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Abstract — In this paper we describe a multiobjective -

formulation for the long term planning of distribrt networks
considering a number of important features. The ehadmits
fuzzy representations for loads and evaluates nimhg term
marginal prices. It integrates a number of criterdated to
investment, operational and reliability costs, riskdex
measuring the ability to accommodate load uncditgrand the
remuneration collected using long term marginatesi After
using a Simulated Annealing approach to identifficeft
expansion plans, it is finally conducted a decisamalysis in
order to select the most adequate plan. At a feeation, we
illustrate the formulation with a case study based a
Portuguese distribution network.
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embedded approaches both using results from power
flow studies or not. In this later case, the altma of
costs to users does not even reflect the physical
operation of the system so that their transpareay
fairness can be immediately questioned4nthe author
describes an compares a number of these methods;

- incremental approaches comparing costs incurretd wit
and without a given transaction. Methods as theagua
Influence in use in Chile and Argentina are exam gk
this type of approaches;

- marginal approaches aiming at evaluating the sarpfu

cost from increasing load of one unit. They can be

divided in short and long term approaches depenading
the costs included in the models.

Keywords: Marginal Prices, Simulated Annealing, Electricity

Markets, Regulatory Policies.
I. INTRODUCTION

Re-regulation of electricity business still presergreat
challenges namely on issues related to the calectif the
remuneration of transmission and distribution vgroompanies.
The relevance of this topic comes from the decogplof
activities that were traditionally integrated irethtilities. In this
case, the ownership, operation, expansion and erainte of
networks are assigned to entities different froma tisers of
those networks. This immediately leads to the neetecover
the costs incurred by those entities and to renaieethe
investments and assets. This concern was presgansmission
networks in the first place due to the emergenceamsismission
providers, ISO’s and Transmission System Operatof$SO’s.
More recently, the market mechanisms are beingndet till
the end users so that the discussion on tariffs use of
distribution networks became an issue.

Apart from the regulatory policies that can be addgor the
transmission and distribution wiring companies -e sier

Marginal approachefb, g are well established as the most
efficient ones both on their transparency and enathequacy of
the economic signals sent to the users of networks.
Unfortunately, short run marginal costs, althoughsily
computed by operation optimization problems[&s8, 9, 10,
are too volatile thus preventing a stable and ptellle stream
of money (1). Apart from that, they do not provittee full
remuneration of those companies thus leading tcemes
reconciliation issues. In expression (1) MR is thmuneration
provided via marginal priceg, is the marginal price at node k

and d, andg, are the load and generation at that node.

MR =3 py.(dx ~9k) (1)

In fact, marginal prices are influenced by a numifeactors
as the load level, the generation dispatch polity @omponent
outages that explain large variations of priceshm same node
along the time. In order to deal with load uncetias, the
formulation described in[11] reflects load uncertainties
represented by fuzzy concepts in the evaluationnoflal
marginal prices. Long run marginal costs internagz

instance[1, 2, 3 - it still remains an important questioninvestment costs on equipment and operation issueas

regarding the allocation of costs to the usersativorks. In the
literature one can find a large number of methadbd applied

congestion and losses — are the most adequateaappi® cope
with these difficulties. Referencd42, 13 describe two long

for this purpose but, unfortunately, several ohthere not based term planning approaches leading to the identificatof

on sounded grounds, either from physical or econguuints of
view. These methods can be gathered in three tameps:

economically adapted transmission system and thest mo
adequate expansion plan and tariff settings coriaiglea number
of criteria.

In this paper, long run marginal costs are caledatithin a
framework aiming at getting economic and technéféitiency
from the network by considering operation, invesitmand
reliability related costs as well as technical ¢aaiats namely



related with congestion. This leads to a multiotiyec mixed

integer problem that is solved by a two step schdmthe first

one, we use a Simulated Annealing approach to genarset of
efficient solutions. This set is then investigatied a more

detailed way either by the regulatory agency anbyjothe entity
in charge of establishing a reference expansiom [itet the

network. As a result, the methodology providesfarence plan
together with the set of nodal prices that lead tertain level of
remuneration collected via marginal concepts. Tdgiproach
will be illustrated with a case study based on atRuese
distribution network.

Il. SHORT VERSUS LONG TERM MARGINAL PRICES
The literature describes a number of models toustalshort

term marginal prices either by:
- calculating a price for active power in a signifitdoad

in providing the complete remuneration requiredraypsmission
providers. This issue is known as the Revenue Riication
problem and, in practice, means that marginal terims
transmission tariffs have to be supplemented byptementary
charges, often based on the referred embeddedagm®. The
reason for the revenue reconciliation problem cofmes the
fact that short term marginal prices mainly refléa generation
dispatch policy and prices so that the collectedureration is
insufficient and does not reflect the needs of dnaission
providers. This is particularly true giving thatoshterm or
operation models do not include investment costghst the
derived marginal tariffs would not be able to remothem.
Although more complex in their computation, longrnte
marginal prices are the most adequate, transpaedt fair
framework to build tariffs due for the use of nethm As an
example, referenc@?] details that long term marginal prices
should reflect operation, reliability and investrhenosts

node of the system and inducing the spatial digpers regarding a variationAL of the load (3). In this expression,

by affecting that price by penalty fact¢ig;

- considering an explicit representation of
transmission system as [8, 9 and including active
transmission losses by successive linearized appesa

- adopting an AC model of the power system leading
nodal prices of both active and reactive povw&es;

The spatial and temporally varying marginal prices
electricity - also known as spot prices - are thsib for tariff
schemes that aim at allocating operational costsoofjestion
and losses to the network users. They corresporttiet@xtra
cost of electricity due to the increase of 1 unithe load at a
given node Kk, at an instant t, for a given loacleand topology
in operation. The expression adopted to computsetipeices is

LTMP is the long term marginal priceAC(O), AC(R) and

theac(l) are the variations of operation, reliability amyéstment

costs due to the load change .

to _AC(O) , ACR) , AC())

AL AL
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3

The link between long term marginal prices and dtreent
decisions turns the evaluation of these prices rmomeplex and
time consuming than short term ones. As exampkfgrence
[12] presents an expansion planning formulation usiegetic
algorithms as the basic tool to cope with that dexipy. In this
contribution the authors also discuss the role Gnming
activities in a market environment and charactetiiee concept

model dependent. If we adopt a DC optimization nhodgf Economically Adapted System as the basic nagigpporting

including a generation/load balance equation andeigeor,
branch and Power Not Supplied limit constraintgression (2)
should be used.

o

=vV+V.
Pk =Y yddk

()

In this expressiorp, is the spot price at node k at instant -

and y is the Lagrange multiplier of the referred loadigiation

balance equation. L is the total transmission leg&sehe system,
Rj is power flow in branch ij andcds the demand at node K.

and g, are the dual variables of power flow limit consttaiand

of Power Not Supplied limit constraint in node Kielsecond
term in (2) measures the impact of losses variateniving from
increasing the load of 1 unit in bus k. The thiednt reflects
congestion costs incurred when a branch is at ithé. IThe
fourth term corresponds to the dual variable of Bwaver Not
Supplied constraint in node k whenever it is onlitimét.

This type of marginal pricing is in use, in severalntries,
as a basis for evaluation of transmission tariffsart from their
volatility and their contribution to create a marastable and
unpredictable stream of money in an environmerttithalready
full of uncertainties and risks, short term margic@sts also fail

and justifying the identification of reference pddlior generation
and transmission. IfL3] it is described a dynamic programming
approach to identify transmission expansion plam @ study
the long term effects of transmission tariff sejtin

Ill. EVALUATION OF LONG TERM MARGINAL PRICES
General Issues

The contributions referred in Section Il are clgalirected to
the generation/transmission systems. The recerdtione of
distribution wiring companies decoupling at thigdkethe circuit
of electricity and the flow of money due to the
commercialization of electricity imposes a new loak the
distribution area. In any case and as referred rbefthe
computation of long term marginal prices is muchrencomplex
and involving than the computation of short ternstso This
comes from the fact that expansion planning problem

- are determined by a number of criteria, often hgnan

contradictory nature;

- have a binary nature since we are dealing with

investment or expansion on/off decisions;

- are largely affected by uncertainties both in teohthe

long term evolution of load values and the avaligbof
system components.



In order to cope with some of these difficulties aeveloped
a multiobjective decision aid approach directed tioe
distribution sector in the scope of which we caaleate long
term marginal prices. The approach can be broaiiget in
two main steps. In the first one, and after hawe{ined a set of
possible expansion plans we identify the set ofdominated or
efficient plans. This is required since we considetumber of
criteria as investment, operation and power nopkeg costs.
This formulation admits loads or independent geimra
modelled by triangular fuzzy numbers as a way tpecwith
some of the complexities coming from the uncertaéture of
long term problems. Once the efficient solutions identified, it
is conducted a decision analysis in which the DeaidMaker
can select and analyse more deeply several alieznptans.
One of the interesting features of the approachesofrom the
fact that, on the decision step, we can charaeteghieg available
plans by computing the remuneration the distribrutisiring
company obtains via long term marginal prices. hdeo to
increase the transparency of the tariff settingcess, the
revenue reconciliation problem should be minimizé&this
means that, being all the rest equal, a plan pmogi@ larger
marginal remuneration should be preferred.

It should be emphasized that this approach shoatdbe
classified as an optimization formulation leading the
identification of the best or preferred plan. Inctfathe
application is more naturally considered a decisiait
framework in which we perform a reduction of th&t Iof plans
by eliminating the dominated ones and, in secorasehwe help
the Decision Maker in making a final selection onite
remaining plans are fully characterized.

B. Multi-Objective Formulation

The multi-objective formulation that was
corresponds to the model (4) to (11). It supposes it is
available a list of m expansion plans in terms wilding new
branches or substations or reinforcing existingsoie referred
before, the input plans are analysed consideringetleriteria:
investment costs (4), operational costs represebyed fuzzy
valued function related to active losses (5) aridiity costs
also represented by a fuzzy valued function (6).

minc, = ¢\ 5 (4)
i=1
PSR B
min%o = 2§ %, (5)
=
o~ P
mingg = 1'% (6)
i=
Subj. ii = Ai .ai i=1...p (7)
|Xki| < Vi Xk i=1..p, k=1..m (8)
‘AD“ ‘ < AU pax i=1..p, j=1.m (9)
p
2o <1 k=1..m (10)
i=1
Yii 2 29 k=1..m (11)
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The model outputs the most adequate decisions about
building new facilities §,; ) during the p periods in which the

planning horizon was divided. The fuzzy nature ofecia (5)
and (6) reflect the triangular fuzzy numbers addpte model
load uncertainties. For this fuzzy load scenarie, perform an
AC Fuzzy Power Flow study whose basic ideas weesgnted
in [14]. This study leads to fuzzy power flows, currentsl a
voltage drops and, whenever that is required, tduzzy
description of power not supplied. The formulatadso includes
constraints on maximum branch flovié,i (8) and on maximum

voltage dropADij (9) as well as constraints to ensure that new

configurations keep their radial nature (not représd in the
above formulation). Finally, some more variablesd an
parameters are included in the model:

Ci. pj, & are the costs of building new branches, fuzzy

cost per unit of losses and fuzzy cost per unipaiver
not supplied,;
Yki represents the existence or not of facilities ideltl
in plan k in period i;

- 9 indicates the construction or not of the facilities
included in plan k in period i;

It should be referred that the fuzzy characteratf loads
leads to a more flexible, robust and adapted ajgprda fact, in
several planning situations, the planner has nobugim
information about the past behavior of relevantpeaters or the
laws determining their evolution may have changedthese
cases, the adoption of probabilistic techniquesasceptually
inappropriate. Nevertheless, subjective knowledgailable
from planners and based on their past experiencddgant and
most valuable in the planning environment. Fuzzigs @energed
in the 60" exactly as a powerful mathematical and rigorous to

adoptedy model this knowledge, to translate it into mathgcal

entities and to integrated it into several mod&tle adoption of
fuzzy set concepts implies that, in several siarej rules from
fuzzy arithmetic are used instead of traditionaénAs a final
result, this formulation provides the evaluation dan
characterization of alternative investment plats)y aonsidering
their impact on the technical operation of the reky provided
those plans are included in the initially specifiistl

C. Solution Approach

As indicated in Section IlIl.LA the solution approach
comprises two main steps corresponding to the iitfeatton of
the set of efficient plans and to a Decision ph&sgarding the
identification of efficient plans the literature dicates two
traditional approaches: the weighting approach ainel &-
constrained method. The first one aggregates #lctitees in a
single function considering weights. If these wésghre strictly
positive, referencd15] proves that the solution of the new
formulation is a non-dominated solution of the oréd problem.
By changing these weights it is therefore possibléentify a
set of non-dominated solutions that, however, atemited by a
convex envelope. In the second approach this limoitais not
present thus leading to a framework more adaptedetd
discrete problems. Thee-constrained method consists of



transforming all criteria but one in constraintg fwhich we
specify bounds. In this case, the variation of ¢hepecified
bounds leads to the identification of non-dominatelitions.

In our approach and for the above detailed reasem,

uncertainties without leading to voltage dropsharinal branch
limit violations. This risk index computed in termsf a
Robustness Index is evaluated as follows. For ey
membership function built for voltage drops andnoiacurrents
we compute Partial Robustness Indicd2Rf; — as illustrated in

adopted the-constrained method. However, this does not 50|\ﬁgure 1. In this Figure one represents a triandulzzy number

the problem by itself since the discrete naturéhefinvestment
problem requires a powerful optimization techniqukerefore,
we selected Simulated Annealing [16] as the bagtorization
technique for its ability to treat discrete probkenm a very
natural and efficient way. In a n criteria probleand once a
criterium is selected and the remaining n-1 onegirate
constraints in terms of the specified bounds, weerastricting
the search to an hypercube in a n-1 dimensionalespas an
example, in our formulation we originally have threriteria.
This means that, selecting the investment cost iemEbsing
bounds to operational and reliability costs we iarposing that
the algorithm searches for the optimal solutionainsquare
delimited in the attribute space by the bounds isepoon
operation and reliability costs. Changing thesenoisudirectly
determines changing the square where the seardbeiisy
conducted.

D. Computation of Long Term Marginal Prices

Once a non dominated plan is identified we comphte
corresponding nodal long term marginal prices. Thvaluation
is performed considering that the variation of ta¢ue of the
objective function corresponds, for each nodal loadement, to
that node long term marginal price. This approasdd$ to a
large computational time that should be interpretsdhe price
to pay for having adopted a discrete formulatiom fbe
investment problem. It should be referred that thisot crucial
since we are at a planning environment. This is whydecided
to adopt a more accurate representation of thestment
problem — leading to a discrete formulation - givéme
implications it has on prices and on the requiesduneration of
network providers.

E. Extra Indices to Characterize Non Dominated ®lan

Still before entering in the decision step we estdutwo
extra indices in order to characterize more comepletach non-
dominated plan by two extra indices.

The first one corresponds to the remuneration pexviby
the corresponding set of long term marginal pridesreferred
in Section 1l the revenue reconciliation problemowld be
minimized and this can be accomplished by prefgrglans for
which the marginal remuneration is larger, beirgyrist similar.
As this marginal remuneration increases and appesadhe
global remuneration of the distribution wiring coamy, the
complementary charge is more and more reduced. rédisces
the margin of subjectivity and lack of transparenand
accountability given that the complementary chaigeoften
obtained by the application of poorly sounded endeed
methods.

The second index corresponds to a risk index maggtine
ability the system has to accommodate the specifcad

corresponding, for instance, to the current flowbranch i. We
consider three situations regarding the relativaation of this
fuzzy representation and the maximum current fl§%. In Case
I, the system is completely unable to accommodaespecified
uncertainties without violating the flow Ilimit. Trefore,
situation (12) holds. In Case II, it may occur alation of "™ at
level a. This leads to thé®R|, value indicated in (13). Finally,
in Case lll, no matter the load values consideréd,is never
violated. In this case the system is fully robus$tew analysing
the flow in this branch so that we have (14). Fotoanplete
network, having a set of partidPR}; related to voltage drops

and branch flows, the global RI value is given b§)(

Imax

Tay rr\ax

1.0

v

Case ll Case Il

Fig. 1 — lllustration of the computation &R]; .

Case |

Casd — PR} = 00 (12)
Casdl » PRl =10-a (13)
Casdll — PRI =10 (14)
RI = min(PRI,) (15)

The remuneration obtained via marginal prices ahe t
global Robustness Index are used to provide thésidacMaker
a more complete characterization of the remainiagg

F. Decision Making Step

In the whole, the three referred criteria togethdth the
marginal remuneration and the Robustness Indexacteaize
each expansion plan and their values are presetatethe
Decision Maker to perform the final decision pracebhis gives
the Decision Maker a very important amount of infation
characterizing each efficient plan so that the sleni process
can be conducted in a more sounded and robust M@yever,
if the number of available efficient plans is largae final
decision process will be complex. In these casesattivity of
the Decision Maker should be supported by spedécision
analysis tools that are discussed, for instancg,h

IV. CASE STUDY
In this section we illustrate the application oé theveloped

long term distribution planning approach to a csiely based
on a Portuguese MV distribution network. This netaelongs



to a Center-West region of Portugal and was kindigde
available by a Portuguese Utility. It includes 5tdes, 75
overhead lines and cables and it is supplied by WMV
substations.

In the planning model we used load forecasts pexligy the
utility for three future periods. In order to copwith
uncertainties affecting load values we considereat those
nodal forecasts correspond to the Central Valubdetriangular
fuzzy number that is adopted to represent the ioaghch node.
The Central Value of a fuzzy number just corregjsoto the
mean value of all loads to which it was assignesldbgree of
membership 1.0. In the particular case of triangulazzy
numbers the Central Value just corresponds to ttigue value
having membership degree 1.0. The range of loategabf each
triangular fuzzy number at the 0.0 level of undettaincreases
when passing from period 1 to period 2 and frons e to
period 3. These ranges are typicall$0% for period 1,+15%

for period 2 and+20% for period 3. These larger uncertainty

ranges were adopted in order to reflect the redaoctin the
credibility of forecasts as the planning horizonve® deeper
and deeper into the future.

Data for several parameters, namely reliabilityadatere
specified considering typical values available e fiterature.
Several additional details regarding this netwak be obtained
from the authors and are published in [17].

The list of possible expansion plans
alternatives. These alternatives were generatedsideEnng
several hypothesis of possible reinforcement of ohthe two
substations of the network, the reinforcement oksa sets of
branches and the installation of new lines and esalihus
leading to different topologies. In any case, isvegsumed that
all those new topologies remained radial since thiss a
common operational practice at the referred utifity that
voltage level.

In the first
optimization process corresponding to the firstggheeferred in
Sections II1.B and Ill.C. This process lead to ithentification of
the set of efficient solutions corresponding toangion plans or
to the reinforcement of existing installations. As example,
Table | presents the values of the attributes efpftoblem for 6
efficient solutions identified in this process. garticular, Table
I includes that values for Investment Costs, PaMar Supplied,
Robustness Index and Losses. The last one is atapta way
to measure, at least partially, operational costs. referred
before, the Robustness Index aggregates informa&igarding
the quality of the solution in what concerns thelation of
limits imposed on voltage drops and on branch carftews.

Once the efficient alternatives are identified, thedal
marginal prices were computed by running a setptifdzation
studies increasing each load at time by one umiEigures 2 and
3 we present graphically the marginal prices oleifor two
alternative plans. The graph in Figure 4 presehs average
nodal marginal prices for the set of efficient $ians.
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place, we performed the multiobjective

TABLE | - Attributes for 6 efficient solutions.

Solutior ~ Cost (1°$)  Robustnes  Losses (kW PNS (MW Revenue(1°$)
75 242.98 0.57 543.00 3.5 20. 43
89 209.64 0.57 612.00 3.5 23.75
190 303.19 1.0 424.43 2.67633 21.51
194 298.01 1.0 444.41 3.10114 22.98
79 320.76 1.0 437.76 2.70196 23.65
42 247.76 1.0 642.44 3.52596 19.95
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Fig. 4 — Average values of Marginal Prices ($/MW).

When analysing the values in Figures 2 and 3 omesea
that marginal prices display a large geographicaliability
explained by the investment decisions and by tHéerént
operational costs that are included in the modeweler, in
these 2 cases, there is a common global pattdowd by the
marginal prices. This is also confirmed by the agervalues of
the nodal prices obtained for all efficient solasoand depicted
in Figure 4.

As a final remark for the related remunerationspeat out
that according to expression (1), once these malrgirices are
computed, one can evaluate the remuneration olotdigethe
distribution provider via the long term marginalsbkd tariffs.
The remuneration obtained this way is indicatedthia right
column of Table | for each solution and assuminfiat load
diagram. Surely, this is an approximate value f@ marginal
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