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Abstract. The possibility for market participants to simultanegusl Europe. Although attractive in theory, this approach hanbe

place their bids in different markets across an intercotimiecis  found in practice to yield some inefficient use of the network
investigated in this paper. Transaction schedulers seattlilateral The main reasons are: it is difficult for the participants to

transactions among participants, while a central entitrdinates the ticinate what th | f ht ission i il e £
overall operation through interactions with the transatschedulers. anticipate what the value or each transmission fine wi

Two issues are dealt with in this context. First, the marketipipants them, some participants tend to hoard capacity that thejt don
are allowed to place their bids simultaneously in more thae ofinally use, and pancaking of allocations appears when akver
transactions scheduler’s market, and, second, the alailemsmis- porders are involved in a transaction [2].

sion capacity is fairly shared among the transaction sdbeslUEco- The alternative, increasingly used in the last years, is

nomically interesting transactions are favored, whileficamtiality . licit tion f ti t wh th
of market data and independence of transaction scheduleeing IMplicit auction for congestion management, where the use

mechanisms are preserved. The corresponding iterativeitiign is  Of the transmission system is allocated implicitly at thﬂ_ai
illustrated in detail on a 15-bus as well as the IEEE-RTSesyst  the energy market is cleared [3]. This is the main way intra-

Keywords: Electricity market, market clearing, congestion manarea congestion management is treated in some parts of North

agement, market coupling, overlapping markets. America, with the several pool based Locational Marginal
Pricing (LMP) approaches [4]. Another implicit auction ap-
I. INTRODUCTION proach, called market splitting, has been used for years in

the Nordic market (Scandinavian countries) where in case of
congestion the market is split in two or more price areas [5].
In modern power systems, several areas, controlled byit seems that implicit auction is the future (and already
separate entities, form altogether larger interconnestioside the present in some cases) way of managing cross-border
which electricity is traded [1]. In Europe, for instancege thtransmission capacities in Europe. The prevailing mecmani
areas correspond to countries and the entities to Transmisgor doing so is the so-called market coupling. Both the LMP
System Operators (TSOs). While a lot of research effort haad the market splitting approaches require a centralized
been devoted to improving electricity markets inside areamarket operator that combines the bids in a market clearing
comparatively less attention has been paid to organizatioprocedure. On the other hand, market coupling is an implicit
structures and algorithms allowing separate areas to be opiction similar to market splitting but performed in rewers
ated in a seamless way in terms of inter-area electricityetra order. First, each sub-market is cleared; then, these nsaake
Long-term forward contracts between different areas haeeupled. It is thus a method performing coordination among
been in practice even before the liberalization processs Thiifferent markets, each using its own rules inside its aéga |
paper, however, focuses on the operation of spot markets, fr  The first implementation of this approach was the Trilateral
day-ahead up to real-time, and the development of algosithimarket Coupling (TLC) in operation since 2006 between
to facilitate the inter-area trade. France, Belgium and the Netherlands. It is organized as a
A typical way to do so has been the posting by TSOdecentralized, multilateral contractual arrangementveeh
of Available Transfer Capacity (ATC) values for importinghe following participants [3]. The Power Exchanges (PXs),
and/or exporting at each interconnection and the selling ohmely APX, Belpex and Powernext, who provide the IT
consistent transmission rights to the market actors. Thissystems and run the common coupling algorithm, and, the
referred to as explicit auction of transmission capacitycss TSOs, namely RTE, Elia and TenneT, who calculate cross
the latter is auctioned and sold separately from energy. horder capacities, set up physical exchanges, share dmmges
such a framework, for instance, a broker purchases expmvenues and pay the market coupling service fee that is
and import rights from the areas where the generator and tietermined locally. Regulatory oversight remains with the
consumer respectively are located, in this way settlinghgerd  national regulators and/or is subject to national legishat
area transaction. Explicit auction is currently the priwgi A detailed description of the TLC algorithm can be found
allocation mechanism of scarce interconnection resourceson the Web sites of the above PXs (e.g. [2]). Basically, it
o o . , , consists of each market participant bidding in the day-dhea
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A. Existing situation



Clearing Price (MCP). These curves are assembled in thlectricity market implementations. We call System Opmrat
central coordination module so that markets with the highg$O) the entity responsible for operating the transmissicn
MCPs import electricity from markets with the lowest MCPstem of a particular area, while we call Transaction Schedule
In the absence of congestion, the result is an import/expfS) every entity responsible for settling transactionsvieen
pattern between markets in such volumes that the three lopadducers and consumers. For instance, a PX is a TS, but
MCPs become equal. Otherwise, import/export is settled other entities also fit the description, such as a broker who
to the ATCs and the markets end up with different pricesettles bilateral or multilateral transactions. The SQpédally

This mechanism enables local markets participants to “aee& TS when dealing with real-time operation (balancing miarke
larger liquidity, not limited to their area, within the litsi of generation re-dispatch, etc.).

the cross-border capacities of course. Usually, there exists one PX (or none) per area, but in

The extension of TLC to the five countries of the Centradrinciple nothing prevents several PXs from co-existing an
Western Europe (CWE) region has been announced for 20t0mpeting within an area. On the other hand, a PX can extend
This involves Germany and Luxemburg in addition to the thrdts activities over more than one area. This is going to happe
TLC countries. A more sophisticated algorithm is envisaged a near future with the merging of Powernext and EEX
[7], although it retains the ideas that a market participatferench and German PXs, respectively).
interacts only with the PX of its area, while some central This paper investigates whether the constraint that a whole
calculations take care of energy being exported from low s@le market participant should be part of a particular spot
high price areas, within the limits of transfer capacitysgi market, defined by its geographic location, could be relaxed
an ATC-based modeling of the network constraints will b&hus, the presented approach assumes that every market
used, but it is planned to switch soon to a more precise floparticipant is allowed to bid in whatever market (represdnt
based network model, in which critical branches (tie- anmdeso by a TS), irrespective of where it is located. More generally
internal lines) will be defined by the CWE TSOs. For the timthe paper proposes a framework and an algorithm to let market
being, the above market coupling mechanisms apply to dagtors use the grid in a coordinated way to perform commerce
ahead procedures only. Steps are also taken towards opewhglectrical energy without them being constrained to do so
intra-day and real-time markets to foreign players [8]. via a TS covering only their geographic location.

The above outlined trilateral, and soon pentalateral, ini- Clearly, the idea that any market participant may place its
tiative couples the markets of the involved PXs. It shouldids in the market of any TS operating in the interconnection
be noted, however, that these PXs do not involve butveould result in the appearance of “overlapping markets” and
fraction of the spot energy trade in Europe, where tradingould make inter-area congestion management even more
arrangements are mainly bilateral. Most of the wholesalgerr important. The development of a coordinating framework is
is in the Over-The-Counter markets, often supplementel wihus required. This framework should enable free spot trade
day-ahead auction trade organized by the national PXs [6f.electricity. The TSs should be able to compete freely first
The advantage of having the PXs organizing these auctiongdsattract market participants interested in settling seaions
that they use simple rules to settle contracts at a poininud ti and second to obtain transmission capacity in order to stippo
where it is not worth getting into time consuming negotiatio these transactions.

Power Exchanges are also counter-party for all transas8on  Furthermore, this work is based on the assumption that the
that trade is anonymous and traders do not have to wops of an interconnection are willing to co-operate in the
about counter-party risk. However, it could also be argueetting up of a common model of the grid and to delegate part
that PXs are not strictly necessary market components [f.the congestion management tasks to a central coordgnatin
Still, most European countries have a PX often as a resultaftity. These assumptions seem acceptable and go with the
private initiatives. The PXs often do not have to take nekwopresent trend, at least in Europe [12].

constraints into account at all, or they do only partly. The proposed approach offers a decentralized way of co-

Compared to Europe, the North American wholesale mapedinating multilateral transactions. In this spirit, R¢13]
kets appear more weakly linked, if at all. As considered jp [9proposes a new operating paradigm in which the decision
[10], it may be more difficult to couple these markets becausgechanisms regarding economics and reliability (sequaty
they apply a different implementation of nodal pricing, nimak System operation are separated. In [14], the author prepose
it practically difficult to harmonize the handling of networ two decentralized procedures in which each Regional Trans-
constraints; even more if the latter is already fine-tundugcly mission Organization (RTO) administers its energy markeit a
is less the case in Europe. There is, however, a common maiep acts as a transmission coordinator to achieve feaemilole
initiative between MISO and PJM who are working towardsfficient use of congested transmission by all markets in the
the development of complementing system operations aifgerconnection. Participants in any RTO market are altbtoe
one robust, non-discriminatory wholesale electricity keato Schedule transactions into, out of, or across any RTO cbntro
meet the needs of all customers and stakeholders [11].  areas. The resulting overlapping markets are modeledewhil
since when transmission capacity is limited markets compet
for the use of the limited transmission paths, two methods fo
allocating this capacity are proposed. Closely relatedse a

Before going into details, it is appropriate to formalize ththe work in [15], which proposes a decentralized model for
framework of the proposed approach, since there are varialesload flow based congestion management for the forward

B. Scope of the paper



markets via optimal resource allocation. Once this vector is known, branch power flows can be com-
The approach developed in the present paper considersinéed using a model of the entire network. In this paper a
following two prerequisites: DC model of the interconnection is used. This is a commonly

1) Transparency of the gnd data: SOs are responsib|e Mﬁed model in market Clearing problems and it is well suited
constructing a common model of the grid and mak® the linear computations presented in the remaining of the
it available to all participants. In this way everybodypaper. Itis assumed that the various SOs in the intercoiomect

will be able to check that the coordinating computatior@ssemble and share such a network model, which they use to
made by the SOs are fair. coordinate the overlapping markets simultaneous clegsring

2) Confidentiality of each market data and procedures: theL€t B be the number of branches add the number of
TSs should not be asked to provide any intermedia@ises in the system. In order to assess the impact of the power
information of their market clearing procedures. Thejpjection schedule on branch flows, we resort to lwell-known
should only announce their final schedules and priced?ower Transfer Distribution Factors (PTDF). LEf' be the

The paper is organized as follows. The problem is stated f@ction of a transaction from buks to bus! that flows over
Section I, which points out energy and transmission atioca branchb (k,l=1,...,N;b=1,..., B). According to [3]:
issues, and outlines the proposed approaches. In Section I kL _ X — Xy — Xa + X )
the procedure is presented in detail, while its features are b Tp
highlighted in Sections IV and V using illustrative example wherei and j are the terminal buses of the branah, its
Additional aspects are discussed in Section VI, while theepa reactance X;;, the entry in thei-th row andk-th column of
ends with a conclusion in Section VII. the N x N bus reactance matriX, and similarly for the other

entries. Assuming that bu¥ is the slack bus, thévV-th row

[I. STATEMENT OF THE PROBLEM AND OUTLINE OF THE  and theN-th column of X have all zero elements [16].

APPROACH The effect of the power injectiop, at busk on the power
flow of branchb can be seen as the effect of a transaction

A. Market clearing and transmission system modeling i
;. between busge and the slack busv. The power flowing
Let M be the number of TSs. Each TS clears the marketfﬁrgugh branchb is thus given by :
e

represents, using its own rules. The outcomes are schedu

generation-load quantities together with the correspundi B RN 8
prices offered to each generator or asked by each load. fo = Z )
Although the clearing may be implemented in various Waysh, ) ) ) ) kzl_ _
we formalize it as an optimization problem. For theth TS, NS is easily written in matrix form as
this optimization takes on the form : f=Sp 9)
min Y {c"py} — > _{b7'p"} (1) wheref is the vector of branch power flows aSds the B x N
PPl j matrix relating branch power flows to bus power injections,
s t. ZPZ? _ ZPZL ) and defined by:
i j Sy =FN  b=1,...,B;k=1,...,N (10)
< pMm < pmaz,m 3 i .
0<py <py 3) The choice of the slack bus influences the elemen$s éfow-

0< PZ-L < Pﬁaw’m 4 ever, when assessing the contribution of the market scasdul

where ¢ (respectivelyb”) is the bid of generatof (con- to branch flows, formula (9) will be applied to the_ injection
sumer;) in marketm, pj" (p}") is the allocated quantity of vector p whose components sum up to zero, owing to (2),
generator (consumer;j), p**™ is the maximum power that (5) and (6). Therefore, the net power injection caused by the
generatori is willing to pr%duce for marketn, and p/"**"™ m-th market at the slack bus is zero. Thus, the branch flows
is the maximum power that loagd is willing to consume. computed in (9) do not depend on the choice of the slack bus

Equation (2) expresses that each TS has a balanced schedfgSes being neglected in this approach). .
The net power injection at busscheduled by the-th TS As long as there is enough reactive compensation to keep
is given by: voltage magnitudes constant at all buses, PTDFs have been

m o _ m_ m shown to remain practically unchanged as the pattern of
P = iezkp‘“ jezkplj ®) injections changes the loading of branches [17], [18], [19]
This is written in vector form as p™ = py' — p;" Where B, Emerging issues
vectorsp,’ and p;* have zeros in the entries corresponding
to buses with respectively no generation and no load aHmbata
by them-th TS. b

The vector of net bus power injections is obtained as ﬂf
summation of all the TS schedules:

Clearing the above mentioned overlapping markets without
ny concern for the grid flows is very likely to end up in
ranch overloads. The problem is not solved even if, folfayi
fie idea proposed in [20], TSs are asked to include in their
clearing problems (1-4) branch flow constraints of the type:

p= me _ Zp;n _ Zp;n (6) —fmeT < S(pm + mef) < fmaz (11)

m



wherem ™~ denotes all TS markets but the-th one. Indeed, [1l. THE PROPOSED ALGORITHM

this constraint means that a TS will come up with a schedulegy coordinator tasks are now considered in detail, before

that does not cause branch limit violation, given the laﬁ%scribing the whole algorithm.

schedule announced by the other TSs. However, since the

other TSs are clearing their own markets at the same time, _

the combined schedulp may quite well lead to overloads.A- Energy Allocation

The branch flow limits cannot be enforced by acting on An iterative procedure, referred to as “Energy allocation

each market irrespective of what the other markets are ¢doimgop”, is implemented by the coordinator to allow the pre-

instead, a coordinated congestion management is requiredviously mentioned simultaneous dispatching of the market
Another issue has to do with the risk for the final schedufgarticipants by all the TSs.

to be far from what could be reached by optimizing the whole The procedure starts with the market participants placing

system as a single market. The reason is that some attractivar bids, each consisting of a maximum quantity (corresipo

market participants (e.g. cheap generators), having pltegr  ing to available generation or to load asking to be served) an

bids in a market, may be excluded when the latter is clearexhe price per TS.

and thus remain inactive while they could still be used by The TSs compete with each other trying to allocate in their

another TS to reach a better schedule. One could argue flirzal dispatch the most interesting participants. Thuseraft

such a case should not persist in the long term, because mahiaving cleared its market, the-th TS communicates to the

participants will “find their place”. However, the problenilw coordinator its demanded bus generation veptgird@m and

definitely appear in the short term. Hence, a mechanism dhogbnsumption vectop;”"dem, together with the corresponding

allow efficient shifting of participants between the vasoLS price vectorsry* and 7w},

markets. For a given generatot, if the total power demanded

by the various TSs is below (or equal to) its capacity, i.e.

>om pgj’dem < p,.**, that power is simply allocated to the

various TSs as they requested. Otherwise, there is a conflict
We outline hereafter the solutions further developed is thaind the role of the coordinator is to take care that the géorera

paper to deal with the above two issues. is finally dispatched at the most profitable possible prides.
Regarding the congestion management issue, the propotesl purpose, the coordinator allocates the power to one or

approach consists in sharing between the TSs the capacityse¥eral of the involved TSs by decreasing order of offered

the most used branches so that theth TS, when clearing price. In case several TSs compete for the same generator

its market, would obey reduced flow limif§*®™, where the Wwith equal offered prices, the available power is shared in

lowerscriptov denotes the set of overloaded branches. Thxoportion with the requested quantities.

modified limits are such thaE frarm — fmar s and are Hence, generally, some TSs will be left with power imbal-

. ) ) m ances, and the markets have to be cleared again. In order the

iteratively adjusted to the schedules announced by the TS$,ower just allocated to a TS not to be available to the others,
Regarding the issue of attractive participants staying ifhe coordinator communicates reduced boupifis™™ to the

active, the proposed solution consists in allowing markgfter TSs. '

participants to place their bids in more than one marketThys, the TSs come up with new demanded quantities and

simultaneously. After the market clearings, the partioipagffered prices. At this stage, the coordinator repeats towe
should be allocated to the TS from which it received the bes{ocedure, with the following two additional rules:

offer (the highest price to be paid if it is a generator, or the )
lowest price to pay if it is a consumer). Price is assumed to be

the criterion used to eventually select which TS a particula 2) what was previously allocated to a TS and is not

participant will be assigned to. o requested any longer is made right away available to
Both treatments suggest the presence of a coordinating the other TSs

entity. As to the congestion management issue, the codatin . . . .
will iteratively communicate to the TSs their corresporgjir?rhese iterative adjustments lead to a gradual allocaticalof

reduced branch limits, which it will compute based on a@ema_nded genera_tions. Loads are _handleq in a similar_way,
agreed policy. As for the market participant allocatiore th utwith the allocation performed by increasing order otps
coordinator will check the prices offered by the TSs an@c_#]es'[ed b)&thetTSs_ln torderhto servi therr|1(.t_ bal d
announce the generation/load quantities finally allocdted € procedure terminates wnen each market Is baianced, no
each TS. TS has incentive to further improve its schedule by disgatch

This coordinator may result from the joint efforts of theavallable generation or load, and no conflict is left for any

involved SOs. Its role is to facilitate electricity tradinghile resource.

. . o . Note that no market participant is obliged to participate in
respecting the confidentiality of the TS data and the indep : o
dence of their procedures. In this respect, the only infoiona etﬂe Energy allocation procedure. Indeed, a market paaiitip

provided by the TSs to the central coordinator are their mowrgay prefer to place its bid directly in a TS market because

injection Sche.dmes and the corresponding prices offereiiet lwhy market participants could bid differently to differeiSs will be
market participants. discussed in the sequel

C. Outline of the proposed approach

what was previously allocated to a TS and is still
requested remains with that TS;



of a beneficial arrangement made with this TS or becauseaitd it will be decreased below or at its limit.

believes the announcement of the clearing price by the TSSimilarly, if the branch overload has the opposite sign, i.e
would unveil its bid. Furthermore, no TS is obliged to accept o T

such bids. However, a TS may be willing to receive bids from fo=fo = =f"" <0 (17)

the above described Energy allocation procedure owingeo tihe /m-th TS is required to change its schedule so that its

risk of being left without enough participants interested icontribution to the branch flow, is increased by at least a
placing their bids in its market. Thus, what has been desdribspecified amount\ f7*:

refers to participants and TSs who choose to take advantage

of the higher liquidity offered by the proposed mechanism. so(P™ —py') = AfY (18)
Note also that different markets may impose differengiin the sum of allA f values being equal to:

obligations or offer different benefits to their participsn *

which can make the prices that a participant receives from ZAff = —f"r — Zsbp;” (19)

the various TSs for the same amount of energy not directly m m

comparable with each other. This will be generally reflectaghich leads to bringing the power flow above or at its limit.

on the individual price a market participant offers to ead T Thus, each TS is required to incorporate the constrainfs (14

in its bid. Additionally, a predefined correction term can band (18) into its market clearing problem (1-4). In fact, 14
applied when prices are compared by the central coordinatggn be rewritten as:

This is easily incorporated in the presented procedurghBur

discussion of this issue can be found in [21]. spp™ < sppg’ — A (20)
o ) where the left-hand side represents the flow produced in
B. Transmission allocation branchb by the schedule of the:-th TS, and the right-hand

At the end of the Energy allocation procedure describaside can be interpreted as a reduced capacity allocatedto th
above, the bus injection vector defined in (6) is availabl@S. A similar comment applies to (18).
Note that in general this vector also includes power injexti ~ As can be seen, the overload correction is shared among
that result from a bilateral agreement between parties, ate various TSs and, unlike (11), the constraint handled by
hence have not been determined iteratively as describdain the m-th TS involves its own control variablp™ only.
previous section. Three aspects of the above procedure are now considered
The corresponding branch flows can be computed. If me more detail.
limit is violated, the TS schedules can be approved. Other-1) ChoosingAf™ and Af*: The choice ofAf™ and
wise, congestions are managed through an iterative proegdd\ f7* by the coordinator dictates the way transmission capacity
referred to as “Transmission allocation loop”, as detailedill be eventually allocated to the TSs. As discussed in the

hereafter. Introduction, an implicit auction approach, in which lienit
Assume that the power floy, in the b-th branch(b = transmission capacity is allocated in the course of clgarin
1,..., B) exceeds its upper limit: the (multiple) markets, is chosen to deal with congestion
o max management.
fo=F5 > £ >0 (12) g

As mentioned in Section II-C, only non commercially-
Using Egs. (6) and (9), this inequality can be rewritten as: sensitive information, such as the cleared schedules fr8m T
m maz should be communicated between involved parties. In this
> ospl 2 f] (13) " o .
— context, it is proposed to allocate transmission capaoify3s

. . . in proportion to their respective utilizations of the coa
wheres, is theb-th row of theS matrix andp® is the schedule bra?ncr?es P el

of them-th TS, obtained as described in the previous sectlon.COming back to the overloaded brandh this choice

It turns out thats,p]* is the participation of then-th TS in : :
the b-th branch flow. Obviously, all TS participations add u;?r :%%?;igﬁl;gi;& ng':]a(l)l:'; (ti(;),_rrse:eg:gsldthbee.share of th

to the actual branch flovy,,.

From there on, then-th TS is required to change its syp™ < SbP" cmac (1)
schedule fronp]* to a new valug™ so that its contribution to D DNETS Y b
the branch flowf, is decreased by at least a specified amountThe apove equation is equivalent, as can be shown by using
AfT: . . . (15) and (20), to choosing\ f™ such that:
sy(p™ = py) < —Af” (14) N .
with the sum of allAf™ values being equal to the branch 5 A_fm D> bsopm (22)
overload to be corrected: moeeT m SbFo
. . s Similarly, for a lower limit violation,A f* is taken as:
SOAf =D spy - f (15) -
m m Af+ . pr:)n
. = (23)
If both (14) and (15) hold true, the power flow will become: Do A, sePy!

ap™ < sp™ — Afm — fpmaz 16 Equation (21) suggests that the more a TS is using a
; P zm: vPo ; f fi (16) congested branch the more it has the right to keep on using it.
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This goes towards increasing efficiency: the more a TS uses a -2 Energy Allocation I

branch, the more this is likely to be valuable for its schedul g . N o X X

On the other hand, (21) can be rewritten as @ p..p ...p
sy g
bPo max - .. .
ss(P" —Py') £ = (. — spp Transmission Allocation
(" = p) < 5 )
which shows that the more a TS participates in a congestion,

the more it has to participate in its alleviation. This meees stop
objective of fairness and practical acceptability of thdiqyo

the larger the responsibility of a TS in a flow, the larger thgg 2. Flowchart of the iterative Energy and Transmissibocations
correction requested from this TS.

These two interpretations of (21) may look contradictory
at a first glance but are mathematically equivalent owing to contribute more towards its alleviation. Obviously, iT&
the choice of proportionality. The allocation rule is fugth stops counterflowing, it enters the congestion management
discussed in Section VI-B. procedure as the other TSs.

2) Counterflow situationslt may happen that the schedule 3) Handling multiple congestionsAfter a branch overload
of a TS creates a counterflow in an overloaded branch. Thias been handled as described above, it should be prevented
situation is depicted in Fig. 1, which refers to a case witle¢h from taking place again in subsequent iterations, for imsa
TSs. In the situation shown, the branch is overloaded but tivben other branch overloads are handled. To this purpose,
contributions,p! of the first TS is in the opposite directionthe inequality constraints (14, 18) stemming from previous
with respect to the power flovf?. Clearly, this TS reduces congestion managements should remain in effect when dealin
the overload caused by the other two TSs. with new congestiorfs Of course, for the formerly congested

It would not be fair to impose a congestion managemehtanches, the constraints will allow using the remaining pa
constraint to a TS that contributes with such a counterflowf the available capacity (i.e\ f™* and A f7* are negative for
since the latter in fact reduces the overload created byttiex 0 such branches).
TS schedules. On the contrary, the counterflow leaves more
room for the transactions of the other TSs, which is good fro@  oyerall procedure for Energy and Transmission allocasio
the market viewpoint. Hence, when allocating the available
capacities among TSs, it is reasonable to let unconstraireed
TSs that cause counterflows and share the effort among . . A
other TSs. To this purpose, for a branch with an upper i ocedures. The overall procedure is outlined in Fig. 2.

violation (12) it suffices to use (14) with the sums extending Thed_prO(t:ed.l:re starts W'tr:j each TdS cllearln_lg_]h Its malrtl_<et
only over the schedules with positive contributiosp!*. ccording 10 1S own procedures and rules. e resulting

Similarly, for a branch with a lower limit violation (17), &n demanded (not approved yet) schedules and corresponding

the schedules with a negative contribution are consideteshw offered prices are commun_lcated to the coor(_jmator.
using (18) The latter first deals with Energy allocation. When the

As will be explained in Section IlI-C, iterations are per_recelveld.scge.dulses t_are I:?Aconfdhct, resour(ies_ ?re alloggted
formed between market clearings by the TSs, on one ha explained in section 1i-A and new constraints regarding
e availability of these resources are communicated to the

and Transmission allocation by the coordinator, on therot hich cl - thei kets. Th d it
hand. If the TS producing the counterflow is not requested OSS’ which clear again their markets. 1he procedure, ‘W"C
dashed line in Fig. 2 is repeated until the coordinator

change its schedule, there is no reason for that TS to dep\?;’\ wall . hedul it iabilit fii
from its optimum, and it will keep on contributing with theSventually receives schedules with no availability cofiflioe

same counterflow. On the other hand, if the handling of amotHgt_tl_ehr. aﬁ usl,<ed |r} the Ttrr?nsmlssmtn t?.”OC&tIOI”I bl?cé('. i
branch overload requires the TS to change its schedule it IS block pertorms the computations presented in section

happen that its counterflow is decreased. In this case, atnm'eB and, in case of congestions, sends back the conssraint

next iterati(?nv t_he branch will still be Overload_ed and tigh 2again, note that constraints of the type (11) cannot be useduse the
a new application of (14, 18) the other TSs will be requestegrious TSs clear their markets simultaneously

As already mentioned, in the general case, iterations reed t
H%eeperformed between the Energy and Transmission allacatio



(14, 18) to the TSs for inclusion in their market clearingisTh 150150 AL A3 oo™ l:gloo
makes up an outer loop, shown with heavy line in Fig. 2. 100 4— 450/8
Before doing so, a convergence test is performed on all :| 100
branches that have been involved in constraints (14, 18). If 300/ 40— O 600/t
any power flow differs from the value at the previous itenatio 10
by more than a toleranag the algorithm proceeds with a new o1 o /
Energy allocation loop; otherwise the procedure is coneglet . .~ le:gloo
One could think of stopping the iterations as soon as theiow < 50/18
schedules resulting from the simultaneous market clearings ] _agg/zo o o o
do not lead to any new branch overload. The reason for r?@?l’otg_ 00 Lo
doing so can be seen from the following counterexample. Due o oo | as0/30 L O600/40
to the flow it causes in branch the constraing, (p™ —p7*) < ] 100
—Af™ is imposed to then-th TS, ands,(p* —p*) < —Af* 1004—| R —‘;0450135
to the k-th TS. Assume furthermore that when clearing its 0/200 S0 P00

market, thek-th TS comes up with a scheduje®_, such
that its participation to thé-th power flow is lower than Fig. 3. 3 area test system
expected, i.es,(pk., — p¥) < —Af* (which may happen
if this TS has to satisfy other constraints as well). Themeo

transmission capacity is left unused. The procedure should s. t. ZPZZ = ZPZL (25)

not stop but leave then-th TS the opportunity to exploit ‘ J

this margin, for the sake of economic efficiency. However, 0 < py <pg;“o™ (26)

if needed due to limited remaining time, the procedure could m m m m _

stop at an intermediate, already available, feasible sdbed so(Pg’ —PI" —Po) < —AST D=1, (27)
st(Pg —PI" —Po) = Af" b=1,... (28)

D. Information flow during the execution of the algorithm

It is appropriate to summarize the information disclosed a g ; h di
communicated between parties. two constraints stem from the coordinator.

Each market participant places its bid to a number of TSsThe 3-area 15-bus system shown in Fig_. 3is used. It consists
(generally, different per TS). This information is givenlyn of three 5-bus areas, each of them serving 600 MW of load.

to the TS receiving the bid. At no point of the procedure it i{he three areas are identical as regards the distributitwads

revealed to any other entity. a_nd the location and ca_lpacny_of generators. Howe_ver, they
Every time the TSs simultaneously clear their markets, th&jffer by the generator bids, which are the cheapest in area A

announce to the coordinator their preferred schedulestand §1d the most expensive in area C. Each gene?tor 'g assumed

prices they offer to the market participants. This inforioris [© Make the same bid to all three TSs (g = cf =cf).

made available only to the coordinator during the procedure

but it could be disclosed at the end so that interested gart® Examples of iterations

can check that the coordinator has acted according to tee.rul |n order to provide insight on how the algorithm performs,
The coordinator communicates to the TSs linear constraiRg present hereafter the results obtained at the first three

relating their net bus power injections with sought changesiterations of the procedure, followed by those of the final

branch flows. The model used by the coordinator to compW@neration schedule.

those flows is in principle available to all market partigig At the initial point, all TSs are allowed to compete for all

allowing them to check that they have been properly treatgdnerators without any other constraint than (25) and (26),

during the execution of the algorithm. with praem = pmaz ym_ Obviously, this leads to all of

IV. SIMULATION RESULTS ON A 15-BUS TEST SYSTEM them simultaneously demanding the cheapest generatiens, i

all TSs ask for 300 MW from gA2 and 300 MW from gAl.

A. Test system Hence, the Energy allocation procedure merely divides the
For clarity, we illustrate the features of the proposed apvailable generation in equal parts, and these constranats
proach on a problem where: (i) the loads are considerggnt back to the TSs for them to perform new market clearings.
fixed, i.e. only the generators are bidding, and (ii) each ghis step is repeated, as shown by the dashed line in Fig. 2,
the involved TSs serves the load of an area. Note that thtil no two TSs compete for the same power generation. This
method is generally able to handle situations where each ¥ig|ds the situation detailed in Table I. For each generator

serves loads dispersed throughout the whole system, or sa#tumns 1 and 2 give its name and bi@/{1wh), Columns
loads place their bids simultaneously to more than one TSg to 5 show the power allocated to each TS, Column 6 gives
Thus, each TS dispatches generation, located anywhergtdnotal allocated generation (i.e. the sum of Columns 3)to 5
the interconnection, so as to satisfy the load located iar#g. \hile Column 7 shows its maximum production capacity.
This leads to the simple market clearing: At this stage, the coordinator can determine the resulting
miang’“‘pgj (24) flows and check the corresponding limits. The results for the
Pgi ‘ overloaded branches are given in Table Il. Columns 2 to 4

there all symbols have been previously defined, and the last



TABLE | TABLE Il
ITERATION 1: GENERATION ALLOCATED TO EACHTS (IN MW) ITERATION 2: GENERATION SCHEDULE(IN MW) AFTER FIRST ITERATION
OF THEENERGY ALLOCATION LOOP

| Gen| cg || pr

total max
[ P ]

o Lpg |7

AL ] 5 150 | 150 | 150 750 750 Gen | cg4 demanded by allocated to pLote
gA2 | 4 || 00 | 100 | 100 | 300 300 TSA|TSB| TSC|| TSA | TSB | TSC
A |5 0 [ 0 | O 0 500 AL | 5 25 | 63 0 125 | 63 0 188
gA5 | 8 || 150 | 150 | 150 | 450 750 gA2 | 4 || 100 | 73 72 100 | 73 72 247
gB1 | 1L || 100 | 100 | 100 | 300 750 9A4 | 15 75 0 0 75 0 0 75
982 [0 {100 | 100 | 100 | 300 300 9A5 | 8 150 | 110 0 150 | 110 0 260
84 20 0 [ 0 | © 0 500 oBL [ 1L || 75 | 100 0 75 | 100 0 175
gB5 [ 18| 0 | 0 | © 0 750 9B2 [ 10 || 75 | 100 | 100 75 | 100 | 100 | 275
SRR RS 5 150 9B4 | 20 0 0 0 0 0 0 0
2300 0 o 5 3% 9B5 | 18 0 154 | 426 0 119 | 331 | 450
gCa 40| 0 | 0 | 0 0 500 gC1 | 30 0 0 0 0 0 0 0
gC5 [ 35| 0 | 0 | 0 0 50 gC2 | 30 0 0 0 0 0 0 0
9Ca | 40 0 0 0 0 0 0 0
9C5 | 35 0 0 0 0 0 0 0

show the participation of each TS to each branch flow, while

Columns 5 and 6 give respectively the branch flow and itgee Table I). More precisely, TS A can either keep from gA5
limit. The last three columns of the table show by how mudihgse 150 MW already allocated to it or make it partly or
each TS will be requested to change each power flow in its ng¥fly available to the other TSs, depending upon the outcome
market clearing, according to Eq. (22). Adding together th its new market clearing. Indeed, Table Ill shows that TS A
variousA f values of a branch yields the overloggd- f;"** is obliged to release part of the powers allocated to it from
that has to be corrected. gAl, gB1 and gB2, in order to meet the constraints stemming
It is noteworthy that TS A is obliged to decrease the flowgom branches A1A3, A2A3, B1B3 and B2B3. It should be
on branches A1A3 and A2A3 by less than the other two TSseted how the constraint on the tie-line A4C4 has affected
even if all three are allocated the same power from generat@iie market clearing solutions of TS B and even more TS C,
gAl and gA2. This is due to the fact that TS A serves sonigth obliged to replace cheap generation in area A by more
loads on buses Al and A2, which makes it less responsil@lﬁpensive in area B.
for the flows on those two branches. For generator gB5, the total demanded generation exceeds
Finally, the dash in the last row of Table Il means thats capacity (see highlighted values in the table). Acauydi
TS A is not requested to change its contribution to thg the rule discussed in Section llI-A, the TS making the best
branch flow A4C4 because it is counterflowing, as explaingfid has priority. A marginal clearing price mechanism hasrbe
in Section 1lI-B2. Indeed, TS A has a negative contributibn sassumed for all three TSs. Hence, the price offered by each TS
-42 MW to the final branch flow of 408 MW. The necessarjs the bid of the most expensive generator in its dispatch. In
power flow decrease by 408-200 = 208 MW is assigned to titfis particular case, it happens that both TS B and TS C (TS
other two TSs, in proportion to their participation. A does not ask any power from gB5) offer the same price of
18 €/MWh. Hence, according to the default rule suggested in
Section IlI-A, the remaining capacity (in this case the vehol
450 MW available) is allocated to each TS proportionally to
[Lne [TSA[TSB|TSC]| £ | /7'* | af” | as? [ af© | what it asks. Columns 6 to 8 in Table lll show the quantities

TABLE Il
ITERATION 1: POWER FLOWS AND REQUESTED CORRECTIONGN MW)

AIA3 32 133 | 133 | 298 | 150 16 66 66 allocated as a result of the above decisions.

A2A3 18 117 117 252 150 8 47 47 H i H
e y —— — y = Slnqe there was one _generator with demand _hlgher thgn
B2B3 || 100 0 100 | 200 | 150 75 0 25 | capacity, another execution of the Energy allocation lo®p i
AdC4 || 42 | 125 | 325 | 408 | 200 - 58 150 | performed, involving new market clearings. In the lattée t

congestion management constraints remain unchangedebut t

This completes the first execution of the Transmissigsy ™ bounds in (26) have been updated. For instance, TS
allocation loop shown with solid line in Fig. 2. At thisA now sees 450 - 110 = 340 MW available from gA5, and
point the TSs perform new market clearings incorporatirey t450 - 331 - 119 = 0 MW available from gB5. From the latter,
constraints (27, 28). The corresponding demanded geoesatiTS B and TS C see 119 MW and 331 MW respectively.
are shown in Columns 3 to 5 of Table III. The resulting generation schedule is given in Table IV. As

What makes the TSs adjust their schedules with respean be seen, TS A has released most of the generation it had
to the values in Table | is the addition of the constrainia area B in order to dispatch the less expensive that is now
dealing with the overloaded branches. For instance, TS Caigailable in area A (gA5). As there is no conflict between
obliged to abandon most of the power it planned to obtademanded and available quantities, the algorithm proceeds
from generators located in system A, in order to decrease Wwith the Transmission allocation.
150 MW the flow it causes on the tie-line A4C4 (see Table II). The new power flow corrections are detailed in Table V,

When the second iteration starts, no TS can use the powsrich illustrates other features of the proposed method.
allocated to another TS at the first iteration. For examp®, T First, one can see that all the previously overloaded besch
A can only resort to 150 MW from generator gA5 since theave been brought back within limits, except tie-line A4C4.
remaining 300 MW were already allocated to TSs B and The reason is that not all TSs have participated in allewgati



TABLE IV TABLE VI

ITERATION 2: GENERATION ALLOCATED TO EACHTS (IN MW) ITERATION 3: GENERATION ALLOCATED TO EACHTS (IN MW)
[Genl e [[ pg [pg [ pg [ 27 [ P | [Gen] e [l pg [ p7 [ pg [ 27 [ o™ |
gAl 5 123 63 0 186 450 gAl 5 132 98 0 230 450
gA2 | 4 || 103 | 73 | 107 | 283 300 gAZ | 4 || 99 | 54 | 89 | 242 300
gAd |15 0 | 0 | © 0 600 gAd [ 15 ]| © 0 | 0 0 600
gA5 | 8 || 340 110 ] © 450 450 gA5 | 8 || 326] 68 | © 394 450
gBL [ 1L [ 0 [ 100 ] 7 107 450 gBL | 11 ][ 10 | 100 | 23 | 133 450
gB2 | 10 || 33 | 100 | 111 | 244 300 gB2 | 10 || 33 | 100 | 167 | 300 300
gB4 [20 | 0 | 34 | © 34 600 gB4 [ 20 || © 0 | 0 0 600
gB5 18 0 119 | 331 450 450 gB5 18 0 179 | 141 320 450
gCL[30[ 0 [ 0 [ O 0 450 gCL[ 30 ] O 0 ] 0 0 450
gC2 | 30 0 0 0 0 300 gC2 | 30 0 0 0 0 300
gC4 | 40 0 0 0 0 600 gC4 | 40 0 0 0 0 600
gC5 | 35 0 0 43 43 450 gC5 | 35 0 0 181 181 450
TABLE V TABLE VII
ITERATION 2: POWER FLOWS AND REQUESTED CORRECTIONGN MW) FINAL GENERATION ALLOCATION (IN MW)
[Lne [TSAJTSB[TSC] fo | i [ AfA ] AP [ AfT ] [Gen] co [ po T pE T o5 [ o™ [ p37" [ pi°"
A1A3 16 67 38 121 150 -4 -16 -9 gAl 5 136 | 113 0 249 250 450
A2A3 || 10 70 70 | 150 | 150 0 0 0 9AZ | 4 || 98 | 56 | 96 | 250 250 300
BIB3 | 11 0 44 | 55 | 150 20 0 75 gAd | 15 || © 0| 0 0 0 600
B2B3 || 2L 0 75 | 96 | 150 1 0 -42 gA5 | 8 || 324 58 | © 382 300 450
A4C4 || 18 67 | 175 | 260 | 200 5 15 40 BT 1L o | 100 48 | 157 >0 75
Bac3 || -18 | 67 | 382 | 297 | 200 - - 97 gB2 | 10 || 33 | 100 | 167 | 300 250 300
gB4 | 20 0 0 0 0 0 600
gB5 | 18 || 0 | 173 | 89 | 262 300 750
. - - gCl | 30 0 0 0 0 0 450
the congestion of that branch. Indeed, after the first iemat 2T o 0 0 o 00T 300
the necessary A4C4 flow decrease of 208 MW was assignedto [ gC4 [ 40 || © 0 0 0 0 600
TS B and C, while TS A was left unconstrained owing tothe [ 951351 0 | 0 [ 200] 200 0 450
counterflow it was creating. As a matter of fact, TS B and TS
C have decreased their contribution by the expected 208 MW 2001 +
amount, but the new market clearing of TS A contributes to s |o
the branch flow with 18 MW instead of the previous -42 MW. g1 x
This change is driven by the new constraints imposed to TS 5 .
A. Therefore, the line remains overloaded by 18 - (-42) = 5 100 > ® ® ®
60 MW, as shown in Table V. Hence, new corrections are g 5 o o
going to be imposed, in which TS A will participate since it s % o
does no longer counterflow.
Next, it should be pointed out that for branches that were 1 2 3 4 5

iteration

previously overloaded but are not anymore (hamely, A1A3,

B1B3 and B2B3) the remaining capacity is now shared amofig. 4. Evolution of power flows with iterations: branch A1A8 shown
the TSs in proportion to their contributions to the flows. FhiVith +. A2A3 with o, B1B3 with [, BAC3 with x

yields the negative values & f™ shown in the table.

enlt:(l,rr]sllsr/\’eas:tet\;\ll‘ Eg?lgtcrgié?:cs) gets overloaded and henl%e Column 7 of Table VII, while the corresponding cost

sngl __ nsngl i R H
A new market clearing with these updated branch floﬁ = 2.;cipg® 1S given in Table VIII. As regards the

constraints yield the generation schedule shown in Table wropose_d method, Col_umns 210 41in the same table show the
generation costs relative to the three TS final schedules, an

_ _ Column 5 the sum of the latter costs, i@ = "M ™ =
C. Features of the final generation schedule ng:l(zi ¢;p!™), which corresponds to the social welfare of

The algorithm proceeds similarly until the congested binanthe entire system, obtained by the proposed method.
flows differ by less thare =2 MW from their values at the One can notice that with the proposed method TS A
previous iteration. This takes place after 5 iterationsyiattls managed to allocate the cheapest schedule while TS C ended
the final values presented in Table VII (Columns 3 to 6). up with the most expensive one. This is due to the limited
Figure 4 shows the evolution of four of the congested branchpacities of the three tie-lines A4C4, A3B3 and B4C3 and to
flows through the successive iterations. The horizonta lithe fact that, during the execution of the procedure, the TSs
corresponds to the branch flow limit. have been obliged to reschedule their generations in ooder t
For comparison purposes, a single market clearing has besfoad congested branches. TS C has been assigned most of
considered. It consists in solving a single optimizationtfe the effort to alleviate the overloads of these tie-linesiryr
whole system, with the objective of minimizing the total toghe execution of the algorithm (see Tables I, V).
(i.e. maximizing total social welfare) while respectingabch At the final allocation no TS can further decrease its cost, by
flow limits. The resulting generationp;:‘gl are provided rescheduling its already allocated generation or repipeome
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TABLE VIII : o . : .
FINAL GENERATION COSTS(IN €/H) TS. The resulting scenario is interesting owing to the imedl

generation (re-)allocation, as shown hereafter.

Csngl CA CB C(/ Ctot
21300 | 4093 | 6467 | 11184 | 21743

TABLE IX
IEEE RTS-96SYSTEM; INTERMEDIATE RESULTS

of it with some of the remaining available one, without cagsi

the violation of one or more constraints. This is why some ﬁgﬁegmﬁ '{:Qgﬁ'é’r?g of TS 1 of %S; (i”ff/hT)S 3| ol

cheaper generation remains not fully exploited. For instan T 1 104575 104575 1045751 313725
TS C cannot resort to gC1 or gC2 instead of gC5 because 2 1 10457.5| 10457.5| 10589.0 | 31504.0
shifting some generation from gC5 to gC1, for example, would 3 3 10374.7| 10374.7| 10587.4 | 31336.8
cause the overload of one or more branches. More generally, g 411 18%3'1 ig%g'z 1821‘1"‘; gigg’gg
ther_e is no othc_ar cc_)mblnatlon involving all the generators—¢ 1 107804 | 102804 | 11058.6 | 31619.4
available quantities (i.e. not already allocated to TSs &4 Bj 7 4 10158.2 | 10158.2 | 11056.2 | 31372.6
that results in a cost for TS C lower than 1118/h. There g i’ gggg-g iggg-g ﬂi%i gigéég
is no concern, though;_TS C requeste_d gC5 _msteaql of gC1 er—; 5 9957 4 1 100913 | 114029 | 314516
gC2 during the execution of the algorithm, since this alldwe i1 il 99575 | 10091.6 | 11417.5| 31466.6

to allocate more interesting cheap generation outside @rea
Expectedly, the single system-wide optimization yields a
schedule with lower total cost than the proposed algorithm. ; 0ok 11 iterations for the procedure to converge with a

This suggests that arrangements could be made betweeniffigancec — 2 MW, Intermediate results are presented in
TSs, economically profitable for all of them, such that morg,pie |x. Each row refers to results obtained after exegutin
expensive generation is released in favor for some cheapgg oyter (Transmission allocation) loop, while the second
It is not within thg scope c_)f this paper t(,) simulate sucfoymn gives the number of inner (Energy allocation) loop
arrangements but it is not incompatible with the prOpos‘aeq@cutions. Columns 3 to 5 present the individual TS costs,

approach to let the TSs communicate with each other ile Column 6 shows the sum of those three individual costs.
exchange allocated generation quantities while cleafiegy t

markets. Of course, these inter-TS arrangements shoulaimem The overall procedure can be summarized as follows. At the
consistent with the congestion alleviation obligationsaadl ~ first iteration, network congestions are not handled yet and
as the already allocated quantities and prices resultiog fr Since equal loads have to be served by all TSs, the cheapest
the coordinator’'s computations. generations are allocated in equal parts to each of thens. Thi
The cost of the system-wide optimal solution (2138h) explains the identical costs shown in the table. As a rethet,

is 2 % lower than the total cost obtained by the proposéi§-lines of Area 3 are congested. Only TS 3 is responsible
algorithm (21743€/h). Let us emphasize, however, that thé0r these overloads since the other two TSs contribute with
proposed algorithm is not aimed at minimizing the totdiounterflows. Hence, TS 3 has to de-allocate generation in
operating cost; it should not be confused with algorithns fd\réas 1 and 2 and replace it by more expensive in Area 3. This
optimizing a single objective in a distributed manner [25]. explains why only the cost of TS 3 increases at iteration 2 Th
However, the fact that it yields an overall cost very close @ réleased capacity is used by TS 1 and 2 at iteration 3, which
the one obtained when handling the whole system as a sin?@'ains the corresponding cost decreases. This goes with a

market appears to be an attractive feature. This issuetisefur decrease in the generation allocated to TS 1 and 2 in Area 3.
discussed in Section VI-C. Therefore, the counterflows in the above mentioned tiesline

somewhat decrease, which causes overload again. Hence, at
iteration 4, TS 3 has to further correct its schedule to kéep t
V. SIMULATION RESULTS ON IEEE RTS-96TEST SYSTEM tie-line power flows within limits. The situation is unchat

ntil iteration 7 when TS 1 and 2 stop counterflowing, and

The algorithm was also tested on the IEEE Three-Area R it - . . o
. . : nce have to participate in the congestion alleviationeNot
ability Test System - 1996 documented in [24]. This somewh . N ) )
at, in case of limiting time, the algorithm could even stop

larger system was obtained by triplicating the One Area RT>- ;
96 system, and consists of three topologically identical 24cr€ as sugges_,ted.at the ‘end of Section III-C. From there
n, no further line is congested and no further power flow

g_us systems connected with 5 tie-lines. In-order to Creaggntribution changes sign; the last iterations are devited
ifferent price areas, the marginal costs of generatorg hav .. . -
been modified with respect to [24] so that every generator?ﬁtlswmg the convergence criterion.

area 2 is twice as expensive as its counterpart in area 1le whil As for the 15-bus system, a comparison was carried out
the generators in area 3 are made three times as expengiitk a single market clearing for the whole system. The
as those in area 1. Note that in spite of these price increasamresponding cost was found to be 31456/8, which is to
area 3 still includes attractive generators compared totier be compared with the final total cost of 3146&Mh obtained
areas. Again, it was assumed that load demand is inelastitth the proposed procedure (see Table 1X). Again, it is
each TS serves the loads of one area resorting to any generatateworthy that the two costs are quite close to each other;

and a marginal clearing pricing mechanism is used by eveahgey differ by 0.031 % only.
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VI. DISCUSSION TSs bidding (in explicit auctions) for individual branclatrs-
A. Incorporating bilateral trades mission capacity. This would be a step back towards separate
transmission and energy markets. Moreover, it may not be eas

It should be noted that the Energy allocation loop is opﬂion%r a TS to value the use of each branch individually, in the

in the proposed procedure; it is the Transmission allonatio . 4
: . presence of several congested branches, especially inechesh
that enables the simultaneous use of the network for melti : )
stems. Indeed, these values are much interdependent; the

trades. For instance, the procedure can easily accommod .
bilateral trades scheduled in the spot markets vatﬁje of a branch for a TS would vary depending on the TS

expectation to allocate the use of other branches. Thisepass

A bilateral trade is nothing but a schedule submitted to ﬂ%ﬁe complications of the overlapping markets approach o th

coordinator by one of the sides of the trade (i.e. either thgsponsibility of the TS.

producer or the consumer plays the role of the TS). Clearl| ) . . .
: . . Clearly, the best way for allocating transmission capacity
in the Energy allocation loop the bilateral trades are akwa . . . .

ccording to its real economic value for each TS (instead of

allocated as they are announced. When the feasibility of thé

overall schedule is checked in the Transmission allocation 2 this accord_mg to th? TS intention of use) \_/vc_>uld be to
loop, however, it may be possible that a TS scheduling ave them revealing the bids that the market participants ha

bilateral trade is asked to decrease its flow contributioorne placed to them in order for the coordinat_or T[O ru.n an optimizq
. . e tion problem and figure out the transmission lines economic
or several overloaded lines. In this case, it will have to &ut

part of the trade. Of course, if later on during the executiovalue per TS. This would be a step towards centralization of

of the algorithm some of this transmission capacity is macE & markets, while the proposed approach aims at allowing
available, the TS could use it to satisfy as much of the imdndco-emstence of separate decentralized markets.
trade as possible.

C. Comparison with centralized, fully integrated approach

B. On the choice of the congestion management policy The direction followed in this paper is that of a decentesdiz
A possibly controversial choice in the proposed algorithnapproach for merging separate interconnected marketsainto
is the way the coordinator shares the use of the branches #iatle large one. An alternative is that the involved egiti
tend to get overloaded. Economic theory would suggest th@harket participants, SOs, regulators and others) in tha-se
in order to optimize the use of the whole system, each limate areas-markets agree to overcome the administrative an
capacity should be shared according to the economic valuenidybe political difficulties to merge into a single centyall
has for each TS. More precisely, it was shown in [15] that aperated system. In this case, the new central authoritidcou
the operating point where total social welfare is maximulin, eclear the entire interconnection using an algorithm thiects
TSs equally value the use of any congested branch. Indeedyids from all market participants and maximizes the social
at least one branchhad a larger value for TS A than for TSwelfare of the entire interconnection. Two objections may b
B, then the total social welfare could be further maximizegdhised at this point.
by decreasing the share of the branch capacity allocated to B-irst, the willingness of all involved parties to adhere to
and increasing correspondingly the share allocated to A Tliuch a central common operation may be argued. Indeed, an
in turn requires computing the sensitivity of the indivitli® individual area may not want to participate into an overall
social welfare (1) to the branch capacity assigned to that Tsdcial welfare maximization because this may lead to a lower
Clearly, in order the above sensitivities to be compareely thsocial welfare locally inside this area. A set of market jgart
must be communicated to a coordinator [14], [15]. pants won't agree to be part of a central solution if making an
First, it must be recalled that the method proposed in thésrangement between themselves is more profitable for them.
paper does not aim at maximizing the above total social wel-Second, whether it is preferable to operate the market in
fare but instead focuses on simultaneously optimizingipialt a centralized manner or coordinate multilateral trades, ha
overlapping markets (while making the best possible uskef theen extensively discussed. It is not the intention of this
transmission system). Next, the proposed algorithm has bggper to come up with a choice between the two, but it is
built on the premise that no TS should be asked to provig@rth pointing out some pros and cons of each. In principle,
sensitive private information. In this respect, the chooade centralized operation mimics the old vertical organizatio
relying on the TS participation in branch flows preservesith the market participants’ bids replacing their margina
confidentiality, while it sounds reasonable, fair, and adtw@ costs and benefits. Major advantages of this approach gre: (a
to the test results, economically efficient. Even more, due fransmission network constraints are taken care of intjlici
its simplicity, it is more transparent and could be morelgasiwhen clearing the energy market and (b) experience shows
accepted by market participants and TSs. that it is less exposed to “gaming” by market participants.
Even if this sensitivity information was asked from theCentralized market clearing results in nodal LMPs, thatllis a
TSs, it might not be possible for the coordinator to check itaarket participants connected on the same bus pay or get paid
validity. A mechanism should be thought to motivate the TShe same price.
to announce true sensitivity values. This can be done thiroug The choice/need for centralization stems from the difficult
. ) to efficiently coordinate multilateral trades being sirank-
Bilateral trades that have been scheduled in forward marke¢ not

involved in the proposed approach (although they are tak®naiccount when OUSIy SCh_edmed; it. is not an (_)bjeCtive by itsel_f' On the
estimating the available transmission capacities). contrary, it goes with the principle of free trading to let
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' 100MW low price area, that is willing to pay more for energy than

mc>10 _< mb=6 the marginal cost of a generator who is able to provide this
? max—BO;OMW energy. Social welfare of (6-4)x100=26M is lost.
: In the decentralized approach proposed in this paperrdiffe
mb>10 ! Ome=4 ent TSs could serve the high-value and the low-value load of

[
the example. The cheap generator can again bid its capacity

at 16€/MWh to the high-value load and make a revenue of
300Ce/h. However, in this scheme, the generator can also
place a bid in the market of the TS that serves the low-value
market participants the option to buy and sell electric gnerload. The value of the generator’s bid price, between 4 and
in the terms they agree between themselves. However, giee/MWh, will define how the extra welfare of 2&h will
the transmission network constraints that couple the rdiffe be shared between the generator and the load of the low price
transactions, it is more challenging to coordinate them inasea. For instance, the cheap generator could be scheduled a
decentralized way. 100 MW production at €/MWh to serve the low-value load,
The proposed decentralized scheme allows the participargtsulting in some extra 6&Dh revenue.
to directly trade electricity in the terms they wish. Diget  As suggested, there is a welfare equapio(prg; —mc;) +
markets could operate with different individual rules, lehi >_;(mb; — pri;) (with prg; and pri; the price paid to the
competition should encourage the evolution of the TSs ntarketh generator and paid by theth load) that, depending on
designs, products, software interfaces, efficiency of mtarkhe market clearing mechanism, is to be shared between the
clearing algorithms etc. participants. A part of this money should be withheld by the
The co-existence of different markets allows for differentS who clears the market in order to cover its operational
ways of sharing the social welfare and for different pricingosts. One can see that letting market participants theeludi
mechanisms. A generator could sell part of its production &, introduces competition among TSs to clear their markets
a high price to consumers that value it a lot and anothas efficiently as possible.
part at a lower price to consumers who are not willing to To close the centralized vs. decentralized discussionigtm
pay this much. With this price discrimination [25], neithebe emphasized that a decentralized approach like the one
low-paying consumers are excluded from the market, nor greesented in this paper does not aim at maximizing totab$oci
cheap generators obliged to obtain low profit for energy sotéelfare in the short-term, unlike what typically a centzeti
to consumers that value it a lot. approach does. The former rather allows for free elegyricit
The above reasoning is better illustrated through the smgtade according to the market participants’ preferendes |
example sketched in Fig. 5, where a high price area i the longer-term that a decentralized approach may be more
connected to a single-bus low price area through a 300-Migneficial than the centralized one, due to the market ogsnne
transmission link. All generators of the high price area a@nd the innovation it promotes. In this respect, if the short
assumed to have a marginal cost (mc) greater th&/Mvh term results of a decentralized approach are far worse than
and all loads a marginal benefit (mb) greater thag/MWh those of the centralized one, this suggests that it is nothwor
as well. There is cheap generation available (m@&44Wh) in  being considered, since its possible longer-term beneflts w
the low price area, but it cannot be fully utilized owing t@thnot be expected to compensate for the short-term inefficient
transmission constraint. Additionally, there is some laiie use of the energy and transmission resources. On the other
load (mb=6/MWh) located in the low price area. hand, if a decentralized approach results in schedules with
Let us first consider the case of a central market clearitgfal economic value close to the optimum obtained by the
resulting in nodal LMPs. If the cheap generator bids itsentralized solution, this is a good indication that therapph
marginal cost, it will be scheduled for a 400 MW production atnder examination may be a worthy one.
a price of £/MWh, which will result in a revenue of 16&h
and zero profit (it will be the marginal generator within toevl VII. CONCLUSION AND PERSPECTIVES
price area). The generator could anticipate that the logaténl ~ This paper has investigated the possibility of allowing
in the low price area is willing to pay more for energy an@xternal actors to bid in whatever market of an intercorinect
thus it could bid a price of&/MWh. In this case the generatorthereby leading to co-existence of several overlappingeatar
will be again scheduled for a 400 MW production, but now athe procedure is based on the following premises:
the price of &/MWh resulting in a revenue of 24@0h and  « the SOs put efforts together in order to come up with and
a profit of 80@/h. Furthermore, the cheap generator could share a common network model as well as jointly operate
anticipate the costs and willingness to pay of the partitipa a central coordinator;
located in the high price area and, thus, it could submit ae the various TSs can resort to different market clearing
bid of 106/MWh. In this case the low-value load will not be ~ mechanisms;
served and the cheap generator will be scheduled to produce the coordination does not require the TSs to provide in-
300 MW at a price of 18/MWh, resulting in a revenue of formation that is either economically sensitive or difficul
3006/h and a profit of 1406/h. This behavior maximizes to validate (such as Lagrange multipliers).
the generator’s profit under the centralized LMP-based atark The proposed method is another step towards creating a
clearing. However, there remains some unserved load in tt@mmon electric energy marketplace in an interconnection,

Fig. 5. Example illustrating the different shares of soei@lfare
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