, loss supply, humerical algo-
rithm, pool dispatch.

usually in the form of a distributed “slack.” or all to the generators).
The loss allocation schemes developed thus far can be cate= A general purpose incremental loss allocation algorithm
gorized into incremental [3], [4], circuit-based [5], proportional- is developed and tested for both small and large variations

sharing [6], [7], pro-rata [8], and miscellaneous approaches for in the operating point.
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flows and the system losses themselves. Loss allocation, oms (4) is a valid linear expansion, the incremental loss com-
the other hand, does not directly affect any network variablggonent allocated to the power injection at baan also be given
The process merely takes the system losses from a power floyv

solution and divides them in some “fair” fashion among the

loads and/or generators for purposes of revenue and payment dL; = {B(ITL;) + (1 — B)}dP;. (5)
reconciliation. Thus, a generator that, according to the loss

supply scheme, does not generate losses will still be aIIoca(tgf o S o
a loss component for which the pool must be compensated.*’ can be modlfled_arbnrarlly. Thus, i N 1, th_e slack bus
ection at buss, receives zero loss allocation (sinceL, ,, =

Similarly, a slack generator, even though producing all or p 3 B 1 =
of the losses, will nevertheless also be allocated responsibi If, however,§ = [1-ITL,/s] ", then busis allocated zero

for a fraction of the system losses.

An interesting observation is that, in optimally dispatcheg] iquelv d d the b iniect
systems, the loss supply and loss allocation strategies are ot niquely decomposed among the bus power injecachs

required. Each power generation supplies just the right amo&ﬁ’{d'tn?“to the rr]n?:chodtr?f ljnc:]emel:)tal Iozs ar}alys:js.tr]N?n-ltr:cre—t
of demand and losses to maximize global welfare. Similarl ental “one-shot’ methods have been developed thal, attemp

under optimal power flow, the nodal prices paid by the loa %
already account for transmission losses and congestion, an
additional loss allocation responsibility need be assigned to i

y adjusting the free scala, the allocated loss components,

It is therefore concluded thdlhe incremental losses cannot

separate the system losses among the injections [5]-[7]. “One
t" methods, however, all contain a degree of arbitrariness and
%ch yields a different allocation.

loads.
IV. DISTRIBUTED SLACK LOAD FLOW
[1l. N ON-UNIQUENESS OFLOSSALLOCATION AMONG Under merit-order dispatch, the pool calculates a set
INCREMENTAL POWER INJECTIONS of load distribution factorsn;; ¢ = 1,...,n, such that
m; > 0 Z;;lmi = 1. The quantitym,; represents the

The major difficulty in loss allocation is that, for large
changes in the operating point, the processvigysarbitrary.
This is so because the system loss is a nonseparable, nonli . o
function of the real power generations and loads. One justific geount for transmission Ipsses, the pool a_lso_ specifies a set
tion for using incremental loss allocation methods is that, f§f 10SS-SUPPly factorsp;; ¢ = 1,...,n, assigning to each
small increments, the linear relation between the incremenfignerator a fraction of the fotal losses that it must produce to

system losses and the incremental generation and/or load levs bI'Sh.‘f" power balan,? €. The loss-supply f_actors glso satisfy
is separable. the condition,p; > 0; >"°° | p; = 1. Note that if there is only

Unfortunately, not every linear incremental loss model yiel e slack generator at busthen the losses are supplied only

a unigue set of separable components. To demonstrate this s ebus s, and allp;’s are set to zero except at buswhere

ment, consider first the expansion of the incremental systé ~ 1. In this paper .'t is assumed that both vectarsandy
losses among the power injections are known and specified by the pool.
From the above discussion, a slightly more general form of

fraction of the system load supplied by generataiccording
't.%a{pe merit-order scheme. Since the coefficients do not

n the load flow equations can be formulated. We begin with the
dPoss = Z ITLi/sdF; (1) basic power flow balanée
=1
wherelTL,; ,, is the sensitivity of the system losses with respect Py, — Py =P(é) (6)

to the power injectior?; holding all power injections constant

. however, here the generation vector has the form,
except at the slack bus, that is, 9

P, = mP® + pPoss. 7
ITL,, = 8;’;55 . @ g d pLy . (7)
tols In (6) and (7)P, andP, are, respectively, the vectors of the
The allocation process then divides the incremental losgedus generations and deman#¥(é) is the vector ofn real
in (1) into n components defined YL, = ITL;/,dP;;i = POWer injections expressed in terms of the vector ofithe 1
1,....n, each component associated with the corresponding R1ase angles, P> = 377 | Py;, while P, represents the
cremental power injection. To demonstrate that this separatiéknown system losses.
is arbitrary, consider the identity The solution of (6) and (7) can be obtained via a simple ex-
tension of any standard load flow [18]. The key difference is
AP, — z": AP 3) that a slack generation need not be defined when solving the
058 part v distributed slack load flow. Instead, adlreal power equations

are used to find the unknowns, namely and P,..s. Equations
Let 8 be any scalar. Now, multiply (1) 85 and (3) by2(1—  (6) and (7) thus model the network behavior under merit-order
#), and add the two. Then dispatch with a specified loss supply scheme.

n 1To simplify the presentation, all bus voltage magnitudes are assumed known.
dPioss = Z{/J(ITLi) + (1 -p)}dP. 4 ;Is'he real power injections therefore depend only on the bus voltage phase angles,
i=1 .
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A. Incremental Distributed Slack Load Flow The term(o; — o' m)/(al p) = (0Pioss)/(0Py;) describes

Assuming now that the load vector varies by a small incrét'e sensitivity of the system losses with respect to a change

ment,dP., resulting in corresponding changes in all dependeft the load at bug, given that the load increments and corre-
variabless, dP,,, andd Py, then from (6) and (7) these incre-SPonding losses are supplied according to the incremental load

ments must satisfy the incremental distributed slack load flof/OW (8)- Note thatin (14) the arbitrary proportionality constant
in the vectora is present in both numerator and denominator

IP(é) dé ®) and therefore cancels out. A two-bus example is presented in
oé ' Appendix A to illustrate the derivation process of incremental
loss allocation components among loads.

B. Incremental Power Balance Equation It is clear from (13) and (14) that the incremental losses al-

We first recall some fundamental results relating to the incris(‘)—Cated o the bus loads add up to the total system incremental

mental behavior of the power flow equations [4]. Note that th $5€S44%0s. Thus, this particular loss allpcatlon scheme as-
rank of then by n— 1 Jacobian matrixdP(8))/(96), is in gen- signs all the losses to the loads and nothing to the generators.

eraln — 1, wheren is the number of buses. Thus, the solutio his type of allocation is therefore arbitrary in the sense that

of (9) yields a single nonzero vectar, of dimensiom where t e loads are given lsole responglblllty for the losses. What we
wish to derive next is an allocation strategy among generators

dP(6) T and loads that is unique without requiring that a percentage of
{T} =0 (9)  the losses ba priori assigned to one or the other participant.

mdP® + pdPioss — AP =

From (9), it is clear thatr can be determined within a pro-B. Unique Allocation Among Equivalent Bilateral Power
portionality factor only, however, as will be seen, this arbitrarigxchanges

factor does not affect the loss allocation schemes derived belowyq begin by recalling that the participation factors add up to
In order to determine for a given operating poing, one can one,>™"_, m; = 1, so that the vector of incremental loads can
solve (9) for the null space of the transpose Jacobian or one ‘B%nvvritgn as

make use of the classical ITL coefficients [4], [16], that is,

n

dPy =Y [m;dP4]. (15)

=1

n
E m;

=1

oy = 1-— ITL7/g (10) de =

wherelTL;,, is defined by (2). Just as the proportionality con- Moreover,dP, can be divided into the sum afvectors
stant ina does not affect the final loss allocation, the arbitrari- n

ness in (10) due to the choice of the slack hyslso does not dP, = Z e;dPy; (16)
influence the final loss allocation [4]. J=1

By multiplying both sides of the load flow equations (8) by,peree; is a unit vector containing a one in locatignand

o and using (9), the incremental power balance equation Caltoes elsewhere. Thus combining (15) and (16)

be obtained
(aTm)dPy + (T p)dPioss — aTdPy=0. (11) 4P, = Zm Zejdpdj = Zzej [m; dPy]. (17)
=1 j=1 =1 j=1
From (11), the incremental losses can now be found in terms ’ ) ’ ) _
of the incremental loads only The scalar m;dPy can be interpreted as the increment in
the component of bus loafl supplied by generatot. There
AP — al'dPy — (a’'m)dP;" (12) existn? such equivalent exchanges between all generators and

all loads. In order to express the incremental losses in terms
of these equivalent bilateral exchanges, recall the incremental
power flow, including the loss and load supply strategies

_9P(§)
06

alp

V. INCREMENTAL LOSSALLOCATION

A. Incremental Loss Allocation Among Bus Demands md P} + pdPss — dPy dé.

Combining (12) withdP g4 = [dFy1, ..., dPa,] anddP;™ = ) oy N . _
>"_, dPy, an expression can be found for the incrementINCedry ™ = > j—1dFg andm = 377, mje;, using (17),
system losses consisting of the sumnaferms, each uniquely We can rewrite (8) as

dependent on & bus |0<’1d mjef]fj igl[mf,deei] + pdPoss — igl[mf,deej] = ag—gé)dé.
dPioss = ; [Jan} dPy;. (13) 7 7 (18)
From (1_3) one can therefore assign to each incremental Io-[arclien; combining (9) and (18) B
the following unique incremental loss component Z [midPy ] + (@7 p)dPoss — Z [midPya;] = 0

i,j=1 i,j=1

T
| em .
dLy = [ oTp } dPy;. (14) (19)
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which allows us to expand the incremental losses agique example, from (23), the increment of loss allocated to the load
linear combination ofz? components, each attributed to armt bus; is

equivalent bilateral exchange;d Py, 4 n
_ a2l QT =t L=
d-Ploss - Z |:{ an }mZde]:| . (20) (24)

i,j=1

A similar integral applies to the loss components allocated to
flie generators. Note that the load distribution veawaft), is
assumed to be time dependent. This is so, since in general, the

From (20), we can identify the unique incremental loss comp
nent associated with the equivalent bilateral exchangéy;,

that is, merit order dispatch may depend on the system load.
s — To solve (24) numerically, it is necessary to approximate the
J ¢ .
dL;; = “aTp m;dPy;. (21) integral by the sum of a large number of steps, at each of

which a new load flow and a new veci®ft) must be calculated.

This approach yields the “exact” change in loss allocation but
C. Loss Allocation Among Loads or Generators Fréf, is computationally demanding. When a small number of inte-
gration steps is taken, the loss allocation components are only
approximate and do not sum up to the actual system losses. To

correct this imbalance, it is necessary to scale the approximate

This C.jOUbI? sum can aiso be separa_ted gmong the genera\tt%gallocations so that their scaled sum matches the exactlosses.
only (indexi) or among the loads only (indg. If all the losses Note also that the integral in (24) provides only a variation,

are allocated tp the generators,. then the compon_ent assignegintg not the absolute loss allocation. To obtain an absolute re-
generatot, defined here asL;, is found by summing the loss sult, it is necessary to start the integration at a point where the

components corresponding to the equivalent exchanges betwgl‘:r‘&ation of losses is already known. In the absence of such
generator and all loadsi = 1, ...,n. Thus,

initial information, one can assume the existence of a linear and
n n uniform load trajectory starting at zero loads. Clearly, when the
ALy = dLi; = [aj - a’} m;dP;.  (22) loads are zero, so are the losses and the allocations. Thus, if a
j=1 @y vector of loadsP, is known but not its time trajectory, to obtain
the allocation of losses using the above integration procedure,
Similarly, if the losses are assigned to the loads only, to det@ke trajectory assumed i§P4(t) = tPg; 0 < t < 1}, atthe
mine the incremental loss allocated to lgadlefined asiLq;,  end of which the load vector is equal to the specified level.
one adds up all the loss components corresponding to the equiv-
alent exchanges between loadnd all generators= 1,...,n. A. Successful Approximate Large Step Loss Allocation
Thus,

The unique equivalent bilateral allocation terms, ;, add up
to total incremental losses, that i#7oss = >y 22;1 dL;;.

i=L

Experimental results have demonstrated that accurate and fast
n " e — o loss allocations can be obtained by approximating the loss allo-
dLg; = Z dL;; = Z [ J T Z} m;dPy. (23) cation integrals by as few as one single integration step over the
=1 L ap whole trajectory. The following steps are required.
) . , Let Ly; be the approximate loss allocated to Igaafter one or
It is relatively straightforward to show that (23) and (14) Argayeral large integration steps¢. Let Py, be theexact losses

identical. calculated via a load flovat the final specified load levels. Then,

It would also be possible to divide the total losses in some & the sum of thé; does not equaP,.., one can define a new
priori proportion among the loads and generators. For example, a4 (oss allocafion component fgisl,qjad
if the proportion is50/50, the allocations in (22) and (23) would

each be cut in half. 1% _ Ly;
Thus,itis not possible to uniquely allocate incremental losses 4 S /
among generators and loads without a priori assigning a pro- . o
_Experimental results indicate that, for constant values of vec-

portion of the total losses to each category. It is however pos dp al the whole int i th th tal

sible to assign a unique incremental loss allocation to the equi}?—rsi.n an pﬁq (')ngtsL; Vi 20e0|n£e'gra 'OQ paﬁ » (e perce?_ a-

alent bilateral exchanges between generators and lpads ~ '0caton Coetlicients.,; = (Laj)/(2op=y Lar) are practi
cally independent of the number of integration steps. This means

that with as few as a single integration step, the scaled loss al-
VI. L OSSALLOCATION FOR LARGE INCREMENTS location terms /%, are almost indistinguishable from the exact
Assume that it is desired to calculate and allocate losses ¥@luesLq; defined by (24). As shown in the results, if the vector
a |arge Change ina given load vectBy;, where the generation m varies with system demand, then the error in the approximate
is given by the dispatch strategy defined by the vectarand allocations worsens, but remains within acceptable bounds.
p. If the load vector varies with time in a known fashid?y(¢), o
then the change in loss allocation over a given load trajectoRy, Uncertainty in the Vectors andp
{P4(t);t € [to,t1]}, can be calculated by integrating the pre- An allocation problem where only a load flow solution is pro-
viously calculated incremental loss allocations over time. Faided, with no knowledge of either how the losses are supplied

Pioss. (25)
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TABLE |
COMPARISON OFPERCENTAGEVALUES OF LOSSALLOCATION COEFFICIENTS FORVARIOUS NUMBER OF INTEGRATION STEPSWITH CONSTANT m AND p

Number of integration steps
1 10 100
Losses (pu) 0.068 0.068 0.068
Estimated Losses (pu) 0.140 0.075 0.069
% % % % % %
- Power Power L La L, Lo L, Lo
Nam. | B | e ™ P ) ) (%) %) %) )
1 1.26 0.00 0.46 1 67.0 0.0 67.0 0.0 67.0 0.0
2 0.4 0.22 0.15 0 124 1.7 124 1.7 124 1.7
3 0 0.94 0.00 0 0.0 57.3 0.0 57.1 0.0 57.1
4 0 0.48 0.00 0 0.0 11.5 0.0 11.6 0.0 11.6
S 0 0.08 0.00 0 0.0 1.6 0.0 1.6 0.0 1.6
6 0 0.11 0.00 0 0.0 3.6 0.0 3.6 0.0 3.6
7 0 0.00 0.00 0 0.0 0.0 0.0 0.0 0.0 0.0
8 1 0.00 0.39 0 20.7 0.0 20.6 0.0 20.6 0.0
9 0 0.30 0.00 0 0.0 4.4 0.0 4.4 0.0 4.4
10 0 0.09 0.00 0 0.0 2.0 0.0 2.0 0.0 2.0
11 0 0.04 0.00 0 0.0 1.0 0.0 1.0 0.0 1.0
12 0 0.06 0.00 0 0.0 2.9 0.0 2.9 0.0 2.9
13 0 0.14 0.00 0 0.0 6.6 0.0 6.6 0.0 6.6
14 0 0.15 0.00 0 0.0 74 0.0 7.4 0.0 7.4
Sum 2.66 2.59 1.00 1 100.0 100.0 100.0 100.0 100.0 100.0
TABLE I
PERCENTLOSSALLOCATION COEFFICIENTS FORVARIOUS LOSSSUPPLY STRATEGIES
Number of integration steps =1
[ Losses (pu) 0.0659 0.0651 0.0665
Power Pl LI% Pl LI% Pl Lt%
Bus demand m p p P
Nam | W P | o | @ (pu) (%)
1 0.00 0.46 0 1.19 66.4 0 1.19 65.6 0.46 1.22 66.3
2 022 0.15 1 047 12.7 0 0.40 12.2 0.15 0.41 124
3 0.94 0.00 0 0.00 0.0 0 0.00 0.0 0.00 0.00 0.0
4 0.48 0.00 0 0.00 0.0 0 0.00 0.0 0.00 0.00 0.0
5 0.08 0.00 0 0.00 0.0 0 0.00 0.0 0.00 0.00 0.0
6 0.11 0.00 0 0.00 0.0 0 0.00 0.0 0.00 0.00 0.0
7 0.00 0.00 0 0.00 0.0 0 0.00 0.0 0.00 0.00 0.0
8 0.00 0.39 0 1.00 20.9 1 1.07 222 0.39 1.03 213
9 0.30 0.00 0 0.00 0.0 0 0.00 0.0 0.00 0.00 0.0
10 0.09 0.00 0 0.00 0.0 0 0.00 0.0 0.00 0.00 0.0
11 0.04 0.00 0 0.00 0.0 0 0.00 0.0 0.00 0.00 0.0
12 0.06 0.00 0 0.00 0.0 0 0.00 0.0 000 0.00 0.0
13 0.14 0.00 0 0.00 0.0 0 0.00 0.0 0.00 0.00 0.0
14 0.15 0.00 0 0.00 0.0 0 0.00 0.0 0.00 0.00 0.0
sum 2.59 1.00 1.0 2.66 100.0 1.0 2.66 100.0 1.00 2.66 100.0

or how the load is distributed among the generators, cannotrnated fromp = (P, — mP;"")/P.ss. Both vector estimates
solved by incremental methods. In such cases, “one-shot” hive to be normalized in order to add up to one.

location schemes are the only alternative. To use incremental

methods in loss allocation, as a minimum, one should know the Dependence ah Vector on System Load

load flow solution together with either the loss supply strategy, During the process of integration (24) from zero to the final
p, or the load distribution vectom. Knowing one of the two |oad values, it is possible for the merit order load distribution
vectors then allows us to estimate the other. This estimation is@gtor,m, to vary with the level of system load as new gener-
follows: Suppose that the load flow solution is known includingitors are dispatched and others reach their limit. It is not rea-
the vector of generation®},, the system losse$]., and the sonable then to assume that the final valuexofs valid over

total demandp’;”®. If, in addition, the loss supply vectgs, is  the entire load trajectory. In such cases, the integration process
known, then sinc®, = mP;" + pPi.ss, One can estimate the must be broken up into segments inside of which the vaetor
load distribution vector asn = (P, — pPiess)/ ;" . Alterna-  is constant. These segments are defined by the merit order dis-
tively, if only m is known, the loss supply vector can be estipatch following well-known methods [16].
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TABLE Il
COMPARISON OF PERCENT VALUES OF LOSS ALLOCATION COEFFICIENTS FORVARIOUS NUMBER OF
INTEGRATION STEPSUNDER A “SEGMENTED’ | NTEGRATION PATH

Integration steps per segment
1 10 100
[ Losses (pu) 0.068 | 0.068 | 0.068
B Ld% Ld% Ld%
Bus P Py m p (%) (%) (%)
Num. (pu) (pw) Py<1 1<P4<1.3 P>1.3
1 1.26 0 1 0.55 0.02 1 0.0 0.0 0.0
2 0.40 022 0 0.45 021 0 1.6 0.1 -0.2
3 0 0.94 0 0 0 0 532 54.2 54.4
4 0 0.48 0 0 0 0 13.5 13.8 13.8
5 0 0.08 0 0 0 0 1.7 1.5 1.5
6 0 0.11 0 0 0 0 33 2.9 29
7 0 0.00 0 0 0 0 0.0 0.0 0.0
8 1 0.00 0 0 0.77 0 0.0 0.0 0.0
9 0 0.30 0 0 0 0 6.6 7.0 7.1
10 0 0.09 0 0 0 0 2.5 26 26
11 0 0.04 0 0 0 0 1.1 1.1 1.1
12 0 0.06 0 0 0 0 2.6 2.5 2.5
13 0 0.14 0 0 0 0 62 6.2 6.2
14 0 0.15 0 0 0 0 7.5 8.0 8.1
sum 2.66 2.59 1 100.0 100.0 100.0
VIl. CASE STUDIES points created by the varying loss supply vector. This, therefore,

The incremental loss allocation method was tested onleafmjst.to S:'gh“): dlfflere?rt] Ict)a?t:]lowsha?hd system Itgss?s. Itl IS 1n-
number of networks. We present here the results for a sligh[ esting fo note a'so that afthougn the generation 1evels may

modified IEEE 14 bus network, with an additional generator §ange quite significantly whemchanges, the percent and ab-

bus 8. The numerical data and one-line diagram of the stuﬁ@llste I(I)tssfall(?[(r:]atlons ren;]am :ﬁlat_lvtely u?changtehd: lit int
network are given in Appendix B. esults for the case when the integration path is split into

Table | shows a comparison of the percent loss allocation C%e_gments, each segment having a different vaaioare shown

efficients calculated for one, ten, and 100 integration steps g},_TabIe . In this exar.'nple,-three segments are defined:
suming constanin andp vectors. Two percent loss allocation 1) for ;™ < 1 pu, in which segment only the generator at
coefficients are presentel’*, with the losses entirely allocated bus 1is (1|ysspatched; _ ,
to the generators, ank?, with the losses entirely allocated to ) for1 < £y < 1.3 pu, in which generators 1 and 2 share
the loads. Also, in Table I, the loss supply vectar,is such the load in the proportions of 55% for G1 and 45% for
that only the generator at bus 1 supplies system losses. Finally G2 sys . . )
the estimated (calculated through the integration process) an@ for 7" > 1.3 pu, in which the third generator (at bus 8)
“exact” values (from load flow solution) of the system losses are 'S &lso dispatched.
shown. As Table | indicates, the differences between the exd&e final dispatch proportions defining the vecter are as
and estimated values of system losses can be quite significaifen in Table IIl. Although the final load flow solution for the
and highly depend on the number of integration steps. Hofixamples of Tables I and Ill are identical, in the case of a seg-
ever, the percentage values of the loss allocation coefficients Bigntedn, more integration steps are needed to accurately esti-
nearly independent of the number of stefisis powerful result Mate the percent loss allocation coefficiehs and L;?. Still,
reveals that the proposed incremental method can be applie€¥8n in this segmented case, the difference between one and
large variations in operating point without significant loss of acL00 integration steps is relatively small, with the exception of a
curacy with only a single integration step and knowledge of teéW buses where the loss allocation is not large, as in bus 2.
exactPggs.

Table Il presents the percent values of the loss allocation co- VIIl. CONCLUSION

efficients for three different strategies of loss supply Although incremental transmission loss analysis has been in

1) when bus 2 supplies the losses; use for several decades, recent interest in its application to loss
2) when bus 8 supplies the losses; allocation calls for new rigorous results dictating the conditions

3) when the losses are distributed among all generatorsyfder which the allocated losses are unique and nondiscrimina-
proportion to their outputs, thatis; = (Fyi)/(3_; Fgi)-  tory. Thus, it is shown that incremental loss allocation among

For lack of space, only the loss allocation among the generatbrs power injections is arbitrary and therefore cannot be used
is presented in this table. In all cases the valumdé the same to allocate losses in a nondiscriminatory manner. Mathemat-
as in Table I. The slight change in the percent values of the Idsal formulae are developed showing that unique incremental
coefficients among the given cases is due to different operatilogs allocations are possible for equivalent incremental power
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exchanges between generators and loads. Unique allocations
among individual bus loads or bus generators are also possible,
but it is necessary to specify a priori in which proportion the
losses are to be divided among the two. It is also shown that in-
cremental loss allocation requires the specification of two vector P =0.7P P, =03P%
guantities, the loss supply and the load distribution parameters. “ ¢ :

One of these can be left unspecified and estimated, providgd 1 o bus example system.

that a load flow solution is also known. The allocation algo-

rithms developed and tested show that incremental methods can

be applied to large changes in operating point with little loss of

accuracy if use is made of loss allocation parameters expressed @ @ @

as a percentage of the exact system losses. @—1'—

APPENDIX A . . 94.2 + {19

To clarify the derivation of the incremental loss allocation
components, an illustrative two-bus example is presented here.
The line and load data are shown in Fig. 1. The vector of load @
distribution factors ism = [0.8 0.2]7 while the vector of loss-
supply factors i = [0.6 0.4]7. The load flow equations are

P, 0.8 0.6 7.6+j1.8 47.8 +]3.9
m I @ @ @

0.7] ,svs |

B [0.3} P+ PO (A2) b
11.2+7.5 29.5+)16.6 9+j5.8

Thus, (8) becomes

0.8] peys . [0.6 C0.7] s
[0.2}de +[0.4} @Floss [0.3} 4y

or, @

= {ﬁ} ds. (A.3)

96
Equation (9) takes the form 35+j1.8  B1+j18 135 +j5.8 14.9+i5
AP, aPF. i o . .
_1@1 + —2a2 =0. (A_4) Fig. 2. One-line diagram for the 14-bus network. Active and reactive power
a6 a6 demands and generations at every bus are given in MW and MVAr, respectively.

Clearly, the vectot: is not unique, but can be determined within
a proportionality factor. In order to solve (A.4), we write theyhich, when further substituted in (A.7) gives the unique incre-

power injections mental loss allocation among the bus demands [as shown in (13)
PL = g(1 — cos6) — bsin 6 and (14)], that is,
P, =g(1 —cosb) + bsiné (A.5) B 92gsiné N —8gsiné
from which 058 7 gsiné +bcosd N gsind + beoss P
aP di’dl dEdZ
8_61 =gsind — bcosd (A.9)
0% _ ysiné +beos A.6
e gsmot+beoso. (A-6) A similar analysis can be conducted for loss allocation among

Now, (13) becomes equivalent power exchanges.

0.2(0&1 — 042) P 0.8(0&2 — Oél)

d-Ploss = d

dP. (A7) APPENDIX B

0.601 +0.4as " 0.601 + 0.4az
Substituting (A.6) into (A.4) gives the unique proportionality Fig: 2 provides the one-line diagram of the 14-bus system
factor between the elements of the veaior used for the simulations. The active and reactive load demands
or, . are specified (MW, MVAr) in the figure underneath the load
=0 o, IS 6+ bcos 6@2 (A.8) symbols. Line data for the 14-bus system are given in Table IV.
on, gsinéd — bcosd All bus voltage magnitudes are set to one per unit.

a6
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TABLE IV [10] F.Wu and P. Varaiya, “Coordinated multilateral trades for electric power
LINE DATA FOR THE 14-Bus NETWORK USED IN THE CASE STUDIES networks: Theory and implementation,” Univ. California Energy Inst.,
Tech. Rep. PWP-03, 1995.
line from to r X b [11] S. Gross and S. Tao, “A physical-flow-based approach to allocating
number | bus bus (pu) (pu) (pu) transmission losses in a transaction framewotEEE Trans. Power
Syst, to be published.
! ! 2 0.0194 0.0892 0.0528 [12] A.G.Exposito,J. M. R. Santos, T. G. Garcia, and E. A. R. Velasco, “Fair
2 1 5 0.0540 0.2230 0.0528 allocation of transmission power losselfEE Trans. Power Systvol.
3 2 3 0.0470 0.1980 0.0438 15, pp. 184-188, Feb. 2000.
4 > 4 0.0581 0.1763 0.0374 [13] M. Meisingestand @. Breidablik, “A method to determine charging prin-
ciples for losses in the norwegian main grid,”"Rmoc. 13th Power Sys-
5 2 5 0.0570 0.1739 0.0340 tems Computation ConfTrondheim, Norway, July 1999, pp. 382-387.
6 3 4 0.0670 0.1710 0.0346 [14] “Decisions on the Appeals Regarding Implementation of Differential
7 5 4 0.0134 0.0421 0.0128 Transmission Loss Factors,” OFFER—Office Elect. Regulation, Tech.
Rep. PSA/R/10, 1996.
8 4 7 0.0001 0.2091 0 [15] “Propuesta de Metodologia Para el Tratamiento de Pérdidas,” Nat. Elect.
9 4 9 0.0001 0.5562 0 Regulatory Commission of Spain, Tech. Rep., 1998.
10 5 6 0.0001 0.2520 0 [16] O. I. Elgerd,Electric Energy Systems Theory: An IntroductiomNew
York: McGraw-Hill, 1982.
L 6 1A 0.0950 0.1989 0 [17] L. K. Kirchamayer, Economic Operation of Power Systemd&New
12 6 12 0.1229 0.2558 0 York: Wiley, 1958.
13 6 13 0.0662 0.1303 0 [18] G. Xu, F. D. Galiana, and S. Low, “Decoupled economic dispatch using
the participation factors load flow/EEE Trans. Power Apparat. Syst.
4 U 8 0.0001 0.1762 0 vol. PAS-104, pp. 13771384, June 1985.
15 7 9 0.0001 0.1100 0
16 9 10 0.0318 0.0845 0
17 9 14 0.1271 0.2704 0
18 10 11 0.0820 0.1921 0
19 12 13 0.2209 0.1999 0 Francisco D. Galiana(F'92) received the B.Eng.(Hon) degree from McGill
University, Montreal, QC, Canada, and the S.M. and Ph.D. degrees from the
20 3 14 0.1709 0.3480 0 Massachusetts Institute of Technology, Cambridge.
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