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Transmission Expansion Planning:
A Mixed-Integer LP Approach

Natalia Alguaci] Member, IEEE Alexis L. Motto, Student Member, IEEEand
Antonio J. ConejpSenior Member, IEEE

Abstract—This paper presents a mixed-integer LP approach ps Power injection at node.
to the solution of the long-term transmission expansion planning p_ . Power injected in lines( r, k) computed at node
problem. In general, this problem is large-scale, mixed-integer, q Power losses in lines(r, k)
nonlinear, and nonconvex. We derive a mixed-integer linear stk . . . [ . -
formulation that considers losses and guarantees convergence to" stk Binary Va_”able'wsrk = 1ifline (s,r,k) is built
optimality using existing optimization software. The proposed Wk = 0 if not.
model is applied to Garver's 6-bus system, the IEEE Reliability 6, \oltage angle at node.
Test System, and a realistic Brazilian system. Simulation results §_. (/) Variable used in the linearization of the power losses
show the accuracy as well as the efficiency of the proposed solution in corridor §,r); it represents théth angle block

hnique. . . .
technique relative to this corridor.
Index Terms—Linearized power flow, mixed-integer linear pro-  getg

gramming, power loss modeling, transmission expansion planning. E Set of all transmission lines, prospective and ex-

isting.
I. NOMENCLATURE E* Set of prospective transmission lines.
Set of indices of the generating units.

The main mathematical symbols used throughout this pap%r Set of all buses (or nodes)

are classified below for quick reference. Q. Set of lines connected to bys

Constants . U, Set of generators located at bus
bk Susceptance of line (r, k). .
) Subscripts
Bsrk Conductance of lines(r, k). .
N Ds Indicates demansl
Kk Investment cost of building lines(r, k). . Indicates qeneratar
L Number of blocks of the piecewise linearization op 9
power losses.

Mg, Large enough positive constant. II. INTRODUCTION

max _
e ;Jt?rf)erugi(:und on the power output of tita gener N its general form, the long term transmission expansion

s 9 ' . . problem is a stochastic decision problem that consists of
pon Maximum capacity of the lines(r, k).

determining the time, the location, and the type of the transmis-
sion lines to be built. This problem arises either in centralized
or competitive frameworks. In a centralized environment, an
electric utility owning both generation and transmission assets
should perform jointly its generation and transmission expan-

s (£) Slope of thefth block of the voltage angle for the
corridor §, r).

Abg, Upper bound of the angle blocks of corrider).

AGi Cost of the energy produced by tkta generating

unit. . : : L
o Weighting factor to make comparable investmenstlon.plan.nmg' In a dgregulated enwron.ment, the trar_1$m|SS|pn
: provider is often a single regulated entity whose main task is
and operation costs. - .
Variables to operate and expand the transmission network with the target
- of maximizing energy trade opportunities. This is the case in
fork Lossless power flow in lines(r, k) at nodes. . . . .
most Western European countries, and particularly, in mainland
PDs Total power consumed at node Spain [1]. In the formulation and analyses that follow, we adopt
Pai Total power produced by thiéh unit. P ' y : b

this view: the network provider is a single regulated entity
with the task of operating and expanding the transmission
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the investment and operating variables, as well as the nonlinearimproved version of the one suggested in [5], [14], or in [17],
and nonconvex static transmission constraints. Because ofsitsce line losses are taken into account

inherent complexity and the lack of adequate computational .

tools, attempts to solve the transmission expansion problem, , Minimize > Kewwar+0 ) Aaipas

have been made based on two generic simplified models V(smk)eET viel )
pertaining to whether the stochastic and dynamic aspects of g&%ject to

problem are considered or not [2]-[6]. In practice, a further

simplification is needed, and it consists of assuming a given Z PGi — Ps =Pps; Vs € N (2)
voltage level for both static and dynamic approaches. Notwith- iew,

standing, finding a solution tool that guarantees optimality, for B 1
either instance of the transmission expansion problem, remains Ps = Z Psrk = Z o + o stk Vs e N (3)

an open issue because of the combinatorial nature of the v(rk)€Q. V(e -
problem, which renders its solution difficult for medium size fox = = bakweksin (s — 6;) ;
problems [7]. For this reason, some researchers have applied Y(s,r,k) € E (4)

various heuristic techniques to obtain a good feasible solution.

. . . srk =2 stk Wsrk 1 —cos 65 - 6r 5
Among those techniques are simulated annealing, neural 4 5 : ( )

networks, game theory, and genetic algorithms [2], [7]-[9]. V(S’?’ k)e E ©)
Linear programming and dynamic programming were used  Max {DPsk; Prsk ) <Pgyie ; V(8,1,k) € B (6)
in [10]-[12]. The application of mixed-integer programming 0 <pg; <pa*viel (7
techmq_ues using Bender_s decomposition combined with some Wox =L V(s,1,k) € E\E* ©)
heuristics can be found in [3], [4], and [13]. However, these

weak €{0,1};V(s,1,k) € E 9)

results hinge on a modification of the natural formulation of

the original problem. A more rigorous decomposition schenwnerepg;ﬁx = pmax denotes the transmission capacity of the

that is suitable for Benders decomposition was reported in [fe (s, r, k) — heres designates the sending node anthe re-
and [14]. In these references, line losses are not considet@qi,ing one.
and nonlinearities derive from the product of continuous and The objective function in (1) represents the sum of the invest-
discrete variables. ment cost of new lines and the operating cost of the generating
We set a mixed-integer formulation for the static transmigmits. As itis commonly assumed in the technical literature (see,
sion expansion problem that takes into account transmissien instance, [5], [13], or [14]), a single load scenario is consid-
power losses. No stochastic aspects are treated. The propeged, typically corresponding to the highest load demand fore-
model may be solved to optimality by using existing optimizazasted for the considered planning horizon. It should be noted
tion packages such as CPLEX 7.5 [15]. that the operating cost of the generating units have to be esti-
The contributions of this paper are twofold: mated by the network provider. Weighting facteris used to
« arevisited MILP formulation of the transmission expanmake comparable the investment and operating costs.
sion planning problem that presents an efficient compu- The constraints (2) enforce the power balance at every node.
tational behavior when using conventional MILP solversihe constraints (3) state that the power injection at note
therefore not requiring a Benders partitioning procedurdhe summation, over all lines connected to that node, of a loss-
« arigorous modeling of power transmission losses throud#ss line flow component,;. and a loss component;. For
the used of linear expressions. each line, §, r, k), these two components are formulated as the

The remaining sections of this paper are outlined as folIovJ%r.OdUCt_ of the binary variablers:x a”_O_' a sinusoidal f_unct|on
Section Il presents a basic formulation of the transmissich Fh_e difference of the angles prevgllmg at the sending and re-
expansion problem, which arises naturally as a mixed-integ&f!Vind ends of the line, as shown in (4) and (5), respectively.
nonlinear mathematical program. Using an approximation 3 |s.mult|pl|cat|on of a'blnary variable and a contmu_qus fung-
the power flow equations up to quadratic terms, a recast of fignisa natural modeling of the fact that the power injected in

problem into a mixed-integer linear program is obtained in Se@-'"€ 1S nil 'f_ that I|ne_|s not physically CoanCted o the net-
Work, or equivalently, ifws,c = 0. The constraints (6) enforce

tion IV. This allows the solution of the transmission expansion ™~ ' o , X ;
problem using available mixed-integer linear programmin e line flow limits. The constraints (7) are operating constraints
at specify that if a generator is dispatched, its power output

(MILP) software. Section V provides some numerical resul J 2 -
of the proposed model using Garver's 6-bus system [11], st be within a certain range represented by a minimum output

IEEE Reliability Test System [16], and a realistic Braziliar‘?‘nOl a maximum output. Note that, for the static long-term ex-

system [14]. Finally, some concluding remarks are drawn H@nsion problem, it is practical to assume that the lower bound
Section VI on the power output of each generating unit is zero, thereby

neglecting the effects of unit commitment and decommitment.
This assumption is consistent with previously published works
. FORMULATION and will also be applied throughout this paper. Finally, the in-
tegrality of the investment decision variableg is stated in
In this section, a formulation of the transmission expansidf), and the fact that the existing lines have already been built
planning problem is presented. Note that the proposed modekignforced in (8). Note that a predetermined decision variable
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— wgkx = 1 forall (s,r,k) € E\E+ — has been assigned to g
every existing line throughout this paper, for the sakes of clarity t
and conciseness of presentation. Thep&ori known variables

may certainly be dropped, if necessary, to achieve a more opti
mized implementation that would systemically avoid the extra - 80 (L) g 0lr(L)
overhead required handling them.

IV. LINEAR MODEL " B O (1) | 200 1),
We propose a more accurate linear approximation of the » 3, -9,
transmission static ex [ bl b fi i > > —>
pansion problem by transformation ol " L) s.L+D 5.0 5.(L)

(2)—(9) into a mixed-integer linear mathematical program [18].
The derivation of the new formulation is presented in twgig_ 1
stages.

First, we assume that conditions for normal power systemop- _ )
erations hold:; that is, for any feasible solution of the transmiBIoximation of the power losses in the lingi(, k) under normal
sion expansion problem, the difference of the angles prevailiR§eration.
at both ends of every existing line, or every built prospective A lineéar approximation ofys;x can be obtained usingL
line, is sufficiently small (typically within 2). This is a rather Piecewise linear blocks as shown in Fig. 1. However, the same
practical decision to render the system far from any dynanii@Sults may be achieved with orlly+ 2 variables per corridor,
instability or other security limits under normal operating conf¥hereL. variables are those needed to model the domain restric-
ditions. Then, based on this assumption, we obtain a linear 4N of the functiony., to the positive orthant, and the two re-
proximation for the cosine function (power losses) and the sifgining variables are necessary to obtain a linear equivalent to
functions (lossless power flow). Note that we incur no loss §f€¢ absolute function, as will be explained next.
generality, as higher values of the aforementioned angle differ-n order to reduce the linearization to the positive orthant only,
ences can be modeled with more linearization segments in oré introduce the following definitions:
to achieve afiner approximation of the sinusoidal functions [19]. L

Second, conglderlng the previous approxmatlon., we trans- Qorke =Eerk Werk Z ar (£) 8sr (£) (13)
form the model in such a way that the products of discrete and

Modeling a piecewise linear per-line loss function.

continuous variables are eliminated. Observe, however, that the L =t

transformation in this step introduces no further approximation |65 — 6| = Z bsr () (14)
in the original model subsequent to the linearization in the first =

step. b () >0; L=1,....L (15)

In this section, all of the expressions presented apply to every Bor (£) <A6 + (1 — Won) Mas £ = 1 L (16)
transmission line. Therefore, the indicatigrs, r, k) € E will AT ST T

be explicitly omitted, except where needed for clarity. where oy, (¢) and 6., (¢) denote, respectively, the slope and
value of the/th block of angle in corridorgr). Constraints
(13) are the linear approximations of lines losses. Constraints
(14) state that the absolute value of the difference of the angles
Suppose thats, r, k) € E. For normal operation, under thebetween two nodes is equal to the sum of the values in each
flat voltage assumption, the real power injection in the linkblock of the discretization. Constraints (15) and (16) set the
(s,r,k) computed at bus, ps,x, and the real power injection in upper and lower limits of the contribution of each angle block to
the line §,r, k) computed at bus, p,sk, are given by the total angle difference for the ling, ¢, k). This contribution
is nonnegative, which is expressed in (15). The upper bound of

A. Linearization of the Sinusoidal Functions Around the
Normal Operating Point

Psik = — bricWari sin (65 — &r) the angle blocks is modeled in (16) using the decision variable
+ Gork Wark [1 — cos (65 — 61)] (10)  w.. If the line is built v = 1), then the angle blocks are
Prsk =DsrkWsrk sin (65 — 6y) bounded above by\és,; otherwise, for a sufficiently large
+ gorcWerk [1 — cos (8 — 6,)] (11) positive constanlMy,, these constraints are nonbinding. Both

. . groups of constraints, (15) and (16), implicitly enforce the ad-
whereyr = grsk + jbygs yrax being the admittance of thejacency of the angle blocks if operating costs are considered in
line (s, r, k). The power losses in the line, ¢, k), q.x, can be  the objective function. Alternatively, losses can be penalized in
obtained as follows: the objective function so as to enforce the adjacency condition.
o The following expression of the slope of the blocks of angles
Qsrk =DPsrk + Prsk . . . .

. as;(¢) can be used in the linear approximation of the power loss
=28erkWork [1 — cos (& — 6,)] function for all lines:

Ag ek Werk (85 — 60)° 12
Bk Work ) (12) (EA8)° — [(LAS,) — Ab.,]?
where the last equality follows from a second order approxima-®sr (4) = A6, = (20— 1) Abg.
tion of the cosine function, which has proven to be a good ap- “ an




ALGUACIL et al. TRANSMISSION EXPANSION PLANNING: A MIXED-INTEGER LP APPROACH 1073

A linear expression of the absolute value in (14) is needef, is limited by the maximum capacity of the line according to
which is obtained by means of the following substitution [18] (24), and its value is obtained from (25), as the latter inequality
constraints are converted into an equality. If the line is not built

6, =6F + 62
|8 = 8| 5?: + 55: (18) (Wi = 0), then (24) producek,;, = 0, and (25) is nonbinding
bs — bp =05 — O (19)  for a convenient selection ., which does not limit the angle
6F >0, 65 >0. (20) difference unnecessarily.

. - Similarly, the nonlinearities can be removed from the expres-
Using (13) and a second order approximation fosfion of line losse The following constraints are added to
sin (65 — 6,), the real power injection in the lines,t,k) Slsrk - g

computed at bus, pgk, and at bus, p.k, can be cast as the model:

follows: 0 <dsrk < WsrkDParie | (26)
1 L
Perk =fsrk + §QSrk 0 S@ + Z Qsr (g) Ssr (g) < (1 _ Wsrk) Mgr (27)
~ — boaWarn (63 — 67,) Bsrk {7
1 L The logic of (26) and (27) can be analogously explained. If the
+ = GorkWerk Z g (£) Bsr (£) (21) lineis built (wg,x = 1), then line losses are positive and limited
2 -1 by the maximum capacity of the line according to (26), and its
_ 1 value is obtained from (27) (a constraint whose bounds are both
Prske = — Lurle + 5 Aok zero). If the line is not built, then (26) yields,. = 0, and (27)
~bgkwerk (65 — 65) ensures that the square of the angle difference is positive and
1 L free from its right-side constraint.
4+ —ZorkWerk Z e (£) 64 (£). (22) In practice, the addition of the losses does not influence the
2 f f f . .. . i ]
- selection of the disjunctive parameter; therefore, the conclu
In the same vein, the power injected into a nede N, p., sions drawn in previous papers [5] and [14] about this parameter
can be written as are still valid in this work.
1 To conclude the linearization of the initial model, the “max”
Ps= Z [fsrk + 5qsrk} function in (6) is reformulated as
vllen: . Dsrk SWrkDo©
1 max
A Y Wk | —ban (83 = 65)+58em D e (€) b (4) Drek <WarlpIEX. (28)
2 . . .
V(r,k)EQ, =1 Finally, the proposed linear model of the expansion plan-

(23) ning problem comprises the objective function (1), and the con-
straints (2), (3), (7)—(9), (14)-(16), (18)—(20), and (24)—(28).
rI}_or the sake of clarity and quick reference, the complete model
is written below

which is a nonlinear expression due to the multiplication of co
tinuous and discrete variables.

B. Elimination of Nonlinearities Induced by the Product of Minimize Z Ko Werk + 0 Z Aaipai (29)
Discrete and Continuous Variables W;"gk’éisr“(“é’)pﬁ";i‘k’ V(s,r,k)EE+ viel
To get rid of the nonlinearities found in the expression of ths?ubject to o
lossless flowf,, the following constraints are included in the
model: Z PaGi — Z |:fsrk + %Clsrk:| =DPDs; Vs e N
_Wsrkp:rllix strk S Wsrkp:;llix (24) e, V(rk)€€s
—(1-we) M <fs—rk+(5+—6—)<(1—w ) M, (25) (30)
it W ~Wark D2 < farke < WD V(s 1, k) € (31)

wh_erg the d|SJunct|\_/e parametel,, must b_e selected soasnot (1 = Wor) May < fork + (53— 62) < (1 = Wan) My
to limit unnecessarily the voltage angle difference between two berk
nodes that are not connected at all; that is, if none of the prospec- Y(s,r,k) €E (32)
tive lines, if any, between two nodes is selected. In other words, 0 < ok < WarkPi 3 V(s,1,k) €F (33)
Mg, must be assigned a sufficiently large positive constant that L
provides enough degree of freedom to the voltage angle differ- 0 < — dsrk + Z g (£) 8sx (£) < (1 = wapie) M2
ence between every unconnected node of the network. However, 8srk 7 ‘
setting the disjunctive parameter rightly to a large value should Y(s,1,k) €E (34)
be made without overlooking the finite machine precision arith- L
metic that would otherwise render the algorithm numerically St 4+60= Z s (0):V(s,r) €E (35)
unstable and the results unreliable. A detailed discussion on the —1
selection of this parameter is given in [5] and [14]. 8y — 6, =0F — 65:Y(s,1) €E (36)

Equations (24) and (25) are explained below. Suppose that 1 o
linek in corridor &, r) is built (wes = 1); then the lossless flow forie + S dsrc < i3 V(s,1, k) €8 (37)
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TABLE | TABLE 1
LINE DATA FOR GARVER'S EXAMPLE Bus DATA FOR GARVER'S EXAMPLE
Corridor Resistance | Reactance | Investment Capacity Bus | pi*[MW] A [US$/MWh)] Poi MW]
(per unit) (per unit) | Cost [US$] [MW] 1 130 m 30
1-2 0.10 0.40 40 100 5 240
1-3 0.09 0.38 38 100 3 360 20 20
1-4 0.15 0.60 60 80 2 160
1-5 0.05 0.20 20 100 5 240
1-6 0.17 0.68 68 70 3 500 30
2-3 0.05 0.20 20 100
2-4 0.10 0.40 40 100
2-5 0.08 0.31 31 100 TABLE il
?i g?z 82(9) 23 lgg SOLUTIONS FORGARVER'’S 6-BUs EXAMPLE
3-5 0.05 0.20 20 100 - -
. Number of lines built
i_g 8 } 2 gg 22 1 (7)2 Corridor No losses | Losses
- ' ' 2-6 0 2
4-6 0.08 0.30 30 100 35 1 1
56 0.15 0.61 61 78 16 3 >
Investment Cost ($) 110 140
f 1 < pmax. k E 38 . . .. , .
ok + 5 stk = Psric 5 (s,1,k) € (38) under investment. This originates today’s savings but future un-
0 < pai < pa; Vi el (39) planned and typically expensive investment adjustment. Under
Wo=1; (5,1, k) €E\E+ (40) reasonably correct forecasts for load and other uncertain vari-
STK— 4 T

ables, expansion plans that require unplanned investments con-

Warke € {0, 1}:V(s, 1. k) € (41) " stitute more expensive, and therefore, inferior decisions than
6s=0, s :reference bus those plans that do not require such investment adjustments.
(42) Considering the IEEE Reliability Test System with 24 nodes,
5t >0,65>0.Y(s,1) €E (43) 35 corridors (see Table IV), and 32 generating units, we have

made the following assumptions.

b () > 0;V(s,r) € E; 4 =1,...,L (44) _ i ) _
1) All of the lines in any corridor have the same characteris-

Osr (£) SAbp+(1—werk) May; V(s, 1, k) €F5 =1, ..., L.

tics.
(45) 2) The investment cost of every line is proportional to its
- . o . reactance.
Note that this linear version of the transmission expansion . . .
. . . . 3) The operating costs of the generating units are those pro-
model requires three sets of additional continuous variables vided in [16]

Sur (1), 6%, 63

Two cases have been considered, namely, case A and case B.
In either case, the number of blocks used for the linearization of
the line losses is 4, and the expansion strategies obtained with

The proposed model has been applied to Garver's 6-barsd without network losses are tabulated for comparison. The
system [11], to the IEEE Reliability Test System [16] and to purpose of this comparison is to point out the impact of mod-
realistic Brazilian system. The cases have been implemengdihg losses in the optimal expansion plan. As pointed out in the
on a SGI R12000, 400-MHz-based processor with 500 MB pfevious example, neglecting losses results in today savings but
RAM using CPLEX 7.5 under GAMS [15]. tomorrow investment adjustment. These unplanned investment

Garver’'s example is a network with six buses and six installedljustments typically overshadow the initial savings. The signif-
lines. The data of every corridor are presented in Table | (olzant differences in investment optimal plans with and without
tained from [7]). The maximum number of lines (prospectiviosses are apparent from Table V. In case A, the initial network
plus installed) per corridor is 3. We have added operation codtgs no preinstalled lines, and it is possible to build just one line
associated with the generating units, to the objective functiguer corridor. The number of binary variables in this case is 35,
Cost functions of all three generating units are assumed lingénich corresponds to the number of corridors.
as specified in Table Il. In this table, the generation capacity andin case B, the initial network topology is the one provided
the demand at every node are also provided. in [16], and a maximum of three lines per corridor is allowed.

The solutions obtained for this system neglecting and takifidnerefore, the number of binary variables is 70; that is, twice as
into account losses, respectively, are compared in Table Ill. much as the number of corridors. Moreover, to allow investment

The solution obtained neglecting losses is the one reportediiecisions, the maximum capacity of each line has been reduced
[2]-[6], and [11]. However, Table Il clearly shows that takingo one third of the capacity given in [16].
into account losses results in a different expansion strategy. IfThe total load in both cases is 2850 MW, which corresponds
should be noted that not taking into account losses resultstinthe Tuesday of week 51 from 5 toP.

V. CASE STUDIES
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TABLE IV TABLE V
LINE DATA FOR THE IEEE RTS §STEM SOLUTIONS FOR THEIEEE RTS &STEM
Corridor Resistar}ce Reactance | Investment Cost | Capacity Case A Case B
(per unit) | (per unit) [10°US $] [MW] Corridor No losses | Losses | No losses | Losses
12 0.0026 0.0139 7.04 175 # of lines built

1-3 0.0546 02112 106.92 175 18 18 6 7
1-5 0.0218 0.0845 4278 175 1-2 1 1
2-4 0.0328 0.1267 64.14 175 1-3 1 1
2-6 0.0497 0.1920 97.20 175 1-5 1 1 1 1
3-9 0.0308 0.1190 60.24 175 2-4 1 1 1
3-24 0.0023 0.0839 42.47 400 2-6 1 1
4-9 0.0268 0.1037 52.50 175 3-9 1 1
5-10 0.0228 0.0883 4470 175 3-24 1 1 1 1
6-8 0.0159 0.0614 31.08 175 4-9 1 1 1
6-10 0.0139 0.0605 30.63 175 5-10 1 1
7-8 0.0159 0.0614 31.08 175 6-8 1 1 1
8-9 0.0427 0.1651 83.58 175 6-10 1 1 2 2
8-10 0.0427 0.1651 83.58 175 7-8 1 1 3 2
9-11 0.0023 0.0839 42.47 400 8-9 1 1
9-12 0.0023 0.0839 42.47 400 8-10 1 1
10-11 0.0023 0.0839 42.47 400 9-11 1 1 1
10-12 0.0023 0.0839 42.47 400 9-12 1 1 1
11-13 0.0061 0.0476 24.10 500 10-11 1 1 2
11-14 0.0054 0.0418 21.16 500 10-12 1 2 1
12-13 0.0061 0.0476 24.10 500 11-13 1 2 2
12-23 0.0124 | 0.0966 48.90 500 11-14 1 1 1
13-23 0.0111 0.0865 43,79 500 12-13 1 1 1
14-16 0.0050 0.0489 19.70 500 12-23 1 1 1
15-16 0.0022 0.0173 8.76 500 13-23 1 1
15-21 0.0063 0.049 24.81 500 14-16 1 1 1 2
15-24 0.0067 0.0519 26.27 500 15-16 1 1 1 1
16-17 0.0033 0.0259 13.11 500 15-21 1 1
16-19 0.0030 0.0231 11.70 500 15-24 1 1 1 1
17-18 0.0018 0.0144 7.29 500 16-17 1 1 1 2
17-22 0.0135 0.1053 53.31 500 16-19 1 1 1
18-21 0.0033 0.0259 13.11 500 17-18 1 1 1 1
19-20 0.0051 0.0396 20.05 300 17-22 1 1
20-23 0.0028 0.0216 10.93 500 18-21 1 1 1 1
21-22 0.0087 0.0678 34.32 500 19-20 1 1 1 1
20-23 1 1 2 2
21-22 1 1

, , , . mv[els:)‘?g‘stﬁos‘ 47222 |507.70| 17029 |172.02

Table V illustrates the solution obtained for both cases in CPU Time (5] 55 s o555

terms of the number of lines built, investment cost, and solu-
tion CPU times. For both cases, A and B, the set of lines built
when losses are considered is different from the correspondin . . .
setwhenlosses are neglected. The above results in higher inves he expansion strategy for th.ls network, _neglect_lng losses,
ment cost for the case in which losses are considered. Solutft l?e fognd n .[14]' [20]. In particular, new I|ne§ bg|lt mclgde
0 lines in corridors 5—6 and 20-21, and one line in corridors

times are larger with losses than without losses; they are, ho%— .
ever, reasonably small. —20, 20-23, 42-43, and 46-6. To study the impact of losses,

Table VI further illustrates the solution obtained for botl}{ve_have applied the prpcedure proppsed n the present Papet,
é|:ch produced an optimal solution in approximately 45 min

cases when considering losses. This table shows the té’i’? PU ti The followi b i de. Diff
number of lines per corridor, the total line flows (includin P ime. The following observations are made. iTlerences
h the no-loss case include building 1 line in corridor 18—20,

ower losses) and the losses for anyone of the lines in ev e o . .
P ) y d not building the line in corridor 13—20. Losses constitute

corridor. In case A, the total losses are 80 MW, approximate"f‘ £ 206 of the total duced. Additional i ¢ i
3% of the total load, while in case B, the losses represent pout 270 ot the lotal energy produced. 'tional Investmen

(31 MW) of the total load cost for this case represents about 8% of the investment cost for

The proposed technique has also been applied to the realigi'% no-loss case.
Brazilian system used in [14], [20], and reported in [21]. This
system, considered standard for transmission expansion plan-
ning studies, includes 46 buses, 47 existing transmission corri-This paper proposes a linear mixed-integer formulation for
dors, and 32 new corridors. The number of existing lines is &Re transmission network static expansion planning problem that
and the number of lines that can be built is 175. takes into account line losses. This problem is of high interest

VI. CONCLUSIONS
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TABLE VI

Case A Case B
Corridor | # lines Psrk Qsk/2 | # lines Pk Qsri/2
built [MW] | [MW]| built [MW] | [MW]
1-2 1 -6.92 0.01
1-3 1 28.04 | 0.40
1-5 1 73.52 1.26 1 54.87 0.32
2-4 1 48.92 0.42
2-6 1 34.64 | 045
3-9 1 -20.78 | 0.17
3-24 1 -180.00 | 0.71 1 -131.99 0.17
4-9 1 -74.00 1.63 1 -25.93 0.18
5-10 1 -16.76 | 0.10
6-8 1 0.37 0.00 1 9.58 | 0.04
6-10 1 -136.37 1.49 2 -55.93 0.20
7-8 1 175.00% | 2.19 2 58.33* | 0.24
8-9 1 -22.23 0.25
8-10 1 -23.58 0.27
9-11 1 -112.16 | 0.15
9-12 1 -252.25 1.00 1 -132.99* | 0.17
10-11 2 -109.31 0.14
10-12 1 -334.36 1.31 1 -130.13 0.17
11-13 2 -147.69 0.65
11-14 1 -36.27 0.14
12-13 1 -265.78 3.67 1 -111.66 | 0.49
12-23 1 -325.45 8.83 1 -152.15 1.37
13-23 1 -108.85 0.88
14-16 1 -194.00 | 2.12 2 -115.28 0.41
15-16 1 -305.16 1.45 1 -70.45 0.11
15-21 1 -165.16* | 0.75
15-24 1 186.81 2.70 1 133.61 0.64
16-17 1 -45129 | 3.24 2 -131.75 0.31
16-19 1 15.62 0.03
17-18 1 -457.77 1.78 1 -129.34 | 0.17
17-22 1 -135.42 1.33
18-21 1 -394.34 | 2.83 1 -62.67 0.15
19-20 1 -181.00 | 2.03 1 -165.45*% | 0.61
20-23 1 -313.06 1.92 2 -147.33 0.30
21-22 1 -159.90 1.01

(* indicates congested line)

IEEE TRANSACTIONS ON POWER SYSTEMS, VOL. 18, NO. 3, AUGUST 2003

1
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13

—

(4]

(3]

6

—

(71

(8]

9]

(10]

(11]

(12]

(23]

(14]

(15]
(16]

(17]

for both centralized and competitive electric energy systemd28l
Losses are represented without using additional binary vari-
ables. It should be noted that modeling losses constitutes a molie]
accurate representation of the network functioning that may re-
sult in different expansion plans than those obtained if lossego]
are neglected. Neglecting losses results in today’s savings but
tomorrow’s investment adjustments that typically overshadow
those initial savings. The proposed mixed-integer linear formuf21]
lation is accurate, allows reaching the optimal solution, and is

flexible enough to build new networks and to reinforce existing

ones. Results from different case studies show the accuracy and
efficiency of the proposed approach.
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