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An Incentive Compatible Iterative Mechanism for Coupling Electricity Markets
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Abstract—The coordinated operation of interconnected but
locally controlled electricity markets is generally referred to as
a ‘“coupling”. In this paper we propose a new decentralized
market mechanism for efficient coupling of independent elec-
tricity markets. The mechanism operates after each individual
market has settled (e.g. hour-ahead). Based upon the reported
supply and demand functions for internal market optimization
(clearing), each market operator is asked to iteratively quote
the terms of energy trade (on behalf of the agents participating
in its market) across the transmission lines connecting to other
markets. We show the mechanism’s outcome converges to the
optimal flows between markets given the reported supply and
demand functions from each individual market clearing. In light
of incentive compatibility issues that result from pricing power
flows across interconnection lines with locational marginal prices,
the mechanism features incentive transfers (updated at each
iteration) that compensate each given market with its marginal
contribution, i.e. the cost reduction to all other participating
markets. We show that these transfers imply truthful partici-
pation in the mechanism is a Nash equilibrium. The proposed
decentralized mechanism is implemented on the three-area IEEE
Reliability Test System where the simulation results showcase the
performance guarantees of the proposed mechanism.

I. INTRODUCTION

The control and operation of many interconnected electricity
markets (e.g. Western Europe, Northeast US) is conducted in a
decentralized manner by independent agencies (e.g. system op-
erators ISOs in the US, power exchanges PXs and transmission
system operators TSOs in Europe). In a decentralized market
architecture, each individual market operator has the necessary
control authority over an area to ensure the associated power
system operation achieves an acceptable trade-off between
economic efficiency and reliability [1f], [2]. However, the
interconnection of decentralized electricity markets by means
of transmission lines (or tielines) provides increased efficiency
and/or reliability by enabling access to cheaper generation
and/or flexibility in the form of reserves. The coordinated
operation of interconnected but locally controlled electricity
markets is generally referred to as market coupling. Such cou-
pling can be seen as a consensus amongst independent market
operators on the technical and economic terms associated to
energy flows between markets.

In this paper we introduce a decentralized market coupling
mechanism that operates after each individual market has
settled (e.g. hour ahead). Based upon the reported supply
and demand cost functions, each market operator is asked
to iteratively quote the terms of energy trade (quantities and
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prices) across interties (on behalf of the agents participating in
its market) by recomputing internal market clearing dispatch,
a task that involves solving a DC optimal power flow (DC-
OPF), which is a convex optimization problem. Each market
operator exchanges voltage phase angles of boundary buses
with adjacent market operators. This information is needed
to ensure the flows across markets are feasible. A capacity
price for each intertie is updated at every round (or iteration)
to reflect excess demand and each market operator exchanges
voltage phase angles of boundary buses with adjacent area op-
erators (Section [[V-C). The proposed market coupling design
allows individual area operators to retain local control and
can be easily implemented after existing short-run markets
(e.g. hour ahead) have cleared. We show that the sequence
of outcomes of the proposed market coupling mechanism
converges to the optimal allocation and pricing of intertie
capacity given the reported supply and demand functions from
each individual market clearing (Theorem [I). In other words,
the limit outcome corresponds to the solution of the joint
(centralized) DC-OPF for all areas combined.

In the second result of the paper (Theorem 2) we show that
any deviation from reported supply costs functions will result
in (approximately) a lower net cost reduction. This result relies
on incentive (monetary) transfers to each market operator
which are set to compensate each market’s marginal contri-
bution to the coupling, i.e. the change in costs that a given
area’s participation induces in all other areas. Such estimate is
a function of the reported information by market operators (i.e.
desired intertie flows and locational marginal prices at bound-
ary nodes). Setting incentive transfers approximately equal to
each individual’s market marginal contribution to the coupling,
aligns the incentives of each individual market with that of
minimizing total cost for all areas. Assuming supply costs
function for internal market clearing are a Nash equilibrium,
a corollary of Theorem 2 states that any allocation of cost
reduction obtained from coupling in fixed proportions ensures
the original internal equilibrium remains an approximate Nash
equilibrium (after the coupling of areas is implemented).
Thus, in this case, the proposed market coupling design has
negligible effect on the structure of competition within each
market.

II. LITERATURE REVIEW

The iterative mechanism considered in this paper is related
to decentralized approaches for solving the joint intercon-
nected economic dispatch problem in a distributed fashion
via primal decomposition methods [3], [4]], [5], [6] or dual
decomposition methods [7]], [8]], [9]. Improvements to existing
market coupling designs are considered in [[10], [[11]. However,
this literature does not address incentive compatibility con-
cerns arising from potential strategic behavior by participating
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agents, an important consideration for coupling electricity
markets with locational marginal prices.

The paper is also related to the literature on distributed
solutions to the economic dispatch problem in power systems
to increase scalability, robustness to failure and cyber-security
[2], 18], [12]-[19]. In contrast, in this paper we focus on
coupling the operation of multiple independently operated
markets via interties wherein each market optimizes its own
internal operation but consensus must be achieved on the flows
across markets.

Finally, the paper is also related to the literature on mech-
anism design on networks [20]], [21] and [22]] which studies
incentives for efficient allocation of resources to individual
agents interacting in a network. In contrast, in this paper
we focus on incentives for the efficient interconnection of
multiple networks (i.e. markets) via interties. Our overall goal
is different as we seek to identify pricing and allocation rules
for interconnection capacity that are guaranteed to not distort
internal equilibrium conditions in each market and enable
the identification of optimal allocation and pricing of intertie
capacity given equilibrium supply and demand functions from
each individual market clearing.

III. INCENTIVES FOR MARKET COUPLING: A Toy
ILLUSTRATION

To motivate the intricacies of pricing market coupling trans-
actions we examine a toy illustration with independent markets
A, B, and C each consisting of a single node with generation
costs, and demand and interconnection lines illustrated in

Figure [1]
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Fig. 1. Illustration on a Three-bus system

Assuming complete information, two coupling scenarios are
characterized in Table I} First, a full coupling scenario (with
non-zero flows across interconnection lines) labeled as (A +
B+C). Secondly, a no coupling scenario labeled as (A, B, C)
in which there are no flows across interconnection lines (i.e.
tielines between markets are switched off).

A full coupling of all markets brings about a cost reduction
46,810 —9, 436 = $37, 374 for market C. This is achieved at
the expense of cost increases for individual markets, namely
15,568 — 3,415 = $12,153 for A and 8,454 — 4,625 =
$3,920 for B. Let 7; denote the monetary transfer to market
1 € {A, B,C} due to coupling. To implement a full market

TABLE I
COUPLING SCENARIOS
(A+B+C) (A,B,O)
Operation Cost of A ($) 15,568 3,415
Operation Cost of B ($) 8,454 4,625
Operation Cost of C ($) 9,436 46,810
Total Operation Cost ($) 33,457 54,850

coupling, each individual market must be (weakly) better off.
These participation constraints can be expressed as follows:

15,568 — w4 < 3,415
8,454 — 7 < 4,625
9,436 — 7o < 46,810 (1)

The details for the optimal DC power flow for full coupling
scenario are given in Table

In an approach to coupling based upon locational marginal
pricing, an independent third party (with complete informa-
tion) can reproduce the information in Table [I] and compute
payments of the form 74 = aa(Tap + Tac) = 15,992,
TR = OZB(TB,C — TA,B) = 4,298 and 7o = _QC(TB,C +
Tac) = —24,483. It can be readily verified that these pay-
ments satisfy condition @ However, in practice, internal cost
and demand information for each market is private. To com-
pute an optimal coupling, an independent third party would
need to elicit reports from each market operator which in turn
gather cost and demand information from market participants.
However, using locational marginal prices to settle market
coupling incentivizes strategic manipulation of reported in-
formation. For example, let us consider the case in which
participants in market A report information corresponding to a
cost function O} (P,) that is a scaled version of the true cost
function by a factor of 15%, i.e., CT(Pa) = 1.15C4(Pa).
The corresponding solution in Table [II| (under coupling sce-
nario (AP + B+ C)) implies a reduction of power generation
in market A with true cost equal to C4(383.7) = 13, 157. The
payment to market A is 75 = aa(Tap + Tac) = 14,319.
Since C4(383.7) — 5 < 15,568 — 74, the manipulation of
cost reports pays off. This example illustrates how locational
marginal pricing of interconnection power flows will not
induce efficient coupling of markets.

Let us now consider a different approach to pricing based
upon an estimate of the marginal contribution of each mar-
ket i € {A,B,C}, say M; to the coupling. Formally, let
M; be defined as the aggregate cost reduction to markets
j € {A,B,C}\i that is made possible by full coupling. In
this sense, the marginal contribution of each market can be
computed as:

My = 4,625 + 46,810 — 8,454 — 9, 436 = 33, 545
Mp = 3,415 + 46,810 — 15,568 — 9,436 = 25,221
Mo = 3,415 + 4,625 — 15,568 — 8,454 = —15, 982

With transfers of the form m; := M; — R, i € {A,B,C}
where R > 0 is participation fee, there is no incentive to ma-
nipulate reported information because m; does not depend on
the information reported by market . With a participation fee
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TABLE 11
DC POWER FLOW

Coupling S . Locational Marginal Tieline Power Flows Power Generation
OUPINE SCENANO | prices ($/MWh) (MW) (MW)
aa  ap  ac | Tap Tac Tpc | Pa Pp Pc
A+B+0C) 577 525 682 118.1 159.0  200.0 | 427.1 2319 1909
(AP + B+ 0C) 613 565 71.0 89.1 1445  200.0 | 383.7 260.8 205.4

R = 14,261.33, the incentive transfers exceed the increased
costs in the lower cost markets A and B as per ([I]), i.e:

ma=Ms— R=19,283.67 > 15,568 — 3,415
75 = Mp — R = 10,959.67 > 8,454 — 4, 625,

so that consumers can be fully compensated by means for
example of a rebate. Similarly, consumers in the higher cost
market C' are better off since the cost for full coupling scenario
(including incentive payment 7o = Mo — R = —30,243.33)
is less than the cost associated with no coupling scenario:

9,436 — o < 46,810

Finally, the mechanism is balanced since m4 + 75 + m¢ = 0.

IV. MARKET COUPLING MECHANISM

Consider a power system composed of A > 1 operational
areas, as schematically shown in Fig. 2] where the areas cor-
respond to the associated electricity markets governed by sep-
arate ISOS{H Each area a € A = {1,2,..., A} is represented
by a directed graph (N, F,) where N, = {1,2,...,N,}
and F, = {(4,7)]i,7 € Na,j = j(i)} respectively repre-
sent the set of nodes (buses) and edges (transmission lines).
For area a € A, the bus voltage angles and nodal loads
form respectively the vectors 8, = (041,642, .- .,Ha,Na)T
and D, = (Da1,Da2,-..,Dan,)". The Ny x N, admit-
tance matrix of each area is denoted by B,. The set of
G, generating units at each area is represented by G, =
{1,...,G,}, the power generation of units form the vector
P, = (Py1,Pas,...,Pag,)’., and the N, x G, incidence
matrix M, maps the generating units to buses. The tielines
entering/leaving area a are defined by set 7, = {(i,7)|i €
Na,j € Nar,a' € A\a}, the associated tieline power flows
form the vector T, = (T, ;). (i,j) € Ta . and the
incidence matrix mapping tieline power flows to buses is
shown by R,.

A. Centralized DC-OPF

In describing the operation of the proposed market cou-
pling mechanism, it will be useful to refer to the centralized
DC-OPF problem where a single system operator optimally
operates the entire power system with complete information
regarding all the areas’ generators supply costs. [| This is a

n the rest of this paper we use the terms “areas”, “markets”, and “ISOs”
interchangeably.

2For ease of exposition, we leave out demand offers and assume demand
is inelastic and known. This implies the internal market clearing corresponds
to solving the DC power flow that minimizes total cost. The results can be
extended with active demand participation and market clearing modeled as
DC power flow maximizing aggregate surplus.

Areal(Market 1)

Area 2 (Market2)

o) e [
5

Fig. 2. Generic multi-area power transmission network.

hypothetical exercise as in practice there is no single market
operator and information on generators costs is not available
to any single party. In the formulation below, the areas are sep-
arated and the transmission line power flows are distinguished
from tieline power flows. This arrangement would facilitate
formulating the decentralized DC-OPF, which is the backbone
of the proposed market coupling mechanism. To sum up, in
the centralized DC-OPF formulation the total operational cost
of power system in (2)) is minimized subject to the operation
constraints:

min . > > Cag(Pay), @)

a€Ageg,
B0, +R, T, =M,P, —D,, (), Vae A, (3)
P,<P,<P,, (Vag Aay) VacA, )
_ 0 .—06 . __
_Fa 1,7 SMSF(I ,7)
2(4,9) Ta(id) (4,5)
(Ka,(i,j)ana,(i,j))a Va € A: V(’L,j) € Fu, )
ea,i - ea’,'
Tofig) = =2
La,(i,5)
(ga,(i,j))v Va € Av V(Zm]) € 7:13 (6)

~Ta(i) < Ta,(6.5) < Ta(ig)s
(Ra,(i,j)aﬁa,(i,j))a Va € -Aa V(Z,j) € 7;’ (7)
011 =0, (8)

where C 4( Py g) denotes the strictly convex cost functions of
generating units, the vectors P, and P, respectively represent
the minimum and maximum generation limits of units, and

Fq ;) and T, (; ;) respectively represent the power flow

0885-8950 (c) 2021 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieeeorg/ ublications_standards/publications/rights/index.html for more information.
Authorized licensed use limited to: Texas A M University. Downloaded on July 31,2021 at 20:35:

6 UTC from IEEE Xplore. Restrictions apply.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TPWRS.2021.3100782, IEEE

Transactions on Power Systems

limits of transmission lines and tielines. The nodal power
balance is secured through (3), the generation of units are
confined to their limits in (@), transmission line power flows
are maintained within thermal limits in (3) where Ta,(3,5)
represents the reactance of each line, and the tieline power
flows are calculated and constrained to their thermal limits
in (€) and (7) where Z, (; ;) represents the tieline reactances.
Further, the voltage phase angle of the slack bus, which is
assumed to be the bus 1 of area 1, is set to zero in (8). Note
that Ta,(z,]) = Ta’,(j,i) and :Ea,(’i,j) = ja’,(j,i)'

B. Decentralized DC-OPF

Given locational marginal prices (o ;) and angles (6 ;) of
adjacent areas and the capacity price fi(; ), the decentralized
DC-OPF problem for area a € A is given by:

min Z Ca,g (P Z aar i T (i,5)
9€Ga (4,)€Ta
s,
+ Z ( d) a (7.,])‘ Ta,(i,j)) (9)
(1,5)€Ta
Baea + RaTa = MaPa - Da> (da) ) (10)
P, <P, <P, (11)
Ea ea,i - Ha, i T
Fa,(i,j)gix — L <Fa i)
a,(4,5)
V(ZM]) € fa» (/A{/a,(i,j)a ﬁa,(i,j)) (12)
Oni — O, A
Ta,(i,j) = 7_7‘/7 V(l,]) € 7:1a (ga,(i,j)) , (13)
La,(ij)
Ou1 =0, if a = 1. (14)

Note the objective function in (9) not only includes area a’s
total generation cost but also accounts for the capacity costs
of incident tielines as well as the cost/revenue of the energy
import/export from/to neighboring areas. It is assumed that
the interconnected areas split the capacity cost over tielines,
meaning that the two incident areas of a tieline are both
charged for the excess capacity usage at the rate of %
This is done with no loss of generality: other conventions
(e.g. exporter is assigned capacity cost, importer is assigned
capacity cost) can also be used without altering the results in
this paper.

The following lemma makes precise in which way decen-
tralization is made possible in this formulation.

Lemma 1 If the locational marginal prices, angles of adja-
cent areas and the capacity price of interties correspond to
the optimal solution of centralized OPF (i.e. o, ., 0%, . and

s, ~2sign(Ty) ;) = M iy = B (i) then the solution to

the decentralized OPF problem for area a € A corresponds
to the solution of the centralized OPF.

*
’ /g
a ] 4 a,]

Proof: See Appendix. ]

C. A Decentralized, Iterative Market Mechanism for Coupling

In this section we describe the design for coupling the opera-
tion of independent locally controlled markets—see Algorithm
At each iteration k& > 0 of Algorithm

1) (Information exchange) Each area reports the terms of
trade for each interconnection in the form of intertie
flows (T v, j)) locational marginal prices (a ) and

angles of adjacent areas (9

2) (Updating Intertie Flows) leen a capac1ty prlce uk_l,
each area a € A solves (O) - (I4) and reports the
desired flows Tk, correspondmg angles at interties 9a
and locational marginal prices & to the agent in charge
of executing the mechanism Wthh updates the flows,
angles and locational marginal prices along the interties
according to:

)wherea . 0

To =(1 - p)To ™" + Ty (15)
Ak
0, =(1 —pk)e’“*l + pb, (16)
al =(1—pp)ab™ + ppal (17)
with pi, — 0T, >, pr = +00 and >, p? < oco.
3) (Updating Intertie Capacity Prices)
ko _
Hig) =
‘ m‘ + ‘ mm‘
max{ﬂ(lj +6( 2 7(1,j ) 0}
(18)

where 3 € (0,1) and pf, ; = 0.

4) An incentive transfer Am, j is allocated to each area
a € A. Upon stopping after T' > 0 iterations a coupling
participation fee R > 0 is assessed to each area a € A.

The iterative mechanism described above is a synchronous
algorithm. That is, each market solves its local DC-OPF prob-
lem at each step after receiving intertie flows and locational
marginal prices from all neighboring areas. In updating the
intertie flows and angles, and locational marginal prices, each
area uses an inertial update in by weighting the
current optimal solution, i.e., T 0 o @, with the previous
step, rather than using the current optlmal solution to the
decentralized DC-OPF problem. From the updated capacity
price in (I8)), both sending and receiving areas use the same
capacity price in their DC-OPF problem at each iteration k.
Moreover, the capacity price is updated with a constant step
size (), while the inertial updates assume a diminishing step
size. The convergence analysis is based on the exploitation of
this fast update of the capacity prices versus the slow update
of intertie flows and angles, and locational marginal prices.
The update mechanism is complemented by an incentive
(monetary) transfer Am,j and a participation fee R > 0
which will be analyzed in Section VI.

Remark 1 (Computational Feasibility) To examine real-time
implementation issues, consider interconnected energy mar-
kets that schedule intertie transactions in 15 minute blocks.
Recall that each iteration of the market coupling algorithm
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Algorithm 1: Market Coupling Mechanism

Require: Initialize 20 = (T?,0°, ), and pf; 5 for
all areas and tielines. 7

Require: Maximum number of iterations 7"+ 1. Set
k=1

while £k <T + 1 do

o Run DC-OPF problems of all areas and obtain

Ak ~k aF Ak
wa = (TZ’BUJaa)'

o Update zF = (1 — pp)ak=1 + ppa® for all areas.
« Update s, ;) as in for all tielines.

J
« Exchange :cf)j between neighboring areas and
compute incentive transfers Am, .

° Setk:k+1

end

requires each market operator to solve anew the internal DC-
OPF problem (a convex optimization problem with a “hot
start” solution). Assuming each iteration takes 0.25 seconds
(inclusive of communication overhead), a budget of 1 minute
would allow a total of T = 3% = 240 iterations of the market

0.25
coupling algorithm.

Remark 2 (Non-Participation) We assume that when a mar-
ket operator does not participate in the coupling mechanism
all existing interconnection lines with that market are phys-
ically disconnected or switched-off. The ability to maintain
(fixed) power flows over tielines with a given market may also
enable other forms of non-participation. However, this ability
may require additional control measures (e.g., phase shifter,
automatic generation control (AGC)).

V. CONVERGENCE ANALYSIS

We make the following standing assumption on the feasi-
bility of each area in the absence of tielines.

Assumption (Area feasibility): There exists a feasible solu-
tion to the decentralized DC-OPF problem (9)-(14) for area
a € A when T, (; ;y = 0 for all (i,7) € Ta.

The above assumption states that each market can meet the
demand in its own area without relying on the intertie power
flows. A manifestation of this assumption on coupled markets
is the existence of a maximum intertie capacity price fi(; j) >
0 for (i,7) € 7T, such that for ¢ ;) > fi ;) the optimal
solution to () - will have no flow along the intertie, i.e.
T4 (i,5) = 0—which we summarize as Proposition 1 below.

Proposition 1 If there exists a feasible solution to the de-
centralized DC-OPF problem ©)-(14) for area a € A when
Toijy = 0 for all (i,j) € 7Ta, then for each intertie
(i,7), there exists a critical price [i; jy > 0 such that for
Wiy = B,y) the optimal solution to ©) - (I4) will have no
flow along the intertie, i.e. T, (; ;) = 0.

Proof: See appendix. |

In the first part of the convergence analysis, we show that the
capacity multipliers converge.

Lemma 2 For every intertie (i,j) it holds that ,u](“ij) —
u‘()i‘” i) >0 and

Proof: See appendix. |

The above result implies that the asymptotic capacity price
u?fj) is dual feasible and satisfies a complementary slackness
condition (T9).

Our next result shows that the sequence of outcomes of the
proposed market coupling mechanism converges to the optimal
allocation and pricing of intertie capacity given the reported
supply and demand functions from each individual market
clearing.

Theorem 1 Assume each market operator a € A reports the
desired terms of trade at each iteration k, ¥ = (T%, 0% o)
consistent with the solution to decentralized OPF in (9)-(14)
with costs Co 4(*),g € Ga. Then for all a € A, z* —
where x* in the solution to the associated centralized DC-

OPF problem.

Proof: See appendix. ]

The main steps in the proof of Theorem [I] involves show-
ing convergence of the capacity prices (Lemma [2) and the
intertie flows, angles, and locational marginal prices (z¥ =
(T%, 0% a*)) to some finite value. In showing their con-
vergence, we rely on the updates of z* with diminishing
step size in (I3)-(I7) and Lipschitz continuity of solutions
to the decentralized DC-OPF problem. In the second part of
the proof, we show that these convergence points have to
correspond to the optimal solution of the centralized DC-OPF
problem via the equivalence of KKT conditions between the
decentralized and centralized DC-OPF problems.

VI. INCENTIVE COMPATIBILITY

In this section we define the incentive transfers Am, ; based
upon market a’s marginal contribution to the coupling defined
as the aggregate cost reduction of all other markets a’ € A\a
from full coupling with a.

A. Incentive Transfers Am,

The cost of area a’ associated with the updates * is denoted
using Cor gy 1= dega/.Ca“?(Pf/’g)..The .increment.al change
in cost of area @’ from iteration k to iteration k + 1 is denoted
by ACy i := Co k41 — Co k. The marginal contribution of
area a at step k is defined as the change in cost to all areas

a’ € A\ {a} as follows:
> ACun

a’eA\{a}

AM, ) = (20)

Using the definitions above, we define the incentive transfer
for area a as follows:

Aﬂ—a,k = AMa,k + Ta,k+1 — Ta,k (21)
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where
k—1
)

. K
rak =2, o Taa - Z (Q’J (

(4,5)€Ta (,9)€Ta

~ g _
Ta,(i,j)‘ - Ta,(i,j))'

(22)
The incentive transfers give area a its marginal contribution to
the coupling and offsets the net change value of intertie trades
for area a, i.e. 74 k41 — T4,k Hence the net change in cost for
area a during iteration k& of the market mechanism is:

CaA,kJrl —Ta,k+1 — (Ca,k: - 'ra,k) + A']ra,k =

Caps1 — Cap+ > ACuy
a’€A\a

(23)

Hence, the net change in cost for area a corresponds to the net
change in total cost for all coupled markets. Thus, individual
incentives are aligned with the minimization of the total cost
of coupled markets.

B. Estimating Cost Changes

Note that the incremental change in cost AC, j, is not reported
by market a € A. However, as we shall show in the next result
it can be estimated using the reported terms of trade across
interconnection lines.

Let V,, ;, denote the optimal value of area a’s DC-OPF problem
(9)-(14) at iteration k, i.e.:

Va,k = Ca,k —Ta,k- (24)

Note that ACy , = AVq p+74 k+1—74,k. The following result
gives an estimate of AV, ; based upon reported information
so that an estimate of AC, j can be obtained relying only on
reported information by market operators.

Lemma 3 A first order approximation to the change in opti-
mal value for market a € A at iteration k is given by:

AVip=— Y. [Tk o lak  —akh
(4,7)€Ta
1 &k id)
7 k k—1 a,(2.J k k—1
9 Ta,(i,j) (H(i,j) - H(m)) - Ta i) (ea/,j - 9a,,j )}
(25)
with:
k-l
€a (i) = Qari — (;]) sign(Ty; ;) = G- (26)
Proof: See appendix. ]

C. Truthful Reporting is Approximate Nash Equilibrium

Our decentralized iterative mechanism is designed to operate
after intra-day markets (e.g. hour-ahead) have cleared, that is,
after active agents in each individual market have submitted
offers to sell electricity in the next hour. In the next result,
we examine the incentives that individual market participants
may have to manipulate the offers submitted to the respective
market operator in light of market coupling. Specifically, we
consider the possibility of strategic behavior by generators in

market a € A in the form of reporting strictly convex functions
CP,(-) that may not be truthful, i.e. CP (-) # Ca4(-). Below
we formalize the assumption that every market operator reports
the results of their respective DC-OPF market clearing prob-
lem with respect to the strictly convex but possibly untruthful
cost functions reported by active agents in that market. This
is a natural assumption since for short-term markets (e.g. hour
ahead) most electricity markets use bidding formats that ensure
the reported cost functions are convex (e.g. increasing marginal
costs for increasing levels of generation).

Definition 1 (Convex reporting strategy) Area a € A follows
a convex reporting strategy if and only for every iteration k >
0, such area reports the values &2 = (Tf’k,éf’k,df’k)
corresponding to the solution to decentralized DC-OPF in (9)-
(14) with strictly convex objective function C’L{’ 5(1):9 € Ga.

The following is the main result of this section:

Theorem 2 Truthful reporting of information in the market
coupling mechanism is an approximate Nash equilibrium, i.e.
any unilateral deviation in the form of a convex reporting
strategy with CP (-) # Ca4(-) results in a total net cost
reduction for market a € AR of at most ep with ex — 0
as T — oo.

Proof: See appendix. ]

Corollary Assume the reported supply costs functions by par-
ticipants for internal market clearing are a Nash equilibrium
for each market a € A. The reported supply costs functions
remain an approximate Nash equilibrium after coupling with
neighboring markets.

Proof: By Theorem 2, the incentive to manipulate the re-
ported supply or demand function is bounded by er which is
negligible for large T' > 0. |

VII. NUMERICAL TESTBED

Here we provide the numerical results for the three-zone IEEE
Reliability Test System (IEEE-RTS) with 96 generating units,
73 buses, 115 transmission lines, and 5 tielines. The topology
of the test system under study, the operation limitations of
generating units and lines/tielines, as well as the nodal load
data are available in [23]. We make the following changes to
the original network in order to simulate the occasion where
transmission lines/tielines are congested:

o The capacity of transmission line located in area 1 which
connects the buses (16,17) is reduced from 500MW to
ZOOMW, c.g., Fl’(16)17)=200MW.

o The capacity of transmission line located in area 2 which
connects the buses (3,24) is reduced from 400MW to
150MW, e.g., fQ,(3724):150MW.

e The capacity of tieline 4 is reduced from 500MW to
100MW.

For quick accessibility, we also provide the tieline data in
Table [VIII} where the set of areas is defined as A = {A,B,C},
in accordance with [23].

We carry out the simulation for a single hour corresponding
to the peak load of the three-zone IEEE-RTS, and assume all
generating units are online.
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TABLE III
TIELINE DATA FOR THE THREE-AREA IEEE-RTS
Tieline  Sending End  Receiving End  Reactance  Capacity
Number (Area-Bus) (Area-Bus) (pw) MW)
TL1 A-7 B-3 0.16 175
TL2 A-13 B-15 0.08 500
TL3 A-23 B-17 0.07 500
TL4 C-25 A-21 0.10 100
TL5 C-18 B-23 0.10 500

A. Numerical Results of Market Coupling

Here we present the numerical results of implementing the
proposed iterative market mechanism on the three-area IEEE-
RTS. The constant step-size associated with the capacity price
updates is S = 0.3, the diminishing step-size associated with
intertie power flow updates as well as the voltage phase
angles and locational marginal price updates are deemed as
PE = ﬁg(k)' The simulation results indicate that the values
obtained from the iterative market mechanism converge to that
of the centralized DC-OPF model, confirming the efficiency
of the proposed method.
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Figures B}(a) and (b) respectively represent the average of

and difference between tieline power flows calculated at the
sending and receiving ends for each iteration, while Fig. 3}
(c) shows the capacity price of the associated tielines. The
initial values of tieline power flows are all zero, meaning
that the initial state corresponds to the independent market
clearing of all areas. For the first few iterations, as shown in
Fig. B}(a), we observe abrupt variations and erratic changes in
tieline power flows. After few iterations, the convex weighted
updates in (T3) take effect and instill smoother changes until
the power flow trajectories start to settle and the areas start to
reach consensus on the amount of power flows at the sending
and receiving ends (please see Fig. [3}(b)). The capacity prices
in Fig. (c) are all initialized at $50 per MWh, which is
slightly greater than the highest incremental cost rate of the
most expensive generator. The power flow of tieline number
4 converges to its maximum limit, 100MW, and bears a
capacity price of $15.6 per MWh, while the power flows
of other tielines remain within their operating limits and all
the associated capacity prices converge to zero. We present
the locational marginal prices at tieline incident buses, or
indeed the import/export quotes of the areas, in Fig. [ for
all iterations. Further, we provide the optimal tieline power
flows, capacity prices, and the locational marginal prices at
incident buses in Table [V1
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B. Incentive Transfers Analysis

Here we first provide the results of truthful reporting and next
consider the untruthful reporting.

1) Truthful Reporting: We provide the operation costs of areas
in Table [V] for the full coupling and independent operation of
areas. As expected, any coupling leads to a reduction in total
operation cost of the system compared to independent opera-
tion of areas, and the full coupling aggregate cost reduction is
$3, 866,

With a participation fee R = 2,578, the incentive transfers
are as shown in Table [Vl Area B receives the highest reward
due to its marginal contribution to the coupling. Areas A and
C come second and third in rewards, respectively (Table [VI).
The net transfer (i.e. marginal contribution to coupling minus
participation fee) is also displayed. In the end, markets A and
C' are charged $732 and $1253 respectively and market B is
compensated 732 + 1253 = $1985 for a zero net budget.
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TABLE IV
OPTIMAL COUPLING OUTCOMES FOR THE THREE-AREA IEEE-RTS

Tieline ~ Power Flow  Capacity Price  Sending End LMP  Receiving End LMP
Number (MW) ($/MWh) ($/MWh) ($/MWh)

TL1 13.1 0 31.1 47.8

TL2 -136.5 0 12.7 7.3

TL3 -34.3 0 13.0 10.2

TL4 -100.0 15.6 15.9 7.5

TLS -29.3 0 16.3 16.8

TABLE V

COUPLING SCENARIOS FOR THE THREE-AREA IEEE-RTS

Coupling Scenarios

(A+B+C) (A,B,O)

Operation Cost of A 29,822 31,843

Operation Cost of B 34,062 33,366

Operation Cost of C 25,995 28,537

Total Operation Cost 89,879 93,745
TABLE VI

SUMMARY OF NET TRANSFER FROM TRUTHFUL REPORTING

Participation Marginal Contribution

Net Coupling Transfer =~ Mechanism’s Net

Fee R ($) to Coupling ($) M; — R ($) Budget ($)
M1 Mg Mo A B C
2,578 1,846 4,563 1,325 -732 1985 -1253 0

2) Deviation Reporting: In this part we consider three devia-
tion reporting cases. In each case deviations only come from
one area at a time. The deviation cost functions are equal to
the given cost functions scaled by a factor of 1 + r, meaning
that, the areas A, B, and C respectively use the cost functions
CP(Pag) = (147)Cig(Pag),g € Gi, i € {A,B,C} and
r € {—0.1,40.1}. We have provided the net cost reductions
of areas in Table

TABLE VII
NET COST REDUCTIONS OF AREAS FROM TRUTHFUL REPORTING AND
REPORTING COSTS WITH T € {—0.1,+0.1}

Net Cost Reduction (%)

Truthful r=+40.1 r=-0.1
Market A 1,289 1,252 1,279
Market B 1,289 1,279 1,223
Market C 1,289 1,283 1,284

None of the areas manage to improve their net cost reduction
through deviation reporting, and all the attempts lead to lower
cost reductions compared to the truthful reporting counterpart
(Table[VII). Since the agent attempting a manipulation receives
a fraction of the net cost reduction resulting from coupling,
there is no incentive to manipulate the supply function in the
original internal market equilibrium.

C. Discussion on Computation Time

The proposed iterative market mechanism for coupling is
solved using CPLEX 12.6.2 on a desktop computer with a
2.7GHz 37 processor and 16GB of RAM. Each area takes
a fraction of a second (0.1s-0.2s) to run their DC-OPF (in
parallel with other areas). Thus, the maximum time elapsed
for each iteration is equal to the greatest simulation time of
areas (< 0.2 s), plus the time required for tieline capacity

uires IEEE permission. See http://www.ieeeorglgublicationsﬁstandards/ ublications/rights/index.html for more information.

price calculation and data exchange/storage (< 0.1 s). Given
the following convergence bounds for tieline power flows and
capacity prices:

TE o+ Th gy <05, ¥(i,j) € T, 27)
iy = e < 0.1, VG, ) € Ta, (28)

the iterative market coupling converges in 175 iterations. Thus,
the total simulation time is < 175 x 0.3 = 52.5s, which is
favorable for hour-ahead scheduling.

In order to further highlight the scalability of the proposed
model, two more test cases are simulated:

e Case 1: IEEE-RTS + three extra tielines
e Case 2: IEEE-RTS + IEEE-RTS + three tielines connect-
ing the corresponding mirrored areas

The tieline data for cases 1 and 2 are available in Appendix
For the same convergence bounds as in and (28),
cases 1 and 2 converge respectively in 230 and 178 iterations
showcasing the scalability of the proposed model for highly
interconnected areas, as well as greater number of participating
areas.

VIII. CONCLUSIONS

We have introduced and analyzed a market design for schedul-
ing and pricing power flows between interconnected electricity
markets. Each area operator participates (on behalf of agents
active in its market) by iteratively submitting bids for trading
energy across interties and the prices for interconnection
capacity are adjusted as a function of excess demand. The
proposed design allows individual area operators to retain local
control and can be easily implemented after existing short-run
markets (e.g. hour ahead) have cleared. We introduce monetary
(incentive) transfers and show that the market coupling design

6 UTC from IEEE Xplore. Restrictions apply.
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does not alter the structure of incentives in each internal
market, i.e. any internal market equilibrium will remain so
(approximately) after coupling is implemented. In day-ahead
markets, interconnection lines with adjacent markets can be
used for procuring reserves. In our future work, we plan to
extend the market coupling mechanism to enable trading of
reserves across interconnection lines.
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X. APPENDIX
A. Proof of Lemma 1

The first order conditions with respect to 0, i, 04/ j, and T, (; 5
for tieline (¢, j) € 7, in the centralized DC-OPF problem (2))-

(3) are:
> [ tan -

i+ Ma (i) ~ Faiig)

Gd)eF, Fald)
1

- l} -0 (29)

Za (i) ,(4,3)
1 * * * *
> La — (@ =+ (1) — Rar (i)
ilig)eF, @)
1
+——¢ } —0  (30)
Za,ig) Y

Qi — Qi T 10 G.5) — Bayig) T &ag) =0 (3D

Consider the first order conditions with respect to 6,; and
T,,(i,;) in the decentralized DC-OPF problem (9)-(14) for area

ac€ A:
1 A A A ~
2 [:c —(Gai = Ga,j + T, (i) = Ra (i)
Jl(i,5)EFa a,(4,5)
1 .
Tz fam’,‘} =0 (32)
Faig) Y
i)

OA‘a,i + fa,(i,j) = a:’,j - TSign(Tav(i»j)) (33)
where Ta,(i,j) is the optimal transfer flow for area a and
sign(z) =1 if > 0 and sign(z) = —1 if < 0.

We check now that the centralized DC-OPF solution is a
solution to each decentralized DC-OPF problem, namely that
conditions (17)-(18) are satisfied with &,,; = a ;, ém(i,j) =
5;,(1', ) and

T 20

) a.(i.5)
Lo = ) )

Tais Tagy <0
Thus, it can be seen that equation (8) is equivalent to (17).
Similarly, equation (18) corresponds to equation (10) above.
The remaining optimality conditions related to internal oper-
ation of area a match those of the centralized OPF problem.
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B. Proof of Proposition 1

We prove by contradiction. Suppose that there exists an
optimal solution such that for a tieline (i*, 7*) € 7,, we have
T;’(i*’j*) =c# O.for any F:apacity price u(.i*,j*).> 0. Denpte
the power generation and tieline flows of this optimal solution
with P7 - and T;(i . respectively. In this case, the optimal

objective value in @f) is given by

6 /“1’(7;*7‘* —
3" Cag(Pey) = et jo + =2 (le] = T gin o)

9€Ga 2
-

H(,5)
(6,5)ETa\(E*,5%)

Consider a feasible solution with T, (; ;y = 0 for all (i,j) €
To. We denote the power generation of the feasible solution
with zero tieline flows by Pg’g. Given the feasible solu-

tion, the objective value is given by > o Cayg(P),) —
H(i,g

Siiper, ~ 5 Lo gig)- o |
Considering the difference between the objective value in
with that of the feasible solution when 77, (;« j-) = 0, we have

Ta,(i,j% (34)

*,j)«
e GRYAD)
Y Cag(Piy) = €ta o + =5 el = Y Cag(Py) <0
9€Ga 9€Ga
35)
which must be negative by the assumption that (Pyg , T/¢ (i j))

is optimal. Observe now that there exists a capacity price value
fi(i= j+y > 0 such that the difference in objective values (35)
becomes positive for any € # 0. Thus, for each intertie (i, j),
there exists a price fi(; ;) > 0 such that for pg; ;5 > fig,j)
the optimal solution will have no flow along the intertie, i.e.
Ta,i5) = 0.

C. Proof of Lemma 2

Suppose the sequence {uﬁ)j) k > 0} does not con-
verge. So either (i), ,u’(“i’j) — 400 or (ii), it oscillates with
lim inf “?i,j) < limsup ;L’& e Case (i) is easily discarded
since from the assumption on maximum intertie capacity price:

/LI(CZ-,J-) — +00 = Tzf,(i,j)‘ +

k
Ta,y(m)’ —0

which is a contradiction. Now let us consider case (ii).
Capacity price oscillation implies that for some € > 0

T’c.,’+T’%u’ _
lim Slép{ ) 5 L/l To,jpt 2€>0
o]+
. a,(i,5) a’,(4,4) =
> lim Hlif{ 5 —Ta i)}
T [+ T:',u,j)‘

Thus the sequence { — Ty i,j)+ exhibits
infinitely many upcrossings of § and %. Let £ > 0 denote
an index for an iteration in which an upcrossing of 7 takes
place, i.e.:

Tk . ’+ T ‘
a7(zﬂj) a/’(l’.]) = €
5 —Taij) 2 3-and
Th=1 | |7k
a,(i,5) a’,(4,5) =
— T i —. 36
2 041(17]) < 4 ( )
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Since TFH!  — Tk

= T2y = pe(T = TF) it follows that

7(k) 7 (k)
2N ) = Y e BT
=1 =1

(k)
<27 prie (37
=1

where T < oo us a uniform upper bound on unconstrained
intertie flows. This allows us to obtain a lower bound on

number of iterations 7(k) > 0 needed to upcross % from
€.

i
2TT(ZI€) >36 € €
e—lpkH 1 1- 3

Since 7(k)pr > Z;ikl) Prie it follows that 7(k) > 2L —

Pk
+oo since py — 0. We also have ,u](“ff) > F‘ﬁ:j) + Brg for

all 0 < 7 < 7(k). Since S27%) peyy — 0F, it follows that
there exists 7 > 0 such that u’(“:rf) > fiij) and TF+H =0
for all 7 < ¢ < 7(k). Hence, ‘Tf(*fn‘ < ‘Tff(rlfj)‘for all
7 < € < 7(k) which is a contradiction to upcrossing 2.

The non-negativity of “??,j) follows by the max operation in

(18).

D. Proof of Theorem 1
We start by stating (without proof) a useful result.

Proposition 2 Let y, > 0 and yp+1 < (1 — pi)yx + by, with
pr € (0,1) and by, > 0 such that

Yol =00 Y by <oo

It holds that y,, — 0 and ), pryr < oc.

The proof has two parts. In the first part, we show that under
diminishing step size updates, the sequence x* is Cauchy, and
thus x* converges to x2°. In the second part, we use this
convergence along with the convergence of capacity prices
(Lemma 2)) to show that the KKT conditions of the centralized
and decentralized DC-OPF are equivalent, concluding that x;°
and u‘(’Z 7 correspond to the centralized optimal solution.

By definition of the update rule, it holds that

k+1

k
L

-z,

= (1= pryr)af + pra @y — (1= p)al ™! — prdy

= (L= pi)(eg — 2 ')+ pu(@ — &)

~k+1
o)

+ (Prt1 — i) (2, (38)

Since the optimal solution and Lagrange multipliers for each
area a € A are Lipschitz continuous (see e.g. [24]), it follows
that

it —ah < 3 L et - at
a’c€A(a)
= O(pr) + Lallpk — pi !

+ Lalph — pk 1|

0885-8950 (c) 2021 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieeeorg/%
Authorized licensed use limited to: Texas A M University. Downloaded on July 31,2021 at 20:35:26 UTC from IEEE

10

for some L, > 0. Thus, >, px H:i’;“ - :%I;H < oo. Note also
that >, |pr41 — pr| < oo. Hence, we invoke Proposition 2

with yei1 = |lzgt! — af]| and
b i= pp [ = @E| + Ipras = plllBET 2k

to show y, — 0,% ", pryr < oo. In a similar manner to (38)
it can be shown that:

et -y = (1= i) (g -2l

T
IR
=1

T-1

~k+4 ) —
+ Z(pk+é ~ prre-1)(@q " — g
=1

T-1
+ > (k= prre) (@bt — bt
=1

for T < oo. Hence, as before with yi 7 := [|xk+tT — xk|| it

follows by Proposition 2 that y, — 0. As similar argument is
used to prove y 7 = ||&k+tT —xk|| — 0. Thus the sequence

{z¥ : k > 0} is Cauchy and converges to say x°°. Since
:c’;, — x% for all adjacent areas a’ € A, by continuity of
optimal solutions and Lagrange multipliers it follows that the
sequence {Z* : k > 0} has a limit. By construction, x¥ is
a weighted average of {&’}%_,, hence |2F — z*| — 0 and

2 o0
Z, = x°.

In the second part of the proof we show that the iterative
mechanism satisfies the KKT conditions of the centralized
OPF problem. We begin by showing that {x™},c4 is a
feasible solution of the centralized OPF problem. Note that
a decentralized DC-OPF solution that is feasible for all areas
satisfies all the conditions of the centralized DC-OPF except
(7. The convergence of the sequence x* to x° implies that
T = — T for (a,a’) € T. We consider two cases
of the capacity price: p; ;) = 0 and pg ;) > 0 to argue
that inter-tie capacity lin}its are obeyed. If ,u‘(’; 5= 0, then it
must be that T;‘Zi,j) < T,,,5) because of the (iapacity price
updates in (I8). If 1y > 0, then T2G, o =T, (; ) by the
condition in (T9). Thus, the intertie capacity limits are satisfied
by xo°. The dual feasibility and the complementary slackness
conditions hold by Lemma

Next we show that the first order stationarity conditions
of the centralized problem are satisfied by TS and 6:°.
In the limit as k — oo, let La(xa, ¥, aF,u™) and
Lp(xp, X, a%, u>°) denote the Lagrangian of the decen-
tralized DC-OPF problem for areas A and B, respectively.
The terms x%, %, and p™ in L£4(-) represent the terms in
the objective () and tie-flow constraint (I3) of Area A coming
from the decoupling of constraints in the centralized DC-OPF.
We note that dglﬁf(") = daf)(j and daﬁeig) = geﬁj) V(i,7) € Fa
where £(-) is the Lagrangian of the centralized DC-OPF.
Next we consider the first order stationarity conditions with
respect to 044, Op j and Ty (; ;) for tieline (i,5) € T4 in the
decentralized DC-OPF problem and show their equivalence
to the corresponding first order conditions of the centralized

DC-OPF in (29)-(31).

plore. Restrictions apply.
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The first order conditions with respect to T, (; ;) for areas
AL A(za,xhy 0l k) AL g (zp,2k 0k ,u*)

a € {A,B}, ie., Ty ) and T i
are respectively as follows:
k
Hiigy .
Ak+1 +§k+1 _ %’j _ (2~,J)Slgn(Tk~LlJ))
k
N Y, () k1
ap; + &g = i, 51gn(TB (”))
Recall a“:]; — x2°. Hence,
~ 00 Foo NO’Z . 00
ani &AL ap; — (QJ) sign(T4 (i 5)), (39
A 00 Foo ’uoo,
&g+ &8s Qp;— ( 2 sign(T ) (40)

Since Tg’(”) —Tjo(ij) adding (39) and (@0) yields
é%o (i.d) 5 Al . Hence the KKT conditions for intertie
flows in the centrahzed problem are satisfied.

E. Proof of Lemma 3

The first order term in a Taylor expansion of V j is:

OV ke
A a, k k—1
A‘/a,k— Z [aaa’j( a’,j -, ,])
(4,5)€Ta ’
3Va,k k k-1 oV, k—1
" O Wi =16 * 5, -“) ~ O )]
By the envelope theorem, we have
Vak _ ok Vase _ 1|7 Wk _ ais
8aa/yj - a,(i,j)’ 6;1.(1-1]-) -2 a,(i,j 30(1/,]- - Ta,(i.j)

Equation (26) is the first order optimality condition for flow
across intertie (4, 7) for market a € A.

F. Proof of Theorem 2

Consider area a € A reporting information consistent with
strictly convex differentiable cost functions C,f ,(+) that differs
from the reported supply cost functions for internal market
clearing Co 4(-), i.e. C2,(-) # Cag(-). Such deviation yields
a mechanism output denoted by &% = (TP-*, 6" ‘D’k)
Let us denote by CF . the cost for area a after k 1terat10ns

and 7’5 i the intertie flow payments with respect to reported
supply costs for internal market clearing,

Cf,k = Z Oag PDk)
9€Ga
/:LDk 1
F o ~D,k—1+D,k (4,9) ~D,k 7
Taw = D 0oy Ty = D0 = (| Tutip| — i)
(1,5)€Ta (1,4)€Ta

The net cost for area a after k iterations with respect to
equilibrium supply costs for internal market clearing is, ch E=
CF, —rF, . We also define C_ , as the total cost of all areas
except area a at iteration k when area a deviates from the
equilibrium supply function for internal market clearing.
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By (23), upon stopping after T-iterations the total change in
cost inclusive of incentive transfers for area a can be written
as follows is

T
[Cf,k+1 - 7”5,k+1 - (ka —rl k) + AT, k] =
k=0
Coarpr — Cao + Z Carrp1 — Carol =
a E.A\a
Cr—Cao+ Y [CH—Cauol+elr @1
a’eA\a
where
F F F
6a,T = Z [CTJrl,a - Ca }

acA

Similarly, we can write the total change in cost from reporting
consistent with internal market clearing as follows:

T
[Ca,k—i-l —Ta,k+1 — (Ca,k - Ta,k) + Aﬁa,k] =
k=0
Ca,T+1 - C’(L,O + Z C(J,/,T-‘rl - Ca/,()] =
a’€eA\a
Ci—Cao+ > [Co—Cupl+ear (42)
a’eA\a
where
€a,T = Z[Ca,T+1 - C7]
acA

Hence by @I) and @2),

T

Z[O(ik-i-l - Tc};k—&-l - (Ca kT T ) + Aﬂa k]

k=0

- Z a,k+1 — Ta,k+1 — (Ca,k: - ra,k) + Aﬂ-a,k]

C*+Z

acA

— €] > €r

The inequality follows from Theorem 1 (optimality of cou-
pling markets in internal equilibrium) and

= [Ef,T - 6a,T]
acA

inf
ct. )

€T

Here again, by convergence of the mechanism’s output it
follows that e — 0 as 1" — oo.

G. Tieline Data for Enhanced Test Systems

TABLE VIII
TIELINE DATA FOR THE ADDITIONAL TIELINES OF CASE 1
Tieline  Sending End  Receiving End  Reactance  Capacity
Number (Area-Bus) (Area-Bus) (pu) MW)
TL6 A-14 B-16 0.161 500
TL7 A-12 C-17 0.097 500
TL8 B-2 C-1 0.104 500

uires IEEE permission. See http://www.ieee.or: / ublications_standards/publications/rights/index.html for more information.
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TABLE IX

TIELINE DATA FOR THE ADDITIONAL TIELINES OF CASE 2 (A’, B’, AND

C’ REFER TO THE ADDITIONAL AREAS)

Reactance
(pw)

Tieline
Number

Sending End
(Area-Bus)

Receiving End
(Area-Bus)

Capacity
MW)

TL11
TL12
TL13

A-1
B-2 B
C-1 C-

0.11
0.1
0.105

500
500
500
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