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Line Capacity Expansion and Transmission
Switching in Power Systems with Large-Scale Wind
Power

Jonas C. Villumsen, Geir Brgnmo, Andy B. Philpott

Abstract—In 2025 electricity production from wind power
should constitute nearly 50 % of electricity demand in Denmak.
In this paper we look at optimal expansion of the transmissia
network in order to integrate 50 % wind power in the system,
while minimising total fixed investment cost and expected i of
power generation. We allow for active switching of transmision
elements to eliminate negative effects of Kirchhoff's volige law.
Results show that actively switching transmission lines mayield
a better utilisation of transmission networks with large-cale
wind power and increased wind power penetration. Furthermae,
transmission switching is likely to affect the optimal linecapacity
expansion plan.

Index Terms—Mathematical programming, wind power gener-
ation, smart grids, transmission lines, stochastic systesn capacity
planning

I. INTRODUCTION

To ensure robust decisions, the impact of any larger investm
is evaluated in a context of different future scenariosheac
describing likely developments of the society twenty years
ahead in time.

Traditionally, in Denmark, investments have mainly been
considered incrementally. However, considering the under
ground cabling and the rapid wind power development there
might be huge gains by coordinating investments to find an
optimal future grid. In this paper, we consider the stodhast
line capacity expansion problem with transmission switghi
This model can be applied to the development of the Danish
grid and we show that active switching of transmission lines
increases the utilisation of the transmission grid.

The combinatorial complexity of the line capacity expansio
problem makes it hard to solve. The deterministic version
of this problem has been solved succesfully using Benders

N 2025 electricity generation from wind power is pla””eﬂecomposition [1], [2] and a commercial MIP solver (CPLEX)

to constitute nearly 50 % of demand for electricity ir[3]_

In [4] a stochastic scenario based formulation of the

Denmark. This will primarily be achieved through a huggne capacity expansion problem for competitive markets is

increase in the number of offshore wind farms.

presented.

As a consequence, massive changes are expected in tgqyqing new lines to an electricity network may increase the

Danish electricity system in the years to come. Conventiong,; of power generation. This paradox is due to Kirchhoff's
power plants will close down, new market structures afgyiage jaw and is demonstrated for a three-node network
exp_ected to emerge as_balan_cmg needs and th_e r_equwemeanBushne” and Stoft [5] and for a four-node network by
flexible demand are going to increase. Transmission flowls jorndal and Jornsten [6]. Conversely, removing lines may

change and the need for transmission capacity will increasgnapie a more efficient use of network resources and decrease
In addition to the wind power development, it has beeganeration cost as shown by e.g. Fisher et. al. [7] for the
decided that all 132/150 kV overhead lines in Denmark shatee 118-pus network [8]. Although this phenomenon is not

be replaced by underground cables during the next 30 yeq{Sica| for traditional power systems it may occur on a regul
This constitutes a huge challenge for the Danish transamissiy5qis |n particular, congestions caused by Kirchhoffisage

system operator, Energinet.dk, however, it is also & gregfy are likely to occur in meshed networks consisting of
opportunity to redesign this part of the transmission gedaa gifterent voltage levels. A cycle in the network graph camta

whole. ) _ . ing both strong high voltage lines as well as weaker lower
Energinet.dk, is state owned and operates the grid on a nfage lines is likely to cause congestion under particula

profit basis. In general, transmission investments arsemrrload/production scenarios, if the impedance of one of thakwe

out at lowest cost while maintaining a certain high level qf,eq s relatively small compared to the impedance of one of
security of supply. Connections abroad and large domestic Gine strong lines (considering the ratio between their tiaérm

investments are considered to have significant societal eeanacities). We believe that the situations with congastttue
nomical impact, and hence the socio-economic welfare Bffeg yjchhoff's voltage law are likely to increase significhrin

of such investments must be evaluated. Only investments t{g, ftyre due to increased wind power generation in parts of
provide positive overall socio-economic impacts are pr&to he network, that are far from demand centres requiringetigh
transmission of power. Furthermore, the intermittent retaf
wind power requires the configuration of the network to be
robust with respect to a large number of extreme production
scenarios. Hence, any static configuration of the transomiss
network is likely to be sub-optimal in some situations.
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cal University of Denmark, Kgs. Lyngby, Denmark e-mail: i{@man.dtu.dk

G. Brgnmo is with Energinet.dk, Fredericia, Denmark

A. B. Philpott is with the Department of Engineering Sciegnthiversity
of Auckland, Auckland, New Zealand

Manuscript received September 19, 2011.


philpott
Typewritten Text

philpott
Typewritten Text

philpott
Typewritten Text

philpott
Typewritten Text

philpott
Typewritten Text


IEEE TRANSACTIONS ON POWER SYSTEMS 3

Transmission switching [9] may alleviate negative effaxfts 1. OPERATIONAL DISPATCH
Kirchhoff’s voltage law by switching out transmission Ime
In general transmission switching may increase security
a network [10] and decrease cost of generation [7], [11].
particular, Fisher et. al. [7] show that transmission skitg

may reduce the COOSt of generation in the IEEE 118-biiqe . For each ara e A, the cost and reactance coefficients
network by up to 25 % for a peak demand period. Khodaei angd, given byc, andr,, respectively, while lower and upper

Shahidehpour [12] propose a Benders decomposition approggunds on the flow are denoted byand u
for solving the dynamic line capacity expansion problemhwit Let the set of arcs (i) respectiverT(z‘)adenote the set of

transmission switching. arcs with tail, respectively, head Let the set of supply and

In this paper we consider the expansion of an existincgsmand arcss — F(s) U T(s) C A be defined by havin
electricity network with transmission switching using th%\s the tail or he_ad and lef — OforallacS Dei‘/ine byg
model proposed in [13]. In the planning phase we allo set of direct current (DC) lines, whitedenotes the set of

tso .{Z\éisst tlr?atn:\r,]vatt)jggssItsc?rlr?gt'(lzmaer? q af?ewee”ntaz igﬁi}nc% isting lines andH the set of switchable lines. The supply
wite ad IC and frequent Switching & cs.F(s) represent generation units with marginal generation
existing as well as new lines. Transmission line investmarg

. S coste,, minimum generatiord,, and generation capacity,,
chosen from a candidate set of potential line investmerds e hile the demand arcg (s) represent flexible demand with

having predefined thermal capacities and impedance factor{] . . . .
) o nimum and maximum consumptiady, respectivelyyu,. We
This enables us to model e.g. decisions of whether or n pHe P Yila

h isting line by | L T NPe the convention that theost ¢, associated with demand
to ITtrengL en anb eX|st|ngd.|f?e y Il_ncreasmghlts _cap;tf:ﬁgy Wca represents the negative marginal benefit of consumption.
well as choices etween different fine t_ypes aving amerery, ¢ is, negative values of, indicate positive benefit of
impedance factor_s. We s_how that allowing to _swnch eX'St'nt.gonsumption. Inflexible demandi must be met at all nodes
and new transmission lines reduces operational costs 3
T?Nbiltisrg:pfc? ?c??;?zgltéggt 'Et\t'\grl: \I/Chgtvzx tg:t dlcsm((:ahfeo ?pae[n the operational dispatch problem, we have the following

. : variables:
static (non-switchable) network.

The problem is modeled as a two-stage stochastic mixedt) the flowz, on each ara € A

integer program with uncertain future generation capasiti 2) the voltage phase angle; for each node € V.
and demand. In the first stage, decisions on line capacity3) & binary decision variable, for each switchable arc
expansions and switch investments are made. In the second @ € ‘A indicating whether line: is active ¢, = 0) or
stage, operational decisions on power generation, linesflow ~ NOt- (An active line is one which is installed and not
and switching decisions are made in a number of scenarios SWitched out)
reflecting variations in demand (e.g. peak/off-peak) and-ge For a single time period the globally optimal state
eration capacity (e.g. level of wind). The model will balanc(z*,w*, z*) of the system — yielding a maximum social
investment costs against potential reductions in operatio surplus — may be found by solving the mixed integer linear
cost yielding an optimal solution given the expectation dirogram
future generation and demand.

We assume a linear DC-approximation of the optimal power
fP(gw (see e.g. [15], [16]) with linear generation costs and no
Ihe losses.

Consider the directed gragh = (N, .A) with a source/sink

The contribution of this paper is two-fold. Firstly, we .
demonstrate that the line capacity expansion problem with min Z CaZa @)
transmission switching modeled as a two-stage stochastic acA
mixed integer program can be solved efficiently for real- subject to
istically sized networks using column generation. Secgndl
we show that actively switching transmission elements in
congested networks with large-scale wind power may reduce Ta Sua(l = 2) VacA @)
generation cost and increase the amount of wind power e 2 1lo(l—2,) VaeA (3)
thqt can be integra’Fed i.nto the system. Furth_ermolre, artive Z Ty — Z 2, = d; Vie N\ {s} (4)
switching transmission lines may alter the optimal linea@ap T ) o7 )
ity expansion plan. B U Va = (i i

We begin the paper by recalling a mixed integer progam- Za = 0= oo = Wi — w; a=(i,])
ming formulation of the direct current approximated opti- €eAN(SND) (9)
mal power flow problem with transmission switching [7]. In zqa € {0,1} Ya € A (6)
section Ill we state the line capacity expansion and switch 2y = Va e A\ H @)

investment problem as a two-stage stochastic program and

provide the Dantzig-Wolfe reformulation [14] as proposed The decision variables are chosen to minimise the total
in [13]. Section IV provides computational results for theost of operation expressed by the formula (1) subject to
IEEE 118-bus network and the Danish transmission netwditke constraints defined by (2)-(7). In more detail these are:
with large-scale wind power. Finally, concluding remarksla Capacity limits on arc flows (2)-(3). Conservation of flow (4)
directions for future research are given in section V. at each node except the source nedKirchhoffs voltage law
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(5) for all active arcs. Thewitching variables z, are binary switching and economic dispatch is carried out after these
(6) and fixed for lines that are not switchable (7). random outcomes are realised.
The switching concept treated in this paper relies on au-For each scenarie € €, let
tomatic switching of lines. However, if this automationl$ai
the operator needs to make corrective actions. The number of Q(w) = {(z(w), w(w), z(w)) | (2) - (B)}
contingency situations caused by failure of automatic cwit

ing increases exponentially with the number of lines svéitth corresponding to the set of feasible operational decisipns

out at any given point in time. (For instance if lines do not §cenar|0(g. Lgt fﬁ b]f thde fixed vefclt_or (.Jf switch installation
as expected - automatically switch back in after having begﬂ_f_ths anayf dL : e the fixe bve}ctor OI |nde Investment costs.
switched out for a period of time.) For this reason — and to e model may now be formulated as

reduce the computational complexity of the problem — we min fdys+ Ly + Y pw)e(w) z(w (10)
may restrict the number of lines that are being switched 5 Lok Z (Welw) o ()

weN
Z 24 < k (8) s.t. yr —ys + Z(w) <1 Yw € Q (11)
acé yr +z2(w) > 1 Ywe ) (12)
(z(w), w(w), z(w)) € Qw) YweQ  (13)

Equation (8) reduces the vulnerability of the system in an
operational context by limiting the number efisting lines yL,ys € {0, 1} (14)
that may be switched out. Furthermore, the marginal economi
benefit of switching one additional line decreases signifiga
with the number of lines already switched.

Note that constraints (5) may be linearised using aMtig-
construction

In this model, the investment decisiopg andys are the
first stage decision variables, that are chosen prior to the
realization of the random variables «, andd. The second
stage decision variables, w, and z models the economic
dispatch and switching in each scenario subsequent to the
realization of the random variables.
M2y < T —wi +w; < Mz, Ya = (i,5) € A\(SND) The objectiye (10) minimizes the hlour.Iy fixeq and opera-
9) Flonal cost, V\_/h|le.(11) ensures that s_W|tch|ng of mstaligés
is only possible if a switch is also installed. Constrain2)(1
allows lines to be switched in only if they are also installed
We sete]y, = 1 ande/ fr, = 0 for existing linesa in &,

I1l." AT WO-STAGE STOCHASTIC MODEL WITH wheree, is the binary unit vector of.A| elements with the

We now consider investment decisions for provisioning Note, that not installing a line corresponds to having the
of switching capability and additional transmission cafyac line switched out (i.ez(w) = 1) in all scenarioss € €.
in order to reduce the total investment cost and expected
operational cost over the lifetime of the investments. Tisat A, Dantzig-Wolfe Reformulation
our investment plan must accomodate uncertain outcomas wit

where M is some sufficiently large number.

distribution giving a two-stage stochastic program witteger this reformulation.

reg?ur]r_se, Whgre first st?jglg deC|S|or_1ts |nV(;]I.\I/et|hnvestmegt ""he idea is to decompose the stochastic problem into
switching equipmeng.s and line capacity ., while the second ;- oo problem and a number of subproblems — one

stage _model; operationgl deqisiomsw,z) for dispatch_ and for each scenario. We let the binary vectafw) define a
S_W."Ch'F‘g- Th_|s problem is typically reduced by samplln_gato feasible switching plan (FSP) for scenariav if there exists
finite-dimensional problem (the sample average approxunatx(w)’w(w) such that(z(w), w(w), 2(w)) € Q(w). Now, let

][15]) having a filrite numbtehlf\ft of scel_narir(])&; lf 2. 1n tfhe Zd(w) = {#/(w)|j € J(w)} be the set of all FSP’s for scenario
otlowing, we Wil assume that sampiing has been pertormeg where J(w) is the index set forZ(w). We can write any
and that the resulting set of scenarios is available. Torcinee

. lement inZ as
case where the scenarios are constructed (rather thanenh)mp(? ()

we assign them general probabilitipév). These will each 2(w) = Z @’ ()27 (w)
take the valud /N if sample average approximation is used. jeT(w)

In each scenarioy we have a realisation of demawaw), j _ j .
generation costc(w) and generation capacity(w). This Z Pw) = 1 ¢we{01} Ve Jw)

enables us to vary parameters according to climatic camuiti JeI)

(e.g. high costs could model shortage of water in hydro Assume that for each feasible switching pkifw) the cor-
stations, and low capacity model low wind outcomes faesponding optimal dispatch of generation and load sheddin
wind farms), outages of generation units and transmissi@ngiven by’ (w). The master problem can now be written in
lines, and different load levels. We assume that transonissiterms ofZ andz as
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investment strategy. Otherwise, we may resort to a branch-

, , and-price framework for finding optimal integer solutions.

MP: min flyr +fdys+ ) Y pwew) # (w)e! (w) Notepthat a fractional solution v?/ill glways havge at least one
weR e (15) fractional y-value (see Proposition 1). Hence, we branch on

subject to one of the fractionaj-variables and hope that this will resolve

the fractionality. If not one may continue branching gn
P (w)=1 [pw)], Yw e Q (16) variables until the fractionality is resolved.

JE.

J(
yrL —ys + Z 2 (w)p <1 [r(w)], VweQ (17)
j€J(w)

w)
IV. COMPUTATIONAL RESULTS
In this section experiments are performed on two different
y ; networks — the IEEE 118 bus network and the Danish trans-
yr + Z (W' (w) =1 [p(w)], Yw e (18) mission network. Experiments with the IEEE 118 bus network

j€Jw) with four scenarios suggests that transmission switching i
¢ (w) € {0, 1}, Vi e Jw) (19) beneficial for the integration of large-scale wind poweis@l
yr.ys € {0 1}|E| (20) these results justify the use of stochastic programminguiRe

for the Danish network with the expected development of off-
whereu(w), m(w) andp(w) denote the dual prices associatedhore wind power generation by 2025 confirm that allowing
with the respective constraints. switching may reduce generation cost and increase the amoun

The master problem MP is a two-stage stochastic integsfrwind power integrated in the system.
program with integer variables in both stages. Although in The purpose of this section is to illustrate the use of the
general these are difficult to solve, the structure of MP igodel presented in section lll. We show that dynamically
amenable to a branch-and-bound procedure by virtue of twitching realistically sized networks is very likely to be
following result. beneficial in systems with large-scale wind power.

Proposition 1: If y;, andys are chosen to be fixed binary We note that the scenarios that are used in these examples
integers, then the linear programming relaxation of MP hase for illustration of the computational technique; theg a
integer extreme points. not intended to capture all the variation in future (undejta

For a proof we refer the reader to [13]. parameters. In practice, a relatively small set of realisti

It is convenient to consider only a subség{w)’ C Z(w) scenarios can be generated using samples drawn fromugae
of feasible switching plans for each scenatian the master distribution that is estimated from historical data or provided
problem. We define this restricted master problem (RMP) lyy a calibrated simulation model, to create a model of the
(15) - (20) with J(w) replaced byJ(w)" the index set of same form as (10) - (14). As mentioned above, this model is
Z(w)’. A column generation algorithm is applied to dynamiealled a sample average approximation or SAA (see e.g.,[17])
cally add feasible switching plans to the linear relaxatidn and its solution determines a candidate investment palicy.
the master problem. The algorithm is initialised by lettingan be shown [17] that the solution to SAA approaches the
Z(w) = {£%w)} = {0}, for all scenariosw € Q. That true solution as the sample size increases.
is, initially no line may be switched out in either scenario. To test any candidate investment policy, we can easily
The corresponding operational costgs)”¢’(w) can easily simulate the operational dispatch over thousands of swsnar
be found by solving a linear program for each scenario. Bampled from the true distribution in order to estimate the t
each iteration of the algorithm, the linear relaxation (RMRexpected cost. However, in the absence of a true model, we
LP) of RMP is solved yielding the dual pricgs =, andp. have chosen to estimate this expected cost using the sagnari
A new column(p(w)c(w)T37(w), 1, 27 (w)) may improve the that were used in the construction of the investment policy —
solution of RMP-LP if and only if the associated reduced coan in-sample procedure that we recognize biases the estimat
e(w) = p(w)e(w) T39 (w) +m(w) T2 (w) — p(w) T2/ (w) — u(w)  to be lower than the true value in expectation. Our intenition

iS negative. this paper is to illustrate how an investment policy comgute

A column for scenariav may therefore be constructed byfrom our model will improve over a deterministic solution.
solving the subproblem: Further development will focus on the specification of the
min p(w)e(w) Tz + 1(w) T2 — pw) Tz — p(w) terlsjt?mtztségbutlon, from which the true expected cost can be

st (@w,2) € Qw), For the IEEE 118 bus network, four extreme equally

wherep(w), 7(w) and p(w) are the dual prices returned fromweighted scenarios are considered. This example aims at
RMP-LP. providing insight into when and where switching is beneficia

Any feasible solution(z,w,z) € Q(w) with negative The example shows that one cannot rely on finding a static
objective function gives rise to a potential candidate solu configuration of switches that is optimal, and that dynathjca
for RMP-LP. If no columns with negative reduced cost exigwitching the network is likely to be beneficial. For the Dami
then we have solved the relaxed master problem (MP-LRgtwork we consider first six equally weighted scenarios,
to optimality. Furthermore, if the solutiofiy*,y*) to MP- which yield a rather large benefit of transmission switching
LP is integral then(¢*,y*) is an optimal solution to the Secondly, we consider a more realistic set of scenarios. Al-
master problem (15) - (20) ang* is the optimal switch though, these are not generated from sampling it provides a
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TABLE |: Summary of scenarios for a small instance of th@ ABLE II: Optimal switching configurations and saved oper-
switch investment problem. ational costs for a small four-scenario instance of the dwit
investment problem on the IEEE 118 bus network.

Scenario  Probability Load Windpower
) p(w) % of peak capacity, MW w Switching configuration Saved costs, $/h
1 0.25 off-peak 59%  high 1600 1 E77-80 E89-90 E89-92 7.6
2 0.25 peak 100% high 1600 2 E77-80 E89-90 E89-92 36.0
3 0.25 off-peak 64%  low 0 3 E77-80 E89-90 E94-96 2.2
4 0.25 peak 29%  low 0 4 E77-80 E89-91 E94-96 75.4
Total 121.2

good indication of the potential benefits for switching ire thTABLE Ill: Wind power generation in different scenarios

Danish network. without (¢ = 0) and with ¢ = 3) switching.
A. The IEEE 118 Bus Network Scenario k=0 k=3

We will first study the IEEE 118 bus network [8] with net- w 91 5 26 91 5 26
work data described in [18]. This network has 185 lines,|tota 1 499.7 479 453 633.13 697.49 395.28
peak load of 4519 MW, and a total thermal generator capacity 2 538 918 383 73743 937.25 595.08
of 5859 MW. We will consider a four scenario instance of i 8 8 8 8 8 8

the switch investment problem presented in section Il with
uncertain outcomes of demand and wind generation capacity.

Fir§t s_tage dgcisions inclu_de only investment deci_sions é'fhaller mixed integer programs, we obtain an investment
switching eql_upment. That is we assume = 1 to be f')_(Ed‘ strategy with nine switches and total operational cost of
.Th? results justify the use OT St.OCh?St'C programming algyn4/h. The net benefit (including switch installation epstf
indicates that transmission switching is particularly dfésial switching is only $82.6/h as opposed to $96.3/h for the ogitim

in systems with large-scale wind power. switch investment strategy obtained by solving the integra

Four scenarios are defined Wit.h respect to _the load Ie\fﬁ del. Hence, the value of switching is clearly lower when
(peak/off-peak) and amount of wind power (high/low). Th%ecoupling the scenarios completely.

scenarios have equal probabilities and are summarisedile Ta We now consider an instance of the problem where we — in

l. The ;|>5<;ahdfamort|ﬁed §W|rt]cf]r;]nvestmen_t costs "’.‘;e arCti)lj'r"’maddition to have a wind power park at node 91 — also have
set to or each switch. The scenarios considered are d power parks in node 5 and node 26. All wind power

likely to represent the true expectation of the future. Rath parks are assumed to be relatively large (1600 MW installed
the example serves to illustrate the concept of makingegiiait capacity). The scenarios and network are unchanged.
investm_ent decisiqns.under_unf:ertainty in electricitywesks Without switching the total expected generation cost is
employing trar!smlss!on SW'.tCh'ng' . . $881.56/h. With switching { = 3) this is decreased to
%750.45/h with a total of five installed switches leading twea
%nefit of $106.12/h or approximately 12 %. This reduction in
sts covers an increase in wind power on the three parks by a

supply capacity and 0 marginal cost is located at node
Generation from the windpower generator is not fixed so wi

generation may be curtailed. total of 430 MW in scenario 2 and 293 MW in scenario 1 (see

Without switches the total generation cost incurred . . o L
) . _ _Table IIl). The corresponding optimal switching configimat
$1031.55/h. In the optimal switch investment strategy wi showr)1 in Table IVp gop g g

k = 3 five switches are installed incurring a total investment

cost of $25/h and generation cost $910.25/h. The total sav- , o

ings from switching is thus approximately 9%. With optimaP- The Danish Transmission Network

switching the dispatched windpower is increased from 499We will now consider the current Danish transmission
MW to 648 MW in scenario 1 and from 535 MW to 875 MWnetwork and potential line capacity expansions in a future
in scenario 2. Thus by employing active switching one cegetting with development of many new off-shore wind power
increase the amount of windpower in the system and decreat#nts.

system cost. The optimal switching configurations and the

corresp_ondlng saved operational costs for each scenagio PABLE Iv: Optimal switching configurations for a small four-
shown in Table II.

Since in general (1)-(8) is a difficult mixed integer progra scenario instance of the switch investment problem on the

for k > 1 one might consider decoupling the scenarior&EEE 118 bus network.

and solve each scenario separately with amortized investme

g ; : w Switching configuration
cqsts and subse_zquen_tly piece the §o|ut|ons toget_her. While 1 E77-80 £23.25
this approach might yield good solutions for some instances 2 E77-80 E94-96 E23-25
we cannot rely on this in general. Applying this approach to i E89-91 E3.05 E38-37

our four-scenario instance described above by solving four
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TABLE V: Summary of projected installed off-shore windTABLE VII: Summary of scenarios. Wind capacity is the share

power capacity in the year 2025. of installed capacity.
name capacity (MW) area Demand (MW) Wind capacity
Djursland 400 DK1 w pw) DK1 DK2  on-shore off-shore
Horns Rev 1000 DKL 0 016 4076 2869  0.90 0.95
Leesg 600 DK1
1 0.16 4076 2869 0.50 0.50
Jammerbugt 800 DK1
. . 2 0.17 4076 2869 0.00 0.00
Ringkabing 1000 DK1
: 3 0.17 1448 934 0.90 0.95
Kriegers Flak 800 DK2
4 0.17 1448 934 0.50 0.50
Renne Banke 400 DK2 5 017 1448 934 0.00 0.00
S. Middelgrund 200 DK2 : : :

TABLE VI: Summary of network data. switch instance has fixegs = 0 and allows for investments

in new lines only. Thek = 0 instance allows switching on

no. of nodes (busses) 610 . o < X ;

no. of transmission lines 529 new lines only — no switching on existing lines is allowed.
no. 0; “anSfOEmefS igé For the instances witk = 1,2, 3 switching on all new lines
Nno. or generators ., . . .

total gen. capacity (DK) 13530 and at most: existing lines is allowed. Table VIII gives a
total peak demand 6945 summary of results for the different instances, while TdkKle

gives an overview of the benefit of switching.
For the six scenarios described above, the optimal solution

Potential off-shore windpower development in Denmark jfontains investments in 5 of the possible 15 new lines withou
the period 2010 - 2025 is described in [19] and [20]. Th%witching (total cost of 466970 DKK/h of which 141 DKK/h

projects considered are summarised in table V. We assuf{& Investment costs). AIIowm_g o .S’W'tCh new |me¥5:€ 0),
that all projects are realised results in a total of 10 new lines installed of which 7 may

Network and generation data is obtained from the Daniﬁiswitched (Table VIII). This gives a net-benefit of 12366

transmission system operator Energinet.dk. This datans c K/h (Table IX).

fidential, but aggregated values are available in Table gt. P Figure 1 shows pgrt of the 400kV' network topology n
s . . ) Lo Eastern Denmark, with proposed network expansions, while
tential line capacity expansion projects are likewise Hase

confidential data from Energinet.dk. Line investment césts Figure 2 shows the partial optimal line capacity expansian p

400kV lines are based on underground cable costs - overh(fe%lr hat part of the network when no switching is allowed. The

lines are not considered. This is in accordance with futupee work shown in Figure 3 depicts the optimal line capacity

expansion guidelines for the Danish electricity transiiss egpj‘gs'on plan when switching is allowed on new lines only
grid [21]. The potential candidates for new transmissioedi (k =10).

are limited to a set of 10 lines on the 400 kV level and 5
lines on 132 kV level. Operation and maintenance cost of
transmission lines are neglected.

Neighbouring areas (Norway, Sweden, Germany, and The
Netherlands) are modeled in a very simplistic way with no
demand and a generator with fixed marginal cost and capacity.
This assumes that there is always excess generation gapacit
in the respective areas which can be supplied at constant cos

The ability to switch a particular line incurs a fixed
investment cost. This is assumed to cover any equipmemig. 1: Part of the existing Eastern 400kV topology (solid)a
needed to perform automatic switching of that line includaotential expansion options (dashed).
ing the switch itself (if it needs to be upgraded) and any
communication equipment if necessary. Here, we arbiyraril |n the following experiment, we — in addition to allowing
assumes a relatively small fixed cost of 1 DKK/h. In thewitching on new lines — also allow for switching of one ex-
experiments switching was allowed on high voltagelQ0 isting line in each scenarid:(= 1). This yields an investment
kV) transmission lines only. plan with 8 new lines and 12 switches. The total net benefit of

We shall now consider a particular six-scenario instance tfe solution is 32706 DKK/h or 7% compared to the solution
the problem. In Table VII a summary of the scenarios is giveithout switching. Figure 4 depicts (part of) the corresgiog
The scenarios and their probabilities are for illustrationy, optimal line capacity expansion plan.
and do not reflect our true expectations for the future. Never By allowing switching the wind generation is increased by
theless, they do give some valuable insights — in partiouir  up to 251 MW in scenario Ok(= 3). Also, operational costs
regard to the value of switching and its impact on investmerdre reduced significantly in the peak demand without wind
in line capacity. (scenario 2) by switching to lower cost (thermal) generatio

Five instances of the problem with different levels of The results obtained from experiments with the Danish
switching is investigatecho switch andk = 0,1, ...,3. Theno transmission network with large-scale wind power suggests




IEEE TRANSACTIONS ON POWER SYSTEMS

TABLE VIII: Summary of results for different levels of switing.

no switch k=0 k=1 k=2 k=3
no. of installed lines 5 10 8 11 10
no. of installed switches - 7 12 13 15
wind (MWh/h) 2649 2661 2687 2687 2689
fixed cost (DKK/h) 141 311 283 320 319
op. cost (DKK/h) 466829 454293 433982 430916 427294
total cost (DKK/h) 466970 454604 434265 431237 427613

TABLE IX: Benefit of switching. Values are absolute and refat(in %) difference as compared to the non-switched networ

(ys = 0).
k=0 k=1 k=2 k=3
abs rel abs rel abs rel abs rel
op. cost, DKK/h -12536 -3 -32847 -7 -35913 -8 -39535 -8
fixed cost, DKK/h 170 120 142 100 179 127 178 126
total cost, DKK/h -12366 -3 -32706 -7 -35734 -8 -39357 -8
wind (avg.), MWh/h 12 0.46 38 1.42 38 1.42 40 1.52
wind (w = 0), MWh/h 76 1.13 235 3.53 236 3.53 251 3.77

Fig. 2: Partial line capacity expansion plan without swiitch

The dashed line indicate new line investment.

Fig. 4: Partial line capacity expansion plah € 1). Dashed

lines indicate new line investments.

medium scenario with a high probability in order to investigate
the proportionality of cost and wind power generation. The
scenarios are summarised in Table X. Also, the cost of adding
a switch has been quadrupled. Both of these changes are
expected to discourage the use of transmission switching.

TABLE X: Summary of scenarios for the instances with seven
scenarios. Wind capacity is the share of installed capacity

Fig. 3: Partial line capacity expansion plah € 0). Dashed
lines indicate new line investments.

Demand (MW)

Wind capacity

w  plw) DK1 DK2  on-shore off-shore

0 0.0833 4076 2869 0.90 0.95

o o _ 1 0.0833 4076 2869 0.50 0.50

that transmission switching may reduce generation cost and 2 00833 4076 2869 0.00 0.00
increase wind power generation. As transmission switching 3 00833 1448 934 0.90 0.95
S . S 4 0.0833 1448 934 0.50 0.50

acts to reduce congestion in the network, this reduction in 5 00833 1448 934 0.00 0.00
cost is entirely due to relief of congestion in the peak detnan 6 05000 2869 1902 0.30 0.30

scenarios.

More interestingly, the optimal line expansion plan is liygh  Results for the seven scenario instances are summarised in
sensitive to the level of switching allowed. Actively switng Table XI. We see that increasing the cost of switches and
transmission elements increases the number of instal®@d4r introducing a new scenario, results in different investmen
mission lines (roughly by a factor of 2). This is due to thetrategies fork > 0 with fewer (or the same) switches and
fact that some lines may be beneficial in some scenarios, hing expansions.
restrictive in others. Table Xl shows the benefit of allowing to switch trans-

The previous experiments include only a fesmtreme sce- mission lines in the instances with seven scenarios. Ites se
narios with equal probabilities. In addition, we now intoog a that increasing the cost of switches and introducinmgedium
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TABLE XI: Summary of results for different levels of switetg with seven scenarios.

no switch k=0 k=1 k=2 k=3

no. of installed lines 6 10 8 8 7

no. of installed switches - 7 10 10 12
wind (MWh/h) 2860 2861 2874 2874 2875
fixed cost (DKK/h) 254 332 300 300 323
op. cost (DKK/h) 339693 332965 322614 321094 319265
total cost (DKK/h) 339947 333297 322914 321394 319588

TABLE XIII: Computational results for solving the Dantzig-gcle relatively well with the number of scenarios. However
Wolfe reformulation using branch-and-price and the compage majority of the solution time is used to solve subprolslem

formulation using CPLEX. Gap is relative (in %) from beshq this is prohibitive for the number of scenarios that can b
known solution. All instances are solved to optimality @singqved in reasonable time — especially for values: dérger

branch-and-price. than 1.
Branch-and-price CPLEX

Instance time (s) price- no. V. CONCLUSION

Q] k total master passes nodes tme(s) gap (%) In this paper we have treated the line capacity expansion

6 - 740 131 134 3 84 000 Problem with transmission switching under future uncetai

6 0 126 11 20 1 431 0.00 in demand and wind generation capacity. The problem is

g % Zggg gg gg 1 gggg T 8-8(2) formulated as a two-stage stochastic program and the Rantzi

6 3 4795 57 31 1 10006 i 002 Wolfe decomposition is solved using column generation.
Results indicate that the topology of the transmission net-

12 1 4094 201 62 1 . ; . .

24 1 11982 178 62 1 work is important for the dispatch of wind energy and that in-

termittent generation calls for a dynamically optimiseddb
ogy. This can be achieved by actively switching transmissio

scenario does reduce the benefit of switching consideraB\E?s',ourreSUItS_ show that trgnsmlssmn swnchmg mayced
However, the benefit is still significant. Switching allows & rtailment of W'n_d power with up to 250 MW in p,eak, de-
reduction in total cost of up to 6% and increases wind powg}and fpr _the Danish networ_k under study. A!so, SW'tChmg O.f
generation in scenario — 0 by up to 187 MW. transml_ssmn elements may |_nfluence the opt_lmal line cayaci
expansion strategy, making it worthwhile to install morevne

transmission capacity. Solving the decomposed model makes

We acknowledge that the scenarios described here are %&ossm(lje _to solve .mstancesl for reFa]I networks |r} reasTmn_a b
truly representative and that more work is necessary tdifgen time and is superior to solving the compact formulation

a set of scenarios representing our true expectation of fhang a co_r_nmermal MIP solver (CPLEX). Furth(_erm_ore, the
future. decomposition approach seems to scale well with increased

number of scenarios.
The Danish network presented in this paper is isolated from
the remaining European electricity transmission netwdank.
Optimal solutions for the six-scenario instances desdriberder to obtain more realistic results further work is nekde
above was obtained using column generation. The modelrepresent the neighbouring areas in a better way. This is
was implemented using the COIN-OR DIP framework [22mportant as large scale wind power generation is also under
and instances were solved using default parameters exospy in other parts of Northern Europe.
that each node was solved to optimality before branchingThe results presented here are only for a limited number
(Tai | O f Percent = 0), compression of columns wasof scenarios, that may not reflect our true expectation of
turned off Conpr essCol unims = 0), and the master prob- the future. Further work is needed to identify realistic and
lems were solved to optimalityMast er GapLimit = 0) representative scenarios. Other stochastic parametersbena
using interior point method (CPLEX 12.2 barrier). Subprolrelevant such as generation prices (depending on wateevalu
lems were solved using CPLEX 12.2 MIP-solver. Table Xllbf hydro power generation units, oil prices, etc.). Also; ge
gives a summary of running times for different instances afgraphically dependent wind power generation time seges i
the problem with branch-and-price (DIP) and CPLEX. highly relevant in order to capture periods of high wind powe
Except for the instance without switching all instancesevein one part of the network and low wind power in other parts
solved to optimality in the root node — that is no branchingf the network. Even though such outcomes may occur only
was needed. For all instances with switching, column genergith low probability (e.g. only for short periods of time)is
tion seems to be superior to solving the compact formulatiomay increase further the need for a dynamic network topology
using a commercial MIP solver (CPLEX). We were able tand the value of transmission switching.
solve for 24 scenarios witlk = 1 in less than 12000 s. In practice, expansion of transmission line capacity and
Solution times for the column generation approach seem itwestment in new off-shore wind power plants is performed

C. Running times
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TABLE XII: Benefit of switching. Values are absolute and t&la (in %) difference as compared to the non-switched ngtwo

(ys = 0).
k=0 k=1 k=2 k=3
abs rel abs rel abs rel abs rel

op. cost, DKK/h -6728 -1.98 -17080 -5.03 -18599 -5.48 -204286.01
fixed cost, DKK/h 78 30.76 46 18.11 46 18.11 69 27.15
total cost, DKK/h -6650 -1.96 -17034 -5.01 -18553 -5.46 B®3 -5.99
wind (avg.), MWh/h 1 0.03 14 0.50 14 0.50 16 0.55
wind (w = 0), MWh/h 12 0.17 171 2.55 172 2.55 187 2.78

over a planning period of many years. At each stage p#
the planning period the expectation of the future is changed
as more information becomes available and so the opti 1afi]
expansion plan may change as well. This model can be
extended to a multi-stage formulation following the apmitoa [16]
in [23]. In a multi-stage setting decisions on line capacity

expansions may be made at any stage, while the expangion A. J. Kleywegt, A. Shapiro, and T. H. de Mello, “The sampiver-

of wind power capacity may be subject to uncertainty.
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