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Abstract This paper presents the column generation method used hythers to solve the EDF (Electricité De
France) electricity production planning problem of the RIEF/EURO 2010 Challenge, which is to our knowl-
edge the first-ranked method among column generation merogosed in the Challenge, and was rank&d 4
overall. The problem consists in determining, for the sealbthermal power plants of the French electricity
company, a schedule of plant outages, which are necessargfirling and maintenance operations, and for
each plant, a production plan over the whole time horizore a¥erage cost of the global outage and production
planning, computed over a set of demand scenarios, is totieimed. The method proceeds in two main stages.
In the first stage, which is the most time-consuming, datestitages are fixed for each nuclear plant by trans-
forming the initial problem into an aggregate set partitigrlike master problem with a single average scenario
and reduced time steps. This reformulated problem is sddyezblumn generation, where the pricing problem
associated with each nuclear plant is a shortest path pnoblen appropriate graph. Then, in the second stage
the reload level is determined at each date of an outagejdesimgy now all scenarii. Finally, the production
guantities between two outages are optimized for each plashteach scenario by solving independent Linear
Programs.

Keywords: Energy, electricity production, outage, column genergtshortest path, linear programming.

1 Introduction

Optimization in the energy sector is a large subject. With thise of raw materials prices and the growing
awareness of environment concerns, energy consumptionb@dbought in a less greedy way in order to save
resources. For years several researchers have workedtdogiteas gathered in book [6]. The increasing part of
renewable energies in the global energy production enlsahietrend. We report here a sample of works within
that huge area of research. Bruglieri and Liberti in [3] msg a model to improve the efficiency of biomass
energy production plants. Mustakerov and Borissova in §fii# tools to help to optimally deploy a grid of wind
turbines on a park knowing the wind direction. Finally sevevorks have also been done on optimally planning
energy production when several means can be used to prodtuddds has been done with both a heuristic
method in [5] by Guptat al.and an exact method by Moras al.in [9].

Energy production planning is one of the most studied topeasause the high volume effect often leads to
achieve large cost improvements through optimizatioreéudn most countries energy can be produced through
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different ways: nuclear and other thermal energies protfidenajor part of production, but hydraulic energy or
other renewable energies have sometimes a significantinoofway almost all the production is done using
waterpower). Producers can make a trade-off between thffeeedt production resources in order to satisfy
the energy demand while decreasing their costs and/orithpact on the environment. This subject has several
difficulties, one of which is that the exact amount of the fatdemand and the exact price of raw materials are
unknown. Moreover, there are many constraints on the em@rguction plants: for example, the level of water
in dams has to stay above a certain threshold or maintengeratmns have to be executed periodically on
nuclear plants, periods during which they are not producitigs problem that has been studied for years now
([7] for instance) was the starting idea of the EURO/ROADBR@ challenge. EDF power generation facilities
in France stand for a total of 98.8 GW of installed capacity anix thermal energy (90 % in 2008, among which
86 % is produced by nuclear power and the rest by coal, fuelrmlgas), hydraulic and other renewable ener-
gies. This subject is focused on thermal power plants anecggfy on those that have to be periodically shut
down for refueling and maintenance, e.g. nuclear ones. @earch project consists of modeling the electricity
production assets, finding an optimal schedule of outagesdich nuclear plant over a given time horizon, and
determining an optimal production plan to satisfy demandnkdium-term electricity management numerous
uncertainties have to be taken into account (such as denaaralion, generation units availability, spot market
prices, quantities that can be bought or sold), which leadnsider multiple scenarios and ask for a robust
outage schedule that has to be feasible for every scendméosdheduling of nuclear plant outages has to comply
with various safety constraints and limitations on resesnwhich are necessary to perform refueling and main-
tenance operations. The production planning fixes the guarftenergy to produce by each plant at each time
step for each scenario, and is also subject to technicatredms. The objective of the problem is to minimize
the expected production cost over all scenarii. In this papmlumn generation method (see for example in [4]
for a survey on this approach) is proposed to solve it.

Column generation is often used to solve large-scale optitioin problems when the problem can be for-
mulated as a mixed integer linear program with a huge numbeargables (orcolumn3 (see [8] for a set of
problems where column generation was applied). The coluememtion resolution method iteratively creates
two different problems: &estricted Master Problemnd aPricing SubproblemA Restricted Master Problem
is the Master Problem where instead of solving the problerallits solution space, only a subset of variables
(or columns) is considered. If the decision variables ategier, these constraints are relaxed to have continu-
ous decision variables. Each restricted master problewived to optimality and iteratively enriched with new
columns output from the resolution oRaicing Subproblenwhich uses as input data the optimal dual variables
of the restricted master problem. TReicing Subproblermaims at looking for new columns with negative re-
duced cost (associated with the former dual variables),itlzlded to the master problem would improve its
optimal value (except in case of degeneracy). Even if th@fseblumns of the original Master Problem has a
huge or exponential size, it is often possible to find the minn reduced cost column in short or polynomial
time. The method stops when no more negative reduced cashodk output from the pricing subproblem, the
linear relaxation of the original master problem is solMeeintto optimality. Nevertheless, in the case of integer
variables the optimal solution of the linear relaxationlddee far away from the optimal solution of the original
master problem. In this case it is necessary either to stadrech and price algorithm (see for example [2] for
a survey on this topic) or a complete pricing of the whole $ebtumns candidate to be in the optimal solution
(see for example [1] for a reference on this topic).

The approach developed in this paper is a column generatathat, where only a subset of the whole
set of possible columns are implicitely considered due #otime limit imposed by the competition. Several
approximations have been done in the Pricing Subproblentremefore the optimality of the final solution is not
guaranteed. The main contributions of this paper are th@dolg: original set partitioning-like reformulation of
the problem, decomposition of the whole problem in two sabj@ms (master and slave), pricing subproblem
solving based on shortest path computations in a partictie graph, since the slave problem is close to
the Uncapacitated Lot Sizing problem, diversification mdtlbtained by changing the objective function and
adding different columns which may have a positive reduced. &oreover, the method is not limited to the idea
of using columns generation but also uses rows generatf@ndiEcriminant option chosen for our approach is to
spend time to generate a high-quality schedule of outagegjided by the cost objective of column generation.

This paper is organized as follow. The electricity prodoctplanning problem is presented in Section 2.
Section 3 describes the overall method used to solve itid®edtgives the model of the master problem that is
solved for fixing dates of outages and critical stock-levaliqds as first stage. Section 5 describes the pricing
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subproblem and its resolution method. Section 6 shows toawethe pricing subproblems in order to generate a
greater number of columns assuring diversity. Section dsspthe second stage of the method for fixing reload
and production quantities for each plant. Section 8 gatifersesults obtained on the test instances.

2 Problem statement

The model proposed by the EDF company is the following. F&e sd consistency, the notations used in the
ROADEF/EURO 2010 Challenge document [11] are almost tptadpt in this paper. The various indexes used
are the index of scenarias= 0,...,S— 1, the index of time steps=0,...,T — 1, the index of week$ =
0,...,H—1, the index of non-nuclear planjs=0,...,J—1, the index of nuclear plants=0,...,1 —1 and the
indexk=1,...,K—1 of production cycles for nuclear plants.— 1 being the maximum number of cycles that

can start during the considered period. The decision asare:

— ha(i, k) : week of cyclek during which nuclear plaritgoes offline (i.e. week of decoupling)
p(j,t,s) : production of non-nuclear plaftduring time stef over scenaris

p(i,t,s) : production of nuclear plantduring time step over scenaris

r(i,k) : reload performed during the outage of cyklef nuclear plant

x(i,t,s) : stock of fuel of nuclear power plantt the beginning of time stepover scenarie
edi,k) : set of time steps composing the production campaign oedyof nuclear plant
ed(i, k) : set of weeks composing the outage of cycla planti

The objective function is:
. . 1 . .
min Z Zcikr(la k) + gZ(Z ZCESp(JataS)Dt - ZCiﬁT-O-lX(IvTaS)) (1)
| S ] |

whereCi is the proportional cost of fuel during cyclkefor nuclear plant, C}S is the proportional production
cost for timet and scenaries for non-nuclear plang, C; 1.1 is the selling price (or the gain) for the remaining
fuel andD! is the length of time step

As the framework of this paper is column generation, we demama the set of constraints into thkbal
constraints that link different planisndi’, i #i’, and thdocal constraints that are specific to a single plant

2.1 Global constraints linking different plants

The global constraints that have been used for writing thpaitioning-like formulation of the problem are the
following:

(i) Demand satisfaction:

CT1 Y p(i.t.s)+Y plit,s) =DEM'S Vst
J

(i) Constraints on outages of different plantndi’, concerning variablelsa(i, k):
CT14 Minimum spacing and maximum overlapping between asayi andi’
CT15 Minimum spacing and maximum overlapping between agdgtween a specific period
CT16 Minimum spacing between decoupling dates
CT17 Minimum spacing between coupling dates
CT18 Minimum spacing between coupling and decoupling dates
CT19 Resource constraints on outages
CT20 Maximum number of overlapping outages during a week
CT21 Maximum offline power capacity of a set of power plantsrdya time period

All constraints [CT14-CT21] involving variables of datelsautagesha(i, k) are not detailed in this paper. Nev-
ertheless, they have been used for improving the columrrgéoee process and they have been used for the row
generation process. We rather report the local constramizroduction and stock as we shall refer to them in
the definition of the pricing subproblem and its associatagig.
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2.2 Local constraints holding for each plant

The local constraints that will belong to the pricing sulippeon associated with eaciuclearplant in the column
generation scheme are the following:

CT3 Offline power
CT4 Minimum power

CT5 Maximum power before activation of imposition of poweofile constraint
(t € eqi,k)) andx(i,t,s) > BOx = p(i,t,s) < PMAX Vst,i k

whereBGQy is a bound on stock of fuel that activates the imposition ofigoprofile during cyclek, and
PMAX! is the maximum power of plantduring time ste
CT6 Maximum power after activation of imposition of powevé¢constraint :
vs,t,i,k, if teedik)x(i,t,s) < BOk then
{ if x(i,t,8) > (PBy(x(i,t,5)) x PMAX!) x D'

p(i,t,s)
then S (X, 1,5)) x PMAX
else p(i,t,s) =0}

€ll—g,1+¢]

wherePB (x(i,t,s)) is an imposed decreasing production profile during the proolu campaign of cycl&
(piecewise linear function dependent on the level of fusf € is a tolerance parameter. It is important to
point out that these constraints are non linear.

CT7 Bounds on refueling for scheduled outages

RMINg < r(i,k) < RMAX
CT8 Initial fuel stock x(i,0,s) = XI;
CT9 Fuel stock variation during a production campaign
Vstik, teedik) = x(i,t+1,5) =x(i,t,s) — p(i,t,s) x D'
CT10 Fuel stock variation during an outages;t, i,k if t is the first time step oéa(i, k) then

X(i,t+1,5) = ((Qk — 1)/Qi) (X(i,t,s) = BO k1) + (i, k) + BOx

whereQj is a refueling coefficient during the outage of cykle
CT11 Fuel stock variation during an outage

Vs,t,i,k, tisthe first time step oéa(i,k) = x(i,t,s) < AMAXy, x(i,t+1,5) < SMAX

whereAMAX (resp.SMAX) is the maximum bound on stock of fuel at the time of outagep(reluring
production campaign) of cyclke

CT12 Constraint on maximum modulation over a cycle

vs,i, k > (PMAX — p(i,t,s)).D' < MMAX
teed(i,k)x(i,t,s)>BOy
whereMMAX is the maximum modulation over the production campaign ofedy. These constraints state
that the gap between total production and production capaltiring a production campaign staying above
the BO stock threshold, should not be too high.
CT13 Earliest and latest date of outage

CT13bis No outag&=0,...,K —1 could be skipped as soon as it has a last possible Wégkdefined.

For non-nuclear plants, we only have minimum and maximundycton constraints:
CT2 PMIN®< p(j,t,5) <PMAX® Wt ]

WherePMIN]ts and PMAX}S are the minimum and maximum production for non-nuclear glamn time steg
for scenarics.
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3 The solving approach

As the combinatorial complexity of the problem is mainly daehe binary variableba(i, k) representing dates
for outages, we fix these decision variables as a first stageal¥® fix the periods when stock reaches a critical
level equal toBOy (if such periods exist for a given nuclear plant) and theesponding imposed decreasing
profile for the successives periods in order to avoid to degald@tly with non linear constraints [CT6]. Therefore,
the only decisions that remain to be made in further stepthanesload and production variables, which are easier
to settle once the binary outage variables have been fixad .fikmg, once for all, of outage variablds(i, k)
is guided by the cost objective, solving by Column GenerafloG) a set partitioning-like reformulation of the
problem. The reload and production variables are fixed foh gdant in a second stage.

The two-stage method is stated below.

Stage 1 Fixing dates for outages and BO stock-level periods
substage 1 Solve an aggregate set partitioning-like fatiwn by column generation
e Aggregate data passing froffi, S) = (5000x 500) to (H,s) = (260x 1)
e Create an acyclic grap®;, for each nuclear power plant
e Repeat until a time limit is elapsed or no new column of negatduced cost exists
- Solve a shortest path subproblem@n for each nuclear power plant
- Add the new columns (corresponding to shortest paths) totgter problem and solve it
substage 2 Give the final Master problem to a MIP solver addlirtge clique inequalities [CT14,...,CT21] exploit-
ing the fact that only a small number of nuclear power plaatslze refueled at the same time. Outputs
are dates for outages aBe stock-level periods.
Stage 2 Solve LP problems for defining the reload level foheatate of outages and also for optimizing the produc-
tion planning for each power plant and for each scenario.

Stage 2 will be described in Section 7. Sections 4 and 5 dbtaftage 1 of the method. In Stage 1, for every
nuclear plani = 0,...,| — 1, two decisions are fixed: dates for outages respectingctiedsiling constraints
on outages [CT13-CT21] and periods when stock reacheB@helevel, with imposed a non linear decreasing
power profile on the following periods. This step is the momtsuming step of the method.

The efficiency of this column generation approach largelyetels on the tractability of the subproblems
associated with thé nuclear plants, which are of very large scale given the nunsbef scenarios and the
numberT of time steps. The option we chose to get round this complexihsists in simplifying the original set
of data by aggregating tl&scenarios into a single scenasiand the time steps into weeks. We first simplify the
problem by considering weeks=0, ... ,H — 1 instead of time stedgs=0,..., T — 1, and we notstheaverage
scenario, we thus note for every week

_ 13—1
DEMMS = = Z) S D.DEM?®
Ss: teweek h
_ l&lH
che = = Za_ cts
! St T tev%ekh !
hs 130 t
EMINj’Sz—EO > D'. PMIN;®
s=0teweek h
hs ls_l t t,s
EMAXJ- = 520 Z D.PMAX]-
s=0teweek h

Therefore, let? be the index set of all feasible production plans for the wis#t of nuclear power plants
(i.e. sequences of productions, outages and reloads tiefyyshelocal constraints [CT3-CT13]), and le®; be
the subset of production plans (respecting constraint§3{CT13])) associated to nuclear power plaritet’s
note that the in the following we will use the quantity of egyeproduced for each wedkwhich means to use
either the quantitgy, in the case of nuclear power plants or the varialjgsn the case of thermal power plant.
Recalling that the energy is related to the power by the ftarfy = J,, p(t)dt. Therefore, each production
plan? € & is associated a production quanty of energy for each week Moreover, to each production plan
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¢ € & is associated, which is the total cost of refueling plan{reduced by the expected value of remaining

fuel).

Then, we can write a set partitioning-like reformulationtieé original problem where binary variablgs
indicates whether production pldre #; is selected for plant, and continuous variables; indicate the total
production of non-nuclear plarntat weekh.

-1 J-1H-1
. h,s,
(F) zF) mlni;g@iwyﬁéhzoq enj @)
s.t. li ;%zyz+§%j:DEMh's vh=0,....H-1 (3)
i=00ED; =
ye=1 Vi=0,...,1-1 (4)
1ED;
EMIN'® < &) < EMAX"® ¥j=0,....,0-1,h=0,....H-1 (5
Constraints [CT14,...,CT21] (6)
ye € {0,1} Ve P, (7)
enj >0 Vj=0,...,0—1,h=0,....H—-1  (8)

Constraints (3) specify that the energy demand of each WweeR, ..., H — 1 must be satisfied. Constraints
(4) impose that for each nuclear power plant one and only ohexm must be chosen. Constraints (5) bound
the quantity of energy that a thermal power plant can prodach week.

Let LF be the continuous relaxation of formulatibhand letz(LF) be its optimal solution cost. Both for-
mulationsF andLF are impractical to solve even for moderate size, since tinebeu of variables is typically
exponential, which justifies a column generation approach.

4 Solving the Restricted Master Problem

Let 7 be a subset of production plans. We call Restricted Mastslé&m RMP) associated with” the above
formulationF restricted to columns of? and without constraints [CT14,...,CT21]. When relaxing ititegrality
constraints we obtain the linear relaxati&iRMP):

-1 J-1H-1 _

(LRMP) Z(LRMP) = min Coyo+ ClSenj 9)
2,22 2
-1 J-1 3

s.t. Zj > ey + Zjaqj:DEMh-S vh=0,...,H-1 (10)

i=0c &, 1=
Y yi=1 Vi=0,...,1-1 (11)
e,
EMIN'® < @ < EMAX™ Vj=0,...,0-1,h=0,....H-1 (12
ye >0, Vie 2, (13)
& >0 ¥j=0,...,0—1,h=0,....H-1 (14)

The initial subset? of production plans of the Restricted Master Problem is grapthe beginning, there-
fore there are ng, variables, but onlyy; variables in the first program. The Linear relaxation of trstRcted
Master Problent RMPis solved by CPLEX at each iteration of the process. This &lRisg requires to find for
every nuclear planita production plan verifying local constraints [CT3-CT13jtwminimum reduced cost, i.e.
to find for every nuclear plant=0,...,| — 1:
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£* = argminc, (15)
le

wherec, = ¢, — Ui — ¥ Hnhén, Un are the dual variables associated with each wegle. constraints 10) and

is the dual variable gssociated with the assignment consfoa planti (i.e. constraints 11). The dual variables
for the first run are chosen as explained in subsection 5.& thatc, in this equation depends on batfy and
r(i,k) as we shall see later.

Although there are some differences, the pricing probleneézh nuclear power plant is quite close to an
Uncapacitated Lot Sizing problem. Therefore as explaindd?2], [13] and [14] it can be modeled as a shortest
path problem on a specific graph. The main difficulty of thehodtis how to build the graph.

The pricing subproblem and the associated graphs for théestipath computations are described in section
5. Due to time limit in the competition, an approximated iz subproblem is solved at each iteration: the
columns that are added have to be supported by the specifib ghe construction of which is explained in
subsection 5.1. HendeRMP is not solved to optimality but its projection on the spaceerehnew columns
have to be supported by these graphs, called ApproximateshtiRelaxed Master Proble®l(RMP), is solved
to optimality. When no more negative reduced cost columas@urnd, it means that the ALRMP is solved to
optimality.

4.1 MIP Solving for fixing outages and BO-periods

Once theALRMPhas been solved to optimality by the Column Generation Rstke lastRMP(i.e., contain-
ing all columns added since the beginning of the process)ved as a Mixed Integer Prograri (P), i.e. with
ye € {0,1}.

ThisMIP includes incompatibility constraints of the forzgegg, Yo <b; for some subsets”’ of production
plans, corresponding to constraints [CT14-CT21] on thedaling of outages. These constraints are generated
dynamically during the column generation process. All @nthare based on the same principle: given a set of
columns it is possible to build an incompatibility graph amel look for the maximal clique on this graph. The
graph has a node for each column and an edge between any pa@oaipatible columns (i.e. columns that
cannot be at the same time in the optimal solution due to caingt [CT14-CT21]).

If ¢; denotes the column (i.e. production plan or path) selectedifclear plantin the optimalMIP solution,
then the dates of outages in this column are fixed for the fetbteowhole method (i.e., variabld®(i, k)), as
well as the dates when the stock reachesBdevel and the corresponding imposed decreasing profilehtor
following weeks.

5 Solving the pricing subproblems of column generation

The generation of columns with optimal reduced cost has beplemented as a three-steps process:

1. create an acyclic statitock graph G= (N;, A);, for each nuclear power plant
2. for each ara € A; compute weightv, (optimal reduced cost on the arc) ;
3. generate a new column by finding@ a path of minimum weight;

Step 1is quite time consuming (5 to 30 minutes for all powantd), but occurs only once at the beginning of
the whole process. Steps 2 and 3 are light processes (1 ted0ds) and can be serialized with the computation
of new dual variablegi,. Figure 1 illustrates the overall column generation preces
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compute
new columng;

= best patliGi)

generate
arbitrary initial
Hn, Ui
compute
weightswy
of arcsa € A

solveLRMP
and compute optimal
dual variablegup, u;

generates;

Fig. 1 Column generation process

5.1 Creation of a static graph

Description of the graphEach noden € N; in graphG; represents a possible state of power plaahd is
caracterized by a 4-upl€typeg,, X, hn, kn), where:

— hy is the week associated with;

— Xn is the fuel stock of power plamtat the beginningpf weekh, ;

— ky is the id of the campaign in which the power plant will be dgrimeekhy, ;
— type, is the node type. There are two main types of nodes:

— an “0UTAGE” node n marks the start of a new production campaign anéijts the week during which
the outage occurs ;

— a“B0” noden marks the start of a time period during which the fuel stock bé lower thanBO, y, and
the power level will be imposed by constraif@T6] ; the stockx, of aB0 node is indeed a little higher
thanBQ, k,, but ensures thd0, y, can be reacheduring the weekh, by imposing the maximal power
production of constrain[CT5] at the beginning of the week.

Besides, there are two nodes with special types, corregpptaitheinitial andfinal states of a power
plant.

Each ara = (n1,nz) € A in graphG; represents a possible direct transition from statt ns.

— If ny is anOUTAGE node, this means it is possible to reach statby proceeding to an outage on welgk
followed by a production campaign, without need for any pothéage and without reaching tB© stock
level during the time intervghy, , hn,]. Note thatn, can be either 80 node or ardUTAGE node. Arcs leaving
from OUTAGE nodes will be referred to &3UTAGE arcs.

— If n1 is aB0O node, this means there exists a production plan leading ifroto n, that respects the imposed
profile of constrain{CT6] with the acceptable tolerance. Note that here has to be aQUTAGE node. Arcs
leaving fromB0 nodes will be referred to &9 arcs.

Furthermore, arcs are constructed so as to guarantee thaidal constraint§CT3] to [CT13bis] can be
respected for any path from thaitial to thefinal node ofG;.

Building the graph.We build graphG; in the following way:

Algorithm 1 Creation of grapl@;

1: create thenitial node at week O
2: for weekh=0toH —1do
3:  forall previously created nodewith h, = h do
4 create new nodes with hy > h so that there exists a production plan leading the powert fitam staten to stater/
without violating constraint§CT3] to [CT13bis]
end for
end for
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In order to find new nodes (step 4 of Algorithm 1), we follow theam of possible stock interval(s) over
time from a noden, as stated in Algorithm 2:

Algorithm 2 Creation of new nodes iG; from n = (type&,, Xn, hn, kn)

1: for weekh=h,+1toH —1do

2 compute the possible stock intery&hin, ,, Xmax, ,] Of power plant at the beginning of week
3 if the outage of campaidi, + 1 is allowed at week according to constrair@T13 then

4: compute the intersection dnin, ,, Xmax, ] With [0, AMAX; k., 1-1]
5

6

7

8

create new nodes = (OUTAGE, Xy, h, kn -+ 1) with Xy in this intersection (constraigir11)
end if
if BOj k, € [Xmin, > Xmax,,] then
create new nodes = (BO,Xy,h— 1,kn) With Xy € [Xmin,}, ;+Xmax,, ;] computed so that if the power plant follows the
imposed profile o£T6 during weekh — 1, its stock will fall undeiB0; i, at the beginning of week
9: endif '
10: end for

For steps 5 and 8 of algorithm 2, we discretize the intefx@h_ ., Xmax,,] Of possible stocks of fuel at week
h by a fixed amount of fued;. New nodes are only created when needed, so as to ensuriestell be a node
in every non-empty interval§min, ,, Xmax, ,] N [X, X+ 4j], for all x € R*. Let us define the maximum production
for power plant € | over the weelh € H as

EMAi= Y PMAX . D!
tetimestepgh)

and EMA
weekProg= Z%fo“'

the mean maximum production per week for power piant, 4; is then computed as follows:
A = p . weekProgl

wherep is a value called the discretisation parameter that is ¢hose
Step 2 of algorithm 2 depends on the node type.

— If type, = BO, we follow the imposed profile of constraigé with the authorizede-deviation, counted
positively forxmin,, and negatively fokmay, -

— If type, = OUTAGE, we useCT10 to compute stock variation during the outag&7 (bounds on refueling)
andCT11 (maximum stock after refueling) to compute the intervaéafiefueling ; when the production
campaign startSmax,,, is computed using the maximum allowed modulatiorcdt2 andxmin,,, using no
modulation at all.

The node creation process is illustrated by figure 2 in thermcase (starting from @UTAGE node).
When all nodes have been created by the process of Algoriflensdcond pass takes place in order to create
the arcs of the graph between all nodes that can be connected.

5.2 Weighting the arcs of a graph
Let us recall the goal of this graph: we want to produce a prtdn plan? € #; for power plani with minimal

reduced cost, as explained by equation 15. Nevertheless, in order to mainthat they are variables in this
pricing subprobleme,, becomes(h,l) andc, becomes,(r,e,X) :

c(r,ex) = qur(i? K) —Cit+1x(i,T) — ;uhe(h,ﬁ) — U

where:
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Fig. 2 Creating new nodes from a&WTAGE noden in graphG; inside the beam of possible stock intervals. Stars figuré@GDAGE
nodes, circles arB0 nodes. Note that nB0 node is created at wedld 1, because the paths that would go through such a node
would break constraintT13bis.

— Cik is the cost of a unit of fuel for campaidrand power plani andC 11 is the price for power plarntof a
unit of fuel that can be sold at the end of the timeline ;

Un is the dual variable associated to constraint 10 ;

X(i,T) is the quantity of remaining fuel at the end of the timeline ;

r(i,k) is the refuel quantity of campaida;

e(h,?) is the energy produced at wekk

u; is the dual variable associated to constraint 11

As a production plan is represented by some gath4; in graphG;, we can rewrite this expression as:

Ci(r,ex) = z Cik.l(a) — 6typen/:FINALCi,T+lX(i7T) - z pne(h,£) | —u;
a=(n,n")el helhn,hy

where:

— r(a) is the refuel quantity at the beginning of ar¢
— Bype,—rmnaL iS 1 if ' is the final node oG, 0 otherwise.

Let us call the expression in parenthesisrémguced costa(r, e,x) of arca. This decomposition on the arcs
of the graph means that if we weight each asith its minimal reduced cost

Wy = rgg)r(](ca(r, e X))

we can easily find the production plan with minimal reducest ¢iy solving a shortest path in the graph. The
reduced cost of this production plan is obtained by substigo; to the minimum weight path value.

Weighting aB0 arc is straightforward because there is no refuel at the beginoi such an arc and the produc-
tionse(h, ¢) are fixed for each timestep by constraif, if we neglect the allowed deviation The weight of a
BO arcais given by the following expression, where everything iswn:

Wa = *dypq]/:FINAL-CiA,T-Q—l- Xn — z ehf) | - z Hn . e(h,?) (16)
helfmhy | helfmhy [
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Weighting a non finaDUTAGE arc is more intricate because the allowed modulation gives skatitede to
productionse(h, £). Only the weeks of productiofh,, hy), and the levels of fuglx,, %y ) at the beginning and at
the end of the arc, are known.

Letx, = (Qé%"kn_lxn —B0j k,—1 +B0i,kn) . The problem can then be stated as follows:

Wz =minG; i, r(a) — 2 tne(h,?) a7)
hex helfmhy |
st Xatr@=xy+ > eh) [CT10,CT9) (18)
he[fmhy |
0<e(h () <EMAX, Vhe [hn,hy| (T4, CT5] (19)
RMIN,, <r(a) < RMAX, [cT7] (20)
X0 +1(2) < SMAX, [CT11] (21)
e(h () > -MMAX,+ 5 EMAX, [cT12] (22)
helhmhy | helhmhy |

We can use (18) to rewritda) and remove it from the problem. It comes that we are lookimgife minimum
under constraints (19) to (22) of:

Wa = Cik, (Xy —Xn) + z (Ci,kn — /Jh) e(h,?)
helfnhy |

As the first part of the sum isnownfor each arc, we only have to find the productial, ¢) that minimize
Y helnhy [ (Cika — Hn) €(h, £). We tried two methods to achieve this goal:

The exact solutioris obviously given by the simplex method, since (19) to (823 linear model or by Algorithm
3 below, wherenullify has to be understood as “set as close to zero as possiblawibtating constraints (19)
to (22):

Algorithm 3 Exact algorithm for minimizing arc weight

set alle(h,¢) to EMAX,
order the set of weeks by decreasing valueéﬂqf(n - uhm) thy,ha. ..
start withm=1
while constraints 19,20,21,22 are not satisfiled
nullify en,¢
incrementm
end while
while (G, — tn,) > 0and constraints 19,20,21,22 can be satisfied
nullify en,¢
incrementm
end while

However, we encountered two problems with the exact salutio

— the overall column generation process was converging sipdad no new column was generated after about

two or three iterations ; this is not redhibitory though, dese this can be overcome by ttigersification
strategy exposed in section 6 ;

— considering there are hundreds of thousands of arcs in #ilhgthe method is quite time consuming because

it has to walk along the ordered set of weeks.
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We used a heuristi¢o give a good solution, even if not optimal: we chosspeeadthe modulation on all weeks
proportionally toEMAX,, but with a different factor whether ttreduced unit cost; kn = Ci k — Un iS positive
or negative. For that purpose, we split the set of weeks imtosets. " = {h € [0,H] s.t.C; x — un > 0} and
st ={he[0,H] s.t.C x — un < 0}. Then, when looking for the minimal reduced cost of ouramwe consider
two variableso, andf; in the [0, 1] interval and wesetthe values o&(h, ¢) from these variables:

vhe [hn,hy[N 4", eh()=aa. EMAX,
Vhe [hnhy[N 2, e(h.f) = Ba. EMAX,

The problem becomes: find the factergand; that minimize the expression:

Oa > (G~ H)EMAX, | +Ba Y (Cik— Hn)EMAX,
heltn,hy [ N 4t heltn,hy [N A

The parenthesized expressions do not have to be computeadbrarc. Instead, we can compute thiam
advancefor each(k,h, '),y triplet. Similarly, the constraints (2-5) of the problermdae rewritten as linear
constraints orr, andfB; and we will save a lot of computing overhead by precompuﬂpghn hl O A EMAX,

s/ “

for each coupléh,h'); .y and their counterparts Q%ﬂk:

As it reduces the number of variables to a couple, this hguhss proved to be much more efficient than
looking for the exact solution and as effective when placeithé context of this column generation problem.

5.3 Obtaining dual variablgs, andu;

At each iteration we solvedRMPto optimality and the dual variablégi,) and(u;) are respectively associated
with constraints (10) and (11). For the first run the variatdee arbitrarily chosen as follow&s;) = O for all

i € I and(pn) = maXe kejok—-1{Cik +1} so that;" = [0,H] for all power plants. This will create a first pool
of production plans where nuclear power plants are useckatrttaximal capacity.

6 Columns diversification

The main difficulty encountered with the method describedasacomes when solving th®lIPfor column
selection (see section 4.1) : as constraif@$14-21] are not part of the column generation process, we are
not able to find a proper subset of columns that satisfies d@ms&raints, most of the time. To overcome this
problem, we used an alternate scheme for weighting the caumstead of using weightg, given by equations
(16) and (17-22), we compute and use weightisn the following way:

W — { 0 for BO arcs 23)

a nbConflictga,col) for OUTAGE arcs

wherenbConflictga, cols) heuristically figures out the current number of (column, stamint) couples that
would conflict with a new column going through ac

More precisely, we comput&;, with the following algorithm:
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Algorithm 4 Alternate weight computation duringdiversificationpass
W, < 0
for all existing columrc € colsdo
for all constraintm of type [CT14] to [CT18] do
if columnc conflicts with an outage of power plaitat weekh, by constrainimthen
Wy W, +1
end if
end for
for all constraintm of type [CT19] do
if for some outag& of ¢, (ia,ka) and(ic, k) are part of seAy and h; is interval[h + Lig i m — Lia ka,m, Nk + Lig km — Lig ka,m =+
TUi¢ ke,m] then
\/\/.a — W+ Q—lm
end if
end for
for all constraintm of type [CT20] concerning week, do
if hm € [ha, ha + DA, k] N [Nk, hi + DA k] for some outagé of columnc then
Wo = Wot iy
end if
end for
end for
for all constraintm of type [CT21] concerning interval Ty, such thai, € Gy, do

PMAX"
V‘/a —wa+ ma)%e[ha,haJrDA,-a_ka]mle Z(c,k)ecolsx outagegkcoutagesc) A iaic A ic€Cm A helhghe-+DA kNI Tm W

end for

Note thatw;, only depends on the power plagt the week of outagb, and the campaigk, ; furthermore,
when new columns are generated, they only modify weightby an additive value, independently of other
columns. These facts allow major factorizations in the adgo.

This method is called each time negative reduced cost caamenfound through finding the shortest path on
the former graph. Then, when no more negative reduced chwshos are found with the shortest path algorithm,
only the diversification method is processed and the minimath algorithm is not ran unless zero reduced cost
columns are added by diversification. Indeed, their additimuld modify the value of the dual variables though
not decreasing the value of the dual problem. Note that ke sification method creates positive reduced cost
columns that are added if not already present.

7 Reload and production

Let us remark that once the dates for outages and BO-profies been fixed as described in section 4.1, it
is still possible to improve the value of the optimal solatioy looking for the optimal value of the remaining
variables which are continuous. In other words we have terdehe the optimal reload quantitie§, k) during
each outagé for every nuclear plantand the optimal production valuggj,t,s) andp(i,t,s) for non-nuclear
and nuclear plants, respectively, and the optimal stoakesx(i, t, s) for time steps and scenaris such that the
stock level is over the BO threshold.

7.1 LP-solving for fixing reload quantities

The reload quantities(i, k) are determined by solving a partially-disaggregated LPravlegery scenaris is
considered instead of the average scemgiut time steps are still aggregated into weekso as to accelerate
solving. The optimal reload quantitieéi, k) are found by solving a Linear PrograiRg) with CPLEX, where
non-negative decision variables are reload variatfliek), production variables( j, h,s) ande(i, h,s), and stock
variablesx(i, h,s). The constraints in this LP are all constraints [CT1-CT1®j; for weeksh instead of time
stepd. The objective function is thus the following:
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Z(LPR) =min’y ZCM(LK) + éz(Z ZC?Se(j,h,S) =% Gin+ax(i,H,s))
T S T T

This linear problenLPy is solved for the different combinations of columns thatdorce the optimal value
of the Master Problerfr and the combination that gives the lowest value is kept tagbé next step where the
original problem will be solved with outage periods and aelguantities fixed.

7.2 Disaggregate LP-solving for every scenario and iniiiaé steps

At this final step, for every scenar®o=0,...,S— 1, we go back to time steps ThereforeSLinear Programs
(LR) are solved consequently where deC|S|on variables are:

(i) the production variablep(j,t,s) andp(i,t,s) for non-nuclear and nuclear plants, respectively,
(i) the stock variablex(i,t,s) for time stepg such that the stock level is over tB© threshold (for the other
time steps, the stock level is already fixed as imposed bydheedsing profile)

Constraints are the same as in the previous step, i.e. aomistfCT1-CT12], but for time stepsiow, i.e. original
constraints [CT1-CT12]. The objective functions are thaltproduction cost for each scenasigeduced by the
objective value of remaining fuel:

Z(LRy) = minZ zc‘isp(j,t,s)Dt - zCi,T+1X(i7T75))
] I

The final objective valueis the refueling cost and the average total production euktaed by the objective
value of remaining fuel over a$ scenarios:

z_mlnzZC,kr i,k) éz ZZ p(j,t,s)D" — ZCITJrle T,9)) (24)

8 Computational Results

The algorithms described in this paper were coded in C++ antpded with the gcc (Debian 4.4.4-8) 4.4.5
compiler. CPLEX 12.1 was used as the LP solver and as theeinpgggramming solver. The experiments were
performed on a Squeeze-x64-64 (image based on Debian wesisidor AMD64/EM64T) Bi AMD Opteron
Dual core 3,2 Ghz with 16 GB of physical memory and 16 GB of swapnory.

In our computational experiments, we considered 16 inst®given by EDF during the Challenge (see [11]).
Almost all of them ask for a planification of 6 campaigns foimaet period of 5 years. The instances have been
partitioned into the following three classes.

Class 1A set of 6 instances (A0-A5) used for the qualification phdsethese instances the number of
different scenarii is at most 30 for about 20 nuclear plants 30 other thermic power plants. The time step is
the day and there are less than 27 constraints linking thieaugower plants.

Class 2A set of 5 instances (B6-B10) used for the second phase. $etinstances the number of different
scenarii considered can rise till 121. There are about 5@&auplants and 20 other thermic power plants. The
time step is 8 hours and there are about 140 constraintagirtkie nuclear power plants. There are between 114
and 235 constraints [CT13] on the dates of the outages.

Class 3A set of 5 instances (X11-X15) used for the final ranking wité 5 former instances. They were not
released until the end of the challenge. In these instaheesumber of different scenarii are 50 or 121. There
are about 50 nuclear plants and 20 other thermic power plahéstime step is 8 hours and there are about 140
constraints linking the nuclear power plants. There arevden 207 and 260 constraints [CT13] on the dates of
the outages, which is the only noticeable difference widcthss 2instances.

In table 1, the best results that were obtained and publishetthe website of the Challenge are given in
the first column and the one that was obtained by the curretiiadeAll teams were ranked by the Challenge
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Data ROADEF best  our ROADEF best found P

number found results results results since  factor

data0 8.73099e+12 8.73623e+12 8.73696e+12 0.9
datal 1.69538e+11 1.70030e+11 1.69902e+11 0.449
data2 1.46048e+11 1.46409e+11  1.46435e+11 0.9
data3 1.54430e+11 1.54711e+11  1.54747e+11 0.9
data4 1.11591e+11 1.12808e+11  1.12528e+11 0.45
data5 1.25822e+11 1.28366e+11  1.26932e+11  0.449
data6 8.34247e+10 8.47093e+10  8.46439e+10 0.5
data7 8.11742e+10 8.18391e+10 8.18501e+10 0.45
data8 8.19262e+10 8.29770e+10  8.29548e+10  0.449
data9 8.17509e+10 8.36228e+10  8.29290e+10 0.5
datal0 7.77670e+10 7.87302e+10 7.88065e+10  0.449
datall 7.91168e+10 TIMEOUT 8.00418e+10 3.0

datal2 7.75899e+10 7.81931e+10  7.81252e+10 0.45
datal3 7.64492e+10 INFEASIBLE 7.67848e+10 0.45
datal4d 7.61730e+10 TIMEOUT  7.69035e+10  0.449
datal5 7.51014e+10 7.51014e+10 7.49233e+10  0.449

Table 1 Results of the ROADEF challenge

organizers and with the former results our method rankBalthough we were penalized by the fact that the
method was not able to give answers for three of the instaricesinteresting to point out that among the
first five methods proposed the one we have been developed @nth one, as far as we know, having some
mathematical programming foundations.

The third column gives the best results found since them #ftefew bugs were corrected. The last column
gives the parametgr that was chosen to obtain the former result, i.e., the paemsed to build the graphs to
solve the (ALRMP).

In tables 2 and 3 we give several results about the method:

— The first column gives the considered instance ;

— The second column shows the optimal result ofAh&kMP;

— The third column gives the iteration at which the former eaisi reached: the following iterations do not
decrease the former value ;

— The fourth column shows the total number of iterations ofdlg®rithm ;

— The fifth column gives the final number of plans that have beempuited at the end ;

— The sixth column gives the final number of constraints [CT1&T21] that have been added to V&P ;

— The seventh column gives the valueddfPwhen it is called at the end of the column generation process ;

— The eighth column gives the value lofx ;

— The ninth column gives the result pflefined in equation (24) ;

— The last column gives the elapsed time for the whole algorith

The value of the relaxation of the Master Problem decreasasgative reduced cost columns are added. As
the lowest value is reached in a few dozens of iterations eaadolumns added afterwards do not change this
value, the optimal value of the Approximated Relaxed Pg&ubproblem is reached then.

Actually the whole method never reaches the set time lini©@(Bseconds). It can be used, for example, as a
very good initial solution which could be a starting point olocal search procedure.

Let us note that the number of lines (Cs Nb) and variables (Bl s the same order of magnitude. It
means that both the rows and columns generation processdssay to find quickly the integer solution of the
ALRMP.

Finally, note that between coluniilP andLPk the quality of solutions found decreases. It means that if we
had a more accurate model with only one scenario insteadvefaescenarii, the quality of the method would
be improved.
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Data ALRMP IttoLB Totlt PINb CsNb MIP LPr z Time (S)

data0 8.73548e+12 4 24 32 40 8.73696e+12 8.73696e+12 &HFBEY 0

datal 1.52339%e+11 8 149 540 1106 1.52489e+11  1.68891e+16997Be+11l 7
data2 1.45276e+11 18 449 2111 1947  1.45745e+11 1.45747e+1146435e+11 300
data3 1.52835e+11 8 764 1929 1753 1.53190e+11  1.54055e+15474T7e+11 46
datad 1.02524e+11 18 461 2617 2626 1.02974e+11 1.11857e+1112558e+11 253
data5 1.19655e+11 18 521 3226 3020 1.20145e+11  1.26698e+1l27744e+11 187
data6 7.75175e+10 22 761 6642 5630 7.90051e+10 8.16399e43.88905e+10 513
data7 7.48221e+10 348 1094 8437 6105 7.57638e+10 7.87608e48.21897e+10 896
data8 7.35414e+10 22 406 3256 7497  7.60027e+10  7.95534e48.82061e+10 422
data9 7.31604e+10 28 372 3630 7477  7.56930e+10  7.96609e48.84030e+10 577
datal0 7.03327e+10 36 3075 11157 5944  7.13487e+10 7.52538e 7.90224e+10 851
datall 7.34759e+10 40 1239 9061 5719 7.45279e+10  7.71169e48.00708e+10 1908
datal2 7.17523e+10 44 1958 10869 5640 7.22878e+10  7.40B25e 7.82294e+10 939
datal3 6.98451e+10 34 409 6299 6687 7.07385e+10  7.39080e+169910e+10 524
datald 6.92277e+10 40 611 7961 6911 6.99999e+10  7.361@5e+169212e+10 1133
datal5 6.73328e+10 44 935 10026 5955 6.78149e+10 7.13536e+/.50613e+10 804

Table 2 Performance of the overall method with= 0.9

Data ALRMP lttoLB Totlt PINb CsNb MIP LP: z Time(s)

data0 8.73548e+12 4 24 32 40 8.73698e+12 8.73698e+12 BFBHY 0

datal 1.52342e+11 8 58 269 1072 1.52536e+11 1.68836e+11996R6+11 7

data2 1.45284e+11 20 391 1614 1931 1.45769e+11  1.46151e+1146840e+11 286
data3 1.52830e+11 8 776 1735 1694 1.53188e+11 1.54089e+154777e+11 33
data4 1.02543e+11 22 625 2687 2632 1.03002e+11 1.12506e+1113198e+11 217
datab 1.19685e+11 18 367 2903 3059 1.20247e+11  1.27393e+1128352e+11 173
data6 7.75271e+10 22 740 6283 5637 7.88730e+10 8.15095e48.87410e+10 465
data7 7.48317e+10 38 661 9574 6130 7.55816e+10  7.85357e48.09583e+10 936
data8 7.36053e+10 20 350 3311 7401 7.76852e+10  8.13098e48.61822e+10 355
data9 7.31967e+10 30 1419 6187 7544  7.53907e+10 7.907@7e4827811e+10 607
datal0 7.03706e+10 34 3320 11417 5928 7.13445e+10  7.54P@0e 7.89976e+10 762
datall 7.34802e+10 38 1232 9508 5690 7.45335e+10  7.70839e+48.00418e+10 1563
datal2 7.17785e+10 50 975 10821 5687 7.22479e+10  7.48¥30e+7.81379e+10 905
datal3 6.98541e+10 24 535 6529 6667 7.08168e+10  7.387Q2e+168983e+10 575
datal4  6.92260e+10 36 713 8243 6870 6.99515e+10  7.36285e+169829e+10 1122
datal5 6.73713e+10 40 1032 11123 5977 6.78117e+10  7.12779%e 7.49589e+10 690

Table 3 Performance of the overall method with= 3
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