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Abstract

The problem of grid cost and losses allocation may be divided into independent subproblems: allocation of branch flow and losses to transactions,
definition of these transactions and cost allocation to transactions. From this final allocation, the charges to participants in transactions may be
made straightforwardly. A differential, slack-invariant method for the allocation of flow and losses to transactions that makes use of the AC load
flow equation is presented here. The definition of transactions must be addressed using a non-discriminatory rule in pool systems. There are many
possible options for this definition, and the choice made has great influence on the results. Cost allocation, on the other hand, may be made in
different ways, as well. The paper presents an allocation process that addresses all these issues. Results for the IEEE-RTS96 test system are obtaine
and discussed.

Keywords: Transmission grid cost allocation; Loss allocation; Differential method

1. Introduction flow-based methods. Rolled-in methods charge a fixed amount
per energy unit, and their main drawback is that they ignore
Transmission cost and losses allocation are different thoughactual network use and that they do not send adequate economic
related problems in deregulated electricity markets. The chosesignals to grid users. Flow-based methods, on the other hand,
allocation procedures for both problems must provide locationatharge the users in proportion to the use they make of grid facil-
signals and incentives in order to encourage efficient use of thities. Some proposed methods of this kind may be classified as
transmission facilities. They must also be based on actual grigroportional[3] or differential method#4].
use. The proposed methods in technical literature for solving Loss allocation methods may also be classified as propor-
these problems share several points. tional [3], differential [5-8], circuit-based9,10] and others
Transmission cost allocation methods must comply with[11]. It must be outlined that this problem has no unique solu-
some conditions, namely to avoid cross-subsidies, to be transion, due to its non-linearity, and some assumptions have to be
parentand easy to implement, to ensure cost recovery, to provideade for any possible allocation. Among the proposed methods,
adequate economic signals and to have continuity with fithe  the proportional method has several advantages: it is simple to
The proposed methods could be classified as embedded cost amitlerstand and provides several results such as loss allocation,
marginal cost methods. The latter, however, do not guarantegrid use and load sharing among generators. However, although
cost recovering in real networf8]. Embedded cost methods, it begins from a solved load flow, it does not follow the Voltage
on the other hand, allocate the transmission costs according tGrchhoff Law in the allocation process, ignores the counter-
the extent of use of generators and consumers. Several metitews, and the results seem to be too volajdlg¢ Differential
ods of this kind have been proposed and are in use in differerfor incremental) methods are, on the other hand, well known
systems. They can be divided into rolled-in methods and loaih literature and are based on the Incremental Loss Coefficients
[12]. These coefficients, however, depend on the choice of the
slack bus in the studied case, and, therefore, there is a part of
* Tel.: +34 916249404; fax: +34 916249430, arbitrariness in the allocation. Several proposals have been made
E-mail address: jusaola@ing.uc3m.es. to overcome this difficulty. 1r§7], a fictitious slack bus is cho-



sen; in[5,6], the property of invariance of the allocation for a  allocation, with different possible solutions for each of them.
transaction is applied, claiming a total invariance of the slack This division allows to make choices for each subproblem
bus choice. being aware of their consequences.

Another method for overcoming this difficulty, but applied to ¢ The proposal of a method for flow allocation to transactions
the transmission cost allocation method for bilateral exchanges, that is differential and slack invariant (DSI method). This
is given in[4]. This method allocates transmission costs among method makes use of the AC load flow equations.
transactions, obtaining participation factors in the transmissiom A method (parallel to the previous one) for loss allocation that
network for each one of these transactions, and assuming thatis also slack invariant.
the generator node is a slack bus in each transaction. It is only A study about the consequences of the definition of transac-
applied to lossless systems and uses DC load flow equations. tions in pool systems, together with a proposal of the choices

Inthis paper, the problems of transmission grid costand losses that could be considered more reasonable.
allocation to transactions are divided into three subproblems
that can be addressed independently. First, the definition of grid Tpe paper is organized as follows. Sect@rexposes the
users. Second, the allocation of power flows through branchegtferential, slack-invariant (DSI) method of flow and losses
and losses to each grid user, and finally, the cost allocation tgjocation to transactions. Sectighdeals with the problem
the already allocated flow and losses. Different solutions can bgf ¢ost allocation to transactions, while in Sectitthe sub-
given to all of them. . ject of transaction definition choice is addressed. In Section

The grid users to whom grid use and losses are allocated I the numerical results of the application of the method to

a very important question. In this paper, the allocation is madene |EEE 24 nodes Reliability Test Systdf6] are given and
to transactions (generation—load couples), in order to make {ommented.

invariant from the slack bus choice of the initial load flow. It
must be recalled that when using differential methods for direct .
allocation to nodes (for instance, with Incremental Loss Coeffi2- Flows and losses allocation
cient), a transaction is tacitly assumed between each node and
the slack node. 2.1. General formulation
The definition of the transactions is straightforward for mar- )
kets based on bilateral contracts, but in pool organized markets 1€ method begins from the results of a solved AC load flow
a definition of transaction must be made. This definition has & @ System with a given load and generation. This solution is
greatinfluence on the results, as will be shown in this paper. Tw§S€d as a start point. _ _
principles for defining these transactions in a pool-based system 1€ a@verage power flow and losses in branahe given by
that have been proposed in literature are examined in this pap&rds-(1) and(2). All the symbols are explained ippendix B.

These methods are the Proportional Sharing Principle (PSP) and

the Equivalent Bilateral Exchanges (EBE). The consequences @t = Egkm(u,f — u2) — brmttgit SIN(S — ) (1)
this choice have been analyzed.
The grid use and loss allocation problems are solved in thig _ Qim[u2 + 12 — 2upity COS(& — 8)] )
m

paper using a differential method for the allocation of branch
flows and losses to transactions. The method is slack invariamtet us definef;; as the transactionof a powerP;; between the
that is to say that the results do not depend on the choice @feneration nodgand the demand nodeDifferential methods
the slack bus of the system in the initial load flow. AC load allocate these losses and power flow to transactions from the
flow equations are used, allowing to solve both (power flow and/alue of sensitivities of average flow (pand losses () to a
losses) allocation problems with the same method. The use @fifferential increase in each transactiofi;. These sensitivities
AC load flow equations involves more theoretical complexity inwill be obtained in Sectio.2. Hence, the increment of average
the formulation, but does not imply a significative increase inflow of branchr, dF,,, and the increment in losses, dldue to
computation time. Also, by using the AC load flow equations, ahe differential transaction could be found a€3).
greater accuracy can be expected.

The cost allocation problem has also been addressed, ard¥,; = ¢,; dT;;
different solutions have been considered. Afurtherdecisionmusgy,,, = 1, d7;; 3)
be taken about the percentage of costs allocated to generation
and load. In non-slack-invariant methods, this choice is taken bfhese equations are only valid for differential variations in
choosing a slack node close to the generation or load centersansactions. In order to obtain the allocation of the flow to a
However, the fact that the costs are allocated to transactions, atidnsaction, it would be necessary to integrate them somehow.

from this to users, allows more flexibility. The integration process requires an initial point, to define an
The main contributions of this paper are intended to be théntegration pathlp, and to know the value of the sensitivities
following: along this pathg.(T;), A~(T;). A discussion about this point

will be given in Sectior2.3.
e The split of the whole problem into three subproblems: trans-  If all these aspects are defined in some way, the flow in branch
action definition, use of grid and losses allocation, and cost due to transaction F,;, along the integration patt, could be



found by(4). . 8, 98
-2 sin(& —&m) - || = — —
| SkmUktm SIN(& — ) [(8Pj 8P,->

Frt = r)dr 4

: /Ipqsn() 4) (%m 85’")} .
While the losses in line due to transaction along the integra- oP; b
tion pathlp, L, are given by Eq(5) where it must be noted that:
Ly = / A (1) dit () The differential transaction ¢consists of an injection dp

fe in nodei and another, of the same value and opposite sign, in
Some points must be highlighted: nodey.

e The sensitivities of voltages modules,J:and angles () of

e The independence of the slack bus is given (under certain noden with respect to a power injection in nodeand; are
conditions explained in Sectidh?2) by the fact that the sen-  the terms of the inverse of the Jacobian matrix of the system.
sitivities are found with respect to transactions.

¢ InSectior?.3, an alternative approach will be given—arecon-  However, the difference between two sensitivities depends
ciliation process will be proposed instead of the integrationon the slack bus choice in the initial load flow. Actually, the
The assumptions under which this reconciliation gives theelation between the values of the difference of this value, when
same results as the integration process will be also shown itwo slack buses o and s are considered, is given bydiq.
the same section.

e Once the allocation to a transaction is made, it may be necOk | _ k| _ Okl Oux) Ok dh (8)
essary to share it between generation and load. This may b&Filo  9Pilo  9Pjls 9Pils 9Po|; dF;

made in several ways, by agreement between agents, in thghere the subscript ‘o’ identifies the slack bus under which the

case of a bilateral contract, or by dividing it between them|oad flow is run. The last term in the formula is the sensitivity
in some way. This problem could be also solved by usingyf system losses to the transactioff;;.

the Incremental Loss Coefficients to allocate losses directly Thjs relation, for the angle terms, is given (8)
to nodes, and choosing an appropriate slack bus for dividing

this allocation into generation and demand. This solution isrCa‘Sk _ 9 ) _ ( B | Bom )
less flexible than the proposal made here, where the sharedPj|, 9P|, aPjl, 0P|,
could be even different for each transaction. Besides, in sys-
. . . . a8y, 06, b, 06,
tems with no clear spatial separation between generation and = 3l "l ) \3pl T 3
load, is not straightforward to choose the adequate slack bus Jls tls Jls tls
for this purpose. Sk 38, dA )
8Po s 8P0 s dl)l/

In the next section, the derivation of the sensitivity terms is o ) ]
made. where the terms have similar meanings. These equations are

demonstrated idppendix A.

Egs.(8) and(9) show that there is a difference between using
one or another slack bus in the initial load flow. Three possible
The termsp,; andA,, can be obtained g§) and(7). solutiqns cpuld be given in order to make the proposed method

slack invariant:

2.2. Sensitivity terms

. our  Ouy
= —-b sin(& — & — - . . _ . .
Prt = [kt = bromttms SIN = 6n)] (E)Pj aa) (1) To neglect this term, since it is a second-order differential
o ou term.
— [grmutx + brmur SN — 8m)] (BP'” - 81;") (2) To include the differential losses in the generating npde
J i

of transaction df. This would be similar to the method

S, 9k proposed irj4] for the lossless case. This possibility, how-
— brmutkity COS(& — 8yn) - Kap - 8P> ever, must be coherent with the definition of transaction in
! l lossy systems, since the losses produced by each transaction
— (a‘s’" _ O )} (6) should be included in it. It must be recalled, however, that
oP; 0P for lossless systems this term does not exist, and therefore,

in these systems, the differences of sensitivities are slack

dup  du k) invariant.

oP; oP;

(3) Although the sensitivity terms could be calculated inverting
the given Jacobian matrix, they can also be obtained numeri-
Oy O cally running incremental load flows, where the sensitivities,
+[28umttm = 2gkmitk COS(d& — 3m)] <8P, T op ) together with the terms dPcould be found. A complete
invariance could be achieved by running these incremental

App = [ngmuk — 28kmUm COS(‘?{ - 8m)] <




load flows with a distributed slack bus, where the differen-  The coefficientsF,, do not lead, neither, to the correct flow
tial losses would be assumed by all the nodes, except thef each line,

generating node in the transaction. Nt

. | . o Fr# ) Fu

If solution (2) or (3) is chosen for calculating the sensitivi- —1
ties, the method is fully slack invariant, as it will be shown in
Appendix A. Actually, the differences in the results between
adopting any of the three solutions is very small.

and a reconciliation process is also necessary, finding the cor-
rected flow allocations b12).

Ff = <wi—Fn (12)
2.3. Integration process. Reconciliation " PIALY "
It must be recalled that the reconciliation is made for adjusting
the contributions of each transaction to the power flow of each
ranch. In the case of flows, these correction coefficients are

cations. One ]E’ath could be to cons||de: the \rﬁnatkl]on of ee:‘c lose to one (exceptin low charged lines), due to the quasi-linear
transactiorT; from zero to its actual value while the rest of o1 o tho active power flow through fines,

them remain at the same level. The sensitivity coefficients of This reconciliation process leads to very similar results than

Egs. (.6) and (7) would be different for each po_int alon_g the e integration in all the tested cases. An example will be shown
path _(|.e. avalue Orif) a_nd should be Ca'CF"?‘Fed_’ Increasing the;, getions. 1. This conclusion coincides with the analysis per-
required computation time. Another possibility is to assumeth%rmed in[5] for the loss allocation problem. Therefore, the

all the transactions are zero and to raise them all at the same rgi¢. o sjjiation process is recommended since it leads to similar
up to their actual values. Sensitivity coefficients should be als%\ccuracy and involves less computation time

found for each point along the integration path, but the require
computational effort is smaller in this case. .
. . . . 3. Cost allocation
In any case, this integration process must be numerical, since
no closed expression exists for the sensitivity coefficients as .
. P . y Once the flow and losses have been allocated to the different
functions of the values of the transactions. Due to the almost . o . .
) : . ransactions, it still remains the problem of allocating the cost
guadratic dependence of losses with power, the trapezoidal ruje . ML
. X : . 0 them. Throughout this section, it will be assumed that the
of integration seems very appropriate for this purpose, because

it reduces the number of integration steps for the same accfl:—OSt recovery principle is applied, and therefore, the costs are

racy. It must be remarked that to follow this integration processallocated to each transaction according to the use that it makes

i o o Of the grid, or to the losses that it produces. It must be also
different fictitious situations must be run and analyzed. These : o
o o . remarked that the flow and losses allocation may be positive or
situations can be unrealistic in many cases, especially whenthe . . . .
: negative. If they are positive, it means that they contribute either
transactions have a low value.

o I ._to the dominant flow of the line, or to the losses.
A good compromise isto follow a reconciliation process. This

method is equivalent to an integration, using the implicit Euler The cost of losses may be allocated maintaining or not this

. . . . . . positive or negative value. If the negative terms are allowed, a
integration rule, taking only one integration step, and assummﬁ

that the intearation path beains from making all the transac’ egative value of losses allocation would imply that this trans-
. gration p g g al action should be paid for the losses that it avoids. The other
tions zero and raise them at the same rate to their actual valug. " .. " . Lo .
Under these assumptions, the allocation of flow and losses I11())oss,|bll|ty|s not to allow negative contributions, by a translation
each transaction is given kQ'StO) of the slack node, as i3], or by an allocation proportional to

g ' the absolute value, asb4]. In this paper, the cost of losses are
F = bn(Ti)) T allocated allowing negative contributions, because it has been
I —s (T' )T‘ (10)  considered that it incentivizes those transactions that, in a given

rt = Art(1ij) 1ij

situation, reduce the overall system losses. Therefore, the final

As explained in[6] about losses, the choice of different
integration pathg would lead to different flow and losses allo-

However. it is well known that loss allocation to each transaction is given by @@).
Nr
Nt
L~23 L Li=Y Ly (13)
2 =1 r=1

The cost of each branch may also be allocated in several ways to
the branch users. If the negative terms are allowed, those flows
opposed to the dominant flow should be paid. This could be an
L — incentive for those transactions that decrease the branch flow,
mL" (11) gnd coyld be adequate for heavily loaded systems. However, in
lines with low flows due to heavy counterflows the method could
whereNR is the number of branches of the grid anis the total  lead to absurd results, because some transactions would receive
losses of the system. a part or even all the price of the branch, and the rest of them

whereNT is the number of transactions. The reconciliation pro-
cess finds the new coefficient§, as shown if(11).

c _
Lrt_



should have to pay more than the cost of the branch in orde§. Application examples
to recover its cost. In this paper, it has been decided to allocate

costs as shown in E¢14). This method has been applied to the IEEE-RTS96 system
[16]. Two studies are shown here. The first one shows that the
|FS| integration and the reconciliation processes lead to very similar

n=C ZzN—Tll FE| (14) results. The second one illustrates some already mentioned prop-

erties of the PSP and EBE principles for defining transactions
whereU,, is the cost allocation of branchto the transaction N pool systems. Load flows have been run using the Matlab
andc, is the cost of branch With this allocation, there are no Power System Toolboil7]. The IEEE-RTS96 1-area system
incentives to the counterflows, and the payments for the use & shown inFig. 1. The sensitivities have been found adopting

one branch is proportional to the use that the transaction makéRe solution (2) of Sectio.2, but it has been checked that the
of it in a given situation. difference obtained with solution (3) is negligibly small.

. 5.1. Integration versus reconciliation
4. Transactions
When th ket is based bil | h In this section, a comparison is shown between the results of
en the market is based on bilateral contracts, the trangpq integration process with several steps, and those obtained in

actions are clearly defined. However, in pool systems, it %ne integration step, with a subsequent reconciliation process.

necessary to define them. This definition of transactions is a kegOth processes have been described in Se@i8nThe EBE
issue because if affects decisively the results. Two principles a;g

. X ’ ) rinciple has been used for transaction definitions. The integra-
examined here, the Eguwal_ent_BllateraI _Exchange principle an on path has been to assume all the transactions zero in the
the Proportional Sharing Principle. The first one assumes that eginning, and to raise their level at the same rate up to their
the loads are supplied by all the generators proportionally to thgCtual values

power provided by them. This principle has been proposed in As a measurement of accuracy of the integration process we

[4] and some aspects ha_ve been studigd3h The second one se the reconciliation factors Rfer losses and RFor flows,
assumes that the outgoing power of each branch from a no defined in Eq(15)

comes from the incoming flows proportionally to the amount

of these incoming flows. This principle has been proposed in L

[3], where it is also used for flow and losses allocation. In the™" = m

proposed method the PSP principle will be only used for the F (15)
definition of the transactions. RF =

c o SR ST | F
The EBE principle has the property of smaller variability with r=lea=110r

space and timpt]. Besides, as all the generation is supposed to
supply to all the loads, the peripheral generation and load make
more use of the grid than those located in the center of the system. , ? 8 i Ti— »
They are, consequently, more charged. Another characteristic of ‘ | | V] -

this principle is that if it were applied to very large systems, it
would lead to unrealistic results, since the relation between very | 19 | 9

distant nodes would ignore grid congestions or other constraints
and non-linearities.

The Proportional Sharing Principle has advantages and dis- O e
advantages complementary to the EBE principle. First, it has '* "] I ’
more variability with time and space. Although this may be a

11
9
5

disadvantage, it must be taken into account thatin some cases the

charges for grid use are computed throughout a long period —for 24
instance, a year — and charged annually. Under these conditions, ><

the volatility with time is less important.

Under this principle, the generation and demand located 3 — 6
in the center of the system would likely supply or receive — +>< v

power to or from more nodes, and they would have greater

relative charges than if EBE principle is followed. On the 4 8
other hand, peripheral generation and demand are more con- v ¢ l
fined and their charges tend to be smaller than under the EBE

o 7
principle. . gT

If this principle is applied to very large systems, it would split ' 6 v é Y[
them into smaller balanced ones, so there are less interference
with system non-linearities and congestions. Fig. 1. IEEE-RTS96 system.




Table 1 Generation.Losses

Reconciliation factors ; 02
g ©
Steps RR RFK 0
1 0.4838 0.9563 g 010
. . o
5 0.9878 09818 = Of s
s @mDSI-PSP
10 1.0153 0.9825 B e
20 1.0211 09827 % |mPSEERE
50 1.0241 0.9828 = 0 B
100 1.0243 0.9828 3 1 2 7 13 15 16 18 21 22 23
£ -0,05
° nodes
Losses. Generation Fig. 4. Sharing of losses among generators (per power unit).
0,14
0,12 1
01 gration, since the computational burden is much smaller in the
2 008+ . former case.
- B 1 step
o 0,06
2 0100 steps ] o
g 0041 5.2. Transaction definition effect
= 0,021
01 Inthis section, the effect of choosing different transaction def-
-0,02 -1 13151618 21 22 23 initions is studied. In particular, the results of applying the EBE
Nodes principle to transactions (method DSI-EBE) are compared to

those obtained when transactions are defined using PSP (method
DSI-PSP). Some of the previously mentioned properties of these
) ) _ principles are verified.
It is expected that the highest accuracy would lead to unity g results have been compared with the application of the
values, and that it would be obtained with a high number of inté 56 PSP method. It must be recalled that the difference between
gration steps. Iable 1, these factors are shown for differentpg|.psp and PSP methods is that, in the former, there exist
number of integration steps. The integration has been performegdsitivities of every branch flow and losses to any transaction
using the trapezoidal rule. _ present in the systems, while in the latter there are lines not
_Itis also interesting to compare the allocation between theacted at all by many transactions. In all the cases, the costs
single step case and the 100-steps case. This is shd#g.il@  paye been equally divided between generation and demand.
for the losses allocated to the generators anBiign 3 for the In Fig. 4, the fraction of losses allocated to each generation
losses allocated to the loads. Generation and demand are chargggye per unit MWh is showrfFig. 5shows the same concept for
with half of the losses. Similar results are obtained for grid useyo demandFigs. 6 and Bhow the use of grid assigned to each
FromTable 1, it can be concluded that with few steps a rédgeneration and demand node, respectively, per unit MWh. The

sonable accuracy is obtained, and that the increase in the nuMRgfiowing conclusions could be extracted from these results:
of steps does not lead to better behaviour. It must be remarked

that the reconciliation factor for flows is similar to one in every
case, underlining the quasi-linear nature of active power flowind
through lines. Allocation is also very similar in both cases, as
seen inFigs. 2 and 3, and negligible in comparison to the effect
of different transaction definitions, as will be shown later. This
reinforces the idea of using reconciliation instead of the inte-

Fig. 2. Charge for losses among generation.

In general, it can be observed that the charge for the use of
grid is more uniform using the EBE principle than using the
PSP principle. This is because the use of every element of the
grid is shared among more users with EBE transactions than
with the PSP.

Demand. Losses

Losses. Demand a
0,08 g
o 01
0,086 A $ 0,081
; 0.04 - 3 0,06 A
o St cton: | W 0,04 mPSP
~ |1 st [ gl
@ 0,021 o 8 002 @DSI-PSP
[] 0100 steps e
§ o —_— o o= = | ODSI-EBE
L
- 1234567 8 91013141516((81920 5 -0,021
-0,02 °
£ 0,047
-0,04 ® .0,06-
Nodes nodes

Fig. 3. Charge for losses among demand. Fig. 5. Sharing of losses among demand (per power unit).



Generation.Use of grid Table 2
EBE transactions

—~ 0,03

3 0,025 - Area Area 1l Area 2 Area 3

é 0,027 | (mPsP Losses Griduse Losses Griduse Losses  Grid use
£ 0,015 1 DSI-PSP

3" ESE PSSP 1 0.6426 0.5291 0.1906 0.2357 0.1642 0.2018
o 0.017 (OEBE=PSR | 2 0.1919  0.2437 0.6457  0.5513 0.1641  0.1982
© 0,005 3 0.1592 0.2273 0.1693 0.2132 0.671 0.5996

(4]

] 0 -

=

Payments from areas in rows to the areas in columns.

1 2 7 13 15 16 18 21 22 23
nodes

but in the case of PSP transactions they are more charged

because they must supply relatively more power to distant

loads. The reduction for generator 18 with PSP is because of

Demand. Use of grid the demand in the same node that is mostly supplied by the

generation at that node under PSP assumptions.

e While there are small differences between loss allocation with
rFE PSP and with DSI-PSP methods, there are substantial differ-

| |zosi-psp ences between them in grid use allocation. These differences

Fig. 6. Charge for use of grid among generators (per power unit).

use of grid/MWh(p.u.)
g

| |opsi-EBE are more apparent for the demand than for the generation. This

0,01 - is because there are less generators than loads, and therefore
o Jil | : l | | the latter have less “paths” linking them to generators. PSP
12345678 91013141516181920 method (unlike DSI-PSP) does not consider the influence that
nodes a transaction may have on lines that are not in the path that

Fig. 7. Charge for use of grid among demand (per power unit). links the generation and demand in such transaction.
As a final example, let us consider the complete (three zones)
With regard to losses, it could be observed that, since most dEEE-RTS96 system. In this example, the three systems are
the loads are located in the “southern” region of the systenalmost exactly the same, and they are all balanced in genera-
while the generation is mostly located in the “north”, the dom-tion and load. Only exchange loop flows take place between
inant flow of power is from “north” to “south”, and the flows them. These exchanges (active power in p.u.) may be seen in
opposed to it are allocated negative losses. Hence, under EBHg. 8, where the number of the nodes in the systems has been
assumption, “southern” generation nodes such as 1, 2, 7 ameceded by another number indicating its area belong.
13 are allocated negatives losses while the demand of nodes In this situation, if the EBE principle is used for defining the
15, 16, 18-20 are allocated very low or negative terms. Howtransactions, the part of the cost of each grid and losses that
ever, under PSP, these transactions do not exist, or have a smafuld have to pay the users of each zone (rows) to the other
value, and these nodes are allocated positive amounts, sinzenes (columns) is given ifable 2.Table 3shows the same
the couples generation—demand are closer between them. concept, but when the PSP is used for defining the transactions.
Peripheral generators 1, 7 and 18 are more charged undircan be observed that PSP splits the whole grid into its bal-
EBE principle than if PSP is assumed. The same happens witinced subsets, while the EBE principle divides the overall cost
demand in nodes 1, 2 and 7. On the other hand, central nodemnong all users. It is dubious whether the allocation following
as 4-6, 9 and 10 in demand are more charged under PSEBE principles is adequate for large systems, like real power
Generationin nodes 21-23 are the big suppliers in both casesetworks.

0.9825
i 0,1520 1,0840 325
121 123 | 217 o =t | 318
1,1436
113 |[4———H 215
L |o1560 |,

107 | | 203

Area 1 Area 2 Area 3

Fig. 8. Active power exchanges in the IEEE-RTS96 3-area system. Active power flows in p.u.



Table 3 ; i

PSP transactions J < |
Area  Areal Area 2 Area 3 |
Losses  Grid use Losses Grid use Losses Grid use dpP,
1 0.8989  0.8222 0.0631  0.0982 0.023 0.0542 —n dP!f
2 0.0826  0.1242 0.9134  0.8481 0.0078  0.0334
3 0.0118  0.0539 0.0267  0.0532 0.9708  0.9126 & —a
Payments from areas in rows to the areas in columns.
dP

6. Conclusion

!

Fig. 9. Electric system.
From the presented results, it can be concluded that:
the transactiong%
The problems of losses and flow allocation to transactions,
cost allocation and transaction definition can be solved inde-%. — |
pendently. Tijl, 9Pjly 0Pi]g

Differential methods seem adequate to solve the flow angt nowever, the slack bus is the node s, the variation of angle
losses allocation problems, because they take into accoug \yhen the same transaction gakes place, will have the
the physical laws of electric grids. A method for solving this s me value only if the losses produced by this transaction are

problem has been proposed. This method does not depengk, sypplied by the bus o. In this case, this sensitivity could be
on the choice of the slack bus and uses the AC load flow,  itten as(17)

equations.
Although the integration of the differential equation seems 95
to be theoretically sound, it needs unrealistic assumptions or9T;;

at least, to define clearly initial conditions and an |ntegrat|onAS (16)and(17) give the same results, E@) is demonstrated,

path. Besides, a reconciliation process involving much less In order to make the method fully slack invariant, two solu-

computational burden provides the same results. : ) )
Cost allocation methods have been also discussed. It has beté%ns have been proposed in Sectio. Solution (2) makes node

. . the slack bus for calculating the sensitivities to this transaction
proposed to allow negative allocations for losses, and to n . . i
X : . . T;;. This means that the incremental lossesat2 supplied by
allow them in flow allocation, since it could lead to unaccept-

able results generatoy. As this is performed for each transaction, the sensi-

S . . tivity coefficients do not depend on the choice of the initial slack
Transaction definition has a key role in the overall allocation L - L

oo ; bus (o or s in this case). However, the power injected in node

process. EBE principle charges more the peripheral genera-

tion and demand, and seems to be a bad choice for large sy|§,_not the same as that taken in nédgolution (3) makes all the

i . . enerators butto provide the losses @Pit is also fully slack
tems. PSP is more volatile spatially and temporally, charge : o .
. ~invariant, and in this case the power takern ia the same that
more the central generation and demand and tends to split

big system into several balanced subsystems. the injected iry

is given by(16):
[0}

(16)

B 93,
s 8Pj

38,
. P

5,

d
+8P ;
S S

sdPij

17)
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Appendix A. Angle and voltage sensitivities to B actiont
transactions with different slack buses F average active power flow in brancallocated to trans-
actiont, before the reconciliation process
In Fig. 9, a schematic electric system is shown. The differen#, average active power flow in branchllocated to trans-
tial transaction df consists in an active power ginjected in actiont, after the reconciliation process
nodej and delivered in nodée 8km conductance of line between nodeandm
When the slack bus is node o, the additional losses produceg integration path
by this transaction dPare provided by this node o. The sensi- L system losses

tivity of voltage angle of node to this differential increase of L, losses in branch
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