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Abstract This paper presents a heuristic method based on columnagemefior the EDF (Electricité De France)
electricity production planning problem proposed as stthip¢ the ROADEF/EURO 2010 Challenge. This is to
our knowledge the first-ranked method among those methosisdban mathematical programming, and was
ranked &' overall. The problem consists in determining a productiam pver the whole time horizon for each
thermal power plant of the French electricity company, amdficlear plants, a schedule of plant outages which
are necessary for refueling and maintenance operatioresaiiérage cost of the overall outage and production
planning, computed over a set of demand scenarios, is to bienfmed. The method proceeds in two stages.
In the first stage, dates for outages are fixed once for all d&oheuclear plant. Data are aggregated with a
single average scenario and reduced time steps, and ar§gopiag reformulation of this aggregated problem
is solved by a heuristic based on column generation, pradusitage dates. The pricing problem associated
with each nuclear plant is a shortest path problem in an gpiately constructed graph. In the second stage,
the reload level is determined at each date of an outageidesimgy now all scenarios. Finally, the production
guantities between two outages are optimized for each plasteach scenario by solving independent linear
programming problems.
Keywords: Energy, electricity production, column generation, neatlatical programming, heuristics.

1 Introduction

Optimization in the energy sector is a large subject. With thise of raw materials prices and the growing
awareness for environment concerns, energy consumptisih lmeuconsidered in a less greedy way in order to
save resources. For years, several researchers have vaorkgdimizing the energy industry. In [7], the authors
gather such type of problems. Electricity can be producedutih different ways: nuclear and other thermal
energies are the major part of production, but hydrauliaggner other renewable energies have sometimes a
significant role (in Norway almost all the production is dargng hydraulic energy). Producers can mix these
different production resources in order to satisfy the gmelemand while decreasing their costs and/or their im-
pact on the environment. Electricity companies look foeetiive optimization tools since even small percentages
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of gain through optimization translate into large savingse problem of optimizing energy production planning
has several difficulties, one of which is that the exact amaofithe future demand and the exact price of raw
materials are unknown. This difficulty naturally increaseth the length of the time horizon, which can be in
some cases very large.

A typical energy production planning problem with a shortrtéhorizon is the Unit Commitment Problem
(UCP). In the UCP, several generators are available forymiod energy. Costs and constraints are associated
with generators depending on their type: nuclear and oti@mtal units, hydraulic energy, wind turbines. For
example, in a short term horizon, the level of water in dansstbatay above some threshold. A forecast of the
demand over a period of time is given. The objective is to fireliest production assignment in order to satisfy
the demand while minimizing production costs. Kazeetisl. [8] propose a genetic algorithm to solve the UCP.
Claudia Sagastizabat al.[5] present a Lagrangian relaxation method. Frangatmil.in [6] extend Lagrangian
relaxation methods to the UCP with ramping constraints,dé@nstraints that bound the difference of production
of thermal units from one time step to the next. Claude Leciaalet al. [4] also studied UCP in the French
context.

In long-term planning, typical constraints on energy piidn relate to maintenance operations that have to
be executed periodically on nuclear plants. No productamhle planned during these maintenance periods. The
problem of scheduling the shut down of nuclear power planmtsgfueling and maintenance (see for example [9])
has been proposed as subject of the EURO/ROADEF 2010 chell&DF power generation facilities in France
stand for a total of 98 GW of installed capacity and mix thermal energy (90 % in 2G08ong which 86 % is
produced by nuclear power and the rest by coal, fuel oil ars, ¢gdraulic and other renewable energies. The
research project consists in modeling the electricity potion assets, finding an optimal schedule of outages
for each nuclear plant over a given time horizon, and det@nmgian optimal production plan to satisfy demand.
Moreover, in long-term electricity production planningjmerous uncertainties have to be taken into account,
such as demand variation, generation units availabilitgt sarket prices, quantities that can be bought or sold.
This uncertainty leads to consider multiple scenarios akd for a robust outage schedule that has to be feasible
for every scenario. The scheduling of nuclear plant outdigesto comply with various safety constraints and
limitations on resources which are necessary to perforoetely and maintenance operations. The production
planning fixes the quantity of energy to be produced by eaatt @it each time step for each scenario, and is also
subject to technical constraints. The objective of the lamobis to minimize the expected production cost over
all scenarios. In this paper a column generation methodf¢sexample in [3] for a survey on this approach) is
proposed to solve it.

The method developed in this paper is based on mathematamigmnming and column generation (see [10]
for a survey). Column generation is often used to solve faggde optimization problems when the problem
can be formulated as a mixed integer linear program with & lugnber of variables, aolumns- called the
master problem- as it is the case in the EDF problem. Creating and keepingaatbles is not possible and
useless as most of them would not enter the optimal soluigastricted master probleris then defined, where
instead of solving the problem on all its solution spacey agubset of variables (or columns) is considered. The
column generation method iterates between two differesttlpms: the restricted master problem aratiaing
subproblemThe pricing subproblem aims at looking for new columns widlgative reduced cost to add to the
restricted master problem to improve its optimal value.

Even if the set of columns of the original master problem hhage or exponential size, it is often possible
to find the minimum reduced cost column in short or polynortirak, depending on the structure of the pricing
problem. The method stops when no more negative reducedaostn is produced by the pricing subproblem,
which means that the linear relaxation of the original masteblem is solved to optimality. Nevertheless, in the
case of integer variables the optimal solution of the lirrekaxation could be far away from the optimal solution
of the original master problem. In this case it is necessihgeto start a branch and price algorithm (see for
example [2] for a survey on this topic) or to have a completeimy of the whole set of columns candidate to be
in the optimal solution (see for example [1] for a referenndtas topic).

An approach based on Benders decomposition was also pdhfosexample, by Lubsgt al.[11], but with
a different decomposition and method. Our approach is asteumethod since only a subset of the whole set
of possible columns are implicitly considered, due to theetlimit imposed by the competition. This method is
indeed heuristic for several reasons. The first reason iptbduction levels are discretized over time periods.
This implies that the pricing subproblem is approximatellwed using a shortest path algorithm in a graph with
a finite number of nodes associated with production levetighvis much faster than solving it with continuous
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variables. The second reason is that scenarios are ageggldgéd a single mean scenario. Finally, the column
generation method leads to find the optimal solution of thexesl problem on the subset of columns that could
be produced with respect to the discretization consideékdatanch and price algorithm was not envisaged due
to the time limits. At the end of the column generation precesice the outages have been scheduled, two linear
programming problems are solved to optimality for decidihg quantity of fuel and the optimal production
planning over all scenarios for this set of outages.

The main contributions of this paper are the following:

— An original set partitioning-like reformulation of the grlem associated to a Benders decomposition

— A pricing subproblem solved by shortest path computationa particular state graph,

— A diversification method that changes the objective fumgtedding columns that may have a positive re-
duced cost

— Two linear programming problems solved to optimality focidiéng the quantity of fuel and the production
planning for the selected set of outages

The discriminant strategy chosen for our approach is todfiere to generate a single high-quality schedule of
outages, guided by the cost objective of column generatather than enumerating several schedules of outages
in a shorter time.

This paper is organized as follow. The electricity productplanning problem is presented in Section 2.
Section 3 introduces the mathematical model that formsitéite problem. Section 4 explains the decomposition
applied and describes the overall column generation matked to solve it. Section 5 describes the formulation
of the pricing subproblem and its resolution method. Sediigives the model of the final master problem that
is solved for fixing dates of outages and critical stockdl@egiods, ending the first stage of the method. Section
7 shows how to improve the pricing subproblems in order teegate a greater number of columns with higher
diversity. Section 8 presents the second-stage procedsarsixing reload and production quantities for each
plant. Section 9 gathers the numerical results obtainetetest instances while section 10 concludes the paper.

2 Problem statement

The notations used in this paper mix the notations used iIR@DEF/EURO 2010 Challenge document [12]
and notations issued from the paper by Lules$yal. [11]. The various indexes used are scenasi@sS, time
stepst =1,...,T, weeksw € W, non-nuclear plant$ € J, nuclear plants € | and production cyclek € K; =
{1,...,|Ki|} for each nuclear power plant|K;| being the maximum number of cycles that can start during the
considered period. The decision variables introducedearCthallenge document are:

hay : week of cyclek during which nuclear plantgoes offline (i.e. week of decoupling)
pits : production of non-nuclear plamtduring time step over scenaris

— Ppits : production of nuclear plantduring time step over scenarie

— rik : reload performed during the outage of cyklef nuclear plant

Xits - Stock of fuel of nuclear power planat the beginning of time stepover scenaris
eGx : set of time steps composing the production campaign oedyof nuclear plant
eay : set of weeks composing the outage of cyclef planti

Variablesha are integer, all other variables bettandeaare continuous variables.
The objective function is:

min% kgkCikfik + é;g(t; %Cjts PjtsD' — %CLT+1X|‘TS)

whereCj is the proportional cost of fuel during cydkefor nuclear plani, Cjs is the proportional production
cost for timet and scenari@ for non-nuclear plani, C 1.1 is the selling price (or the gain) for the remaining
fuel andD! is the length of time step

The set of constraints is the following, taking the same reninig as in the Challenge document. Some
notations used throughout the paper are introduced wisethenstraints.
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CT1 Demand satisfaction:
Z Pits JFZ pits = DEMs Vst
I €
CT2 For non-nuclear plants, we only have minimum and maximpumduction constraints:
Ejts < Pits < ﬁjts vt,s,

wherePjs andPjs are the minimum and maximum production for non-nuclear tslgron time stegt for
scenarics.

CT3 Offline power: if the nuclear power plant is offline the guotion must be 0
teeak=pis=0 W,s,]j
CT4 Minimum power: if the nuclear power plant is online theghuction must be greater or equal than 0
pis >0 Vit,s
CT5 Maximum power before activation of imposition of poweofile constraint
if (t €eqq) andxgs > BOk = pis <Py Vi t,sk

whereBOy is a bound on stock of fuel that activates the imposition efgoprofile during cycle, andPy
is the maximum power of plamtduring time step

CT6 Maximum power after activation of imposition of powevéeconstraint :

if t e egk andxis < BO then_
it Xis Zp_ (PBi (Xits) x Pit) x D'
then Wz)xﬁt €l—g,1+¢]
else pis=0

Vs, t,i, K,

where PBy (Xits) is an imposed decreasing production profile during the proln campaign of cyclé
(piecewise linear function dependent on the level of fuetde is a tolerance parameter. It is important to
point out that these constraints are non linear.

CT7 Bounds on refueling for scheduled outages
Ry <rik <Rk Vik
whereR;, andRy are the minimum and maximum guantity that can be refuelegpeetively.

CT8 Initial fuel stock :
Xios = Xl ¥(i,s)

CT9 Fuel stock variation during a production campaign
t € €Gk = Xi(t11)s = Xits — Pits x D' VS,t,ik,
CT10 Fuel stock variation during an outagé,t, s,k if t is the first time step oégx then
Xit+1)s = ((Qik —1)/Qik) (Xits — BOk—1) + ik +BO
whereQj is a refueling coefficient during the outage of cykle
CT11 Fuel stock variation during an outage
tis the first time step ofax = Xits < Ak, Xit+1)s < Sk VS,t,i,k,

whereAy (resp.Si) is the maximum bound on stock of fuel at the time of outagsp(reuring production
campaign) of cyclé



Solving electricity production planning by column gengrat 5

CT12 Constraint on maximum modulation over a cycle

; (ﬁit - pitS)~Dt S l\zlk VS, i7 k
teeqgy andxiis>BOy

whereM;, is the maximum modulation over the production campaign ofedy. These constraints state that
the gap between total production and production capadaitynd a production campaign staying above the
BO stock threshold, should not be too high.

CT13 Earliest and latest date of outage
hak1 > hak +Lik Vi, Kk

T < ha(i,k) <Tg Vik

whereLi is the number of weeks (length) of outageThese constraints bound the earliest and the latest
date of an outage for each cydle K; of each plant.

CT13bis No outag& < K; could be skipped as soon as it has a last possible Wégkdefined.
CT14 Minimum spacing and maximum overlapping between asadi andi’
hak — havie — Line >Win* or hane —ha —Lik > Wit (i, k), (i',K) € Gay

CT15 Minimum spacing and maximum overlapping between asgatyring a specific period

ha(i, k)

CT16 Minimum spacing between decoupling dates
ha(i, k)

CT17 Minimum spacing between coupling dates
ha(i, k)

CT18 Minimum spacing between coupling and decoupling dates
ha(i, k)

CT19 Resource constraints on outages
ha(i, k)

CT20 Maximum number of overlapping outages during a week
ha(i, k)

CT21 Maximum offline power capacity of a set of power plantsrdya time period
ha(i, k)

3 Compact formulation

The solution approach is based on mathematical programrm@uagcompact formulation is inspired from [11].
However, we provide aompletecompact formulation as some constraints ([CT6] and [CTh&))e not directly
modeled in [11]. Before defining the Mixed Integer Programgn{MIP) model, we introduce some additional
notations, sets, constants and variables.
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Sets and data

- Wy ={T2,..., T2} : set of allowed outage weeks for cydles K; of planti € |

— Tik : set of time steps where cydkec K; of planti € | could be in production campaign
— w(t) : week containing time step

— Ki(w) : set of cycles that can start at weeKor planti € |

Variables

Variablesri, pjts are the same as defined before, but new binary variablestaoelced and variablegs are
splitted as described below.

— Viwk (binary): = 1 if cycle k for planti begins in weekv € W, 0 otherwise,

— Yi (binary): = 1 if cyclek is used for plant, O otherwise,

- xils : fuel stock of nuclear power plantt the beginning of cyclk (i.e. before refueling) over scenaso
— X - fuel stock of nuclear power planafter refueling at cyclé over scenaries

xifS - final stock for plani over scenaris

— Xits - fuel stock of nuclear power planturing time stepp € Tk of cyclek over scenaric
— Pikts - production of nuclear plaritduring time step of cyclek over scenaric

— Pjts : production of thermal planit during time stegh over scenari®

— rik : quantity of fuel reloaded during outaggdor nuclear plant

Zits (binary) 1= 1iff Xys > BOy (used for modeling modulation constraints [CT12])
— &is (binary) := 1 iff PBy (Xiks)Pt D' < Xikts < BOk (used for [CT6])

1_2W’§Win'1 k=1
As in [11] we introduce intermediate variablgsi,w,K) = < ¥ w<w-L; Yiwk k=K
Yw<w-Ly Ywk — Yw<wYiw ki1 Otherwise

Note thathay can be rewritten akgy = > wewg, W-Yiwk-

. 1 ff
= ikli = CitsPijts — C| is 1
z mmIe k;(ckrw S <Sgst;% itsPjt ; X,) 1)

s.t. Z > Pist Z Pjts = DE M, VteT,seS (2
1€l keK; (w(t)) i€
Yiwk < 0G VGe¥ (3)
(iwk)eG
Pjts < pjts < Pits ViedteT,seS (4)
0 < pikis < Pin (i,w(t), k), Viel,keKi,teT,seS (5
Yik = Yiwk Viel,keK; (6)
weWik
Ry Yik < rik < RicYik Viel,keKi (7)
Yik-12> Yik Viel,vkeK\{1} (8)
X1 =Xiks— Y PikesD' VielkeK,scS (9)
teTik
2 Qi.,k_l 1 . . . / 1 / { ’
Xiks = O (Xiks — BOi k—1) + ik +BOj k| Yik + Xiks(1 — Yik) Viel,keKisec$S (10)
1
Xiks < A+ (1= Y1) (M — Ay) vielkeK,seS (11)
s < Sk + (1= Yi) (M —Sk) Viel,keKi,seS
(12)
X6 =Y Xikrrs(Vic — Yikr1) Viel,seS (13)

keK;
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Xikts = Xies — 3 PikvsD" Viel,keKiteTy,seS (14)
t/<t

Z (Pit — Pikts)D'zikts < M Viel,keK; (15)

te Tk

M 2 Xikts : _ :
Z.ktsZqu—l Viel,keKteTk,seS (16)

(1—€)diks < FBK?% < (1+¢€)&ikes Viel,keKteTkseS (17)

S/t
Sikts > 1— ;'gi Viel,keKitcTk,scS (18)
PBy (Xikts) Py D! ,
Eiktszl—ak();kA Viel keKiteTyseS (19)
ikts
Yiwk, Yik, Zikts: Sikts € {0, 1} (20)
Pikts: Pits: Xikss Xocss Xis: Xikts > O 1)

The objective function (1) minimizes the sum of the totabesl cost and the average production cost (reduced
by the profit value of remaining fuel) over all scenarios. &taaints (2) specify that the total quantity produced by
nuclear power plants and thermal power plants must be egjtlz¢ tenergy demand for each period and scenario.
Constraints (3) are a general way of writing constraints GCT 21. The right hand sideg is an integer number,
generally equal to one (corresponding then to incompdilwibnstraints between dates of outages). Constraints
(5) and (4) limit the production of thermal and nuclear powkmts. Equality constraints (6) define the binary
variablesYj that indicate whether cycleis selected or not in the schedule. Constraints (7) boundetbaded
amount of fuel in a cycle. Constraints (8) say that when aeckds selected, then all cycles befdkeare also
selected in the schedule.

Constraints (10) say that the level of fuel stock at the eraydiek (i.e., at the beginning of cycle+ 1) is the
level of stock after refueling minus the total productiorcgéle k. Constraints 7?) express that the level of fuel
stock after refueling is equal to the level before refuelieg at the beginning of cyclk, plus a function of the
reload quantity according to constraint [CT10]. The tweelewf stock after and before refueling are bounded in
constraints (11) and (12), corresponding to constraintsLJ. M > 0 is a very big parameter so that no bound
holds ifYix = 0, similarly to [11]. The computation of the final level of fus the end of the time horizon is made
in constraint (13). In these constraints, only one term értght-hand-side sum will be non-zero by (8) and will
correspond to the final stock.

Constraints (14) define the level of stock during a productime step as the stock level after reload minus the
total production of the campaign up to this step. The modwatonstraints [CT12] are expressed in (15). These
constraints use variableg;s that are forced to be 1 as soonag; > BOy by constraints??).

Constraints (17) [CT6] impose the piecewise linear dedngasroduction profile as soon &By (Xiks) Py D' <

Xikts < BOik, which implieséjs = 1 via constraints (18-19), or no production otherwise.

The complexity of the model is mainly due to the combinatartaice for binary variablegi, ztks and
&itks, and the nonlinearity of constraints (10), (137, (17) and (19).

4 Decomposition and solution method
4.1 Decomposition

The set of constraints can be decomposed in two setsglfial constraints are demand constraints (2) and
incompatibility constraints (3) which link all power plantand constraints (4) that bound the production in
thermal plants. Théocal constraints (5)-(19)) can be decomposed by each nucleargaanti.

Assume that we are able to find for each nuclear power plainé set of all possible production plans
(i.e., feasible values ofys, vt € T, outages and reload quantities). Defigeas the index set of all feasible
production plans for the set of nuclear power plants, and4ebe the subset of production plans associated to
nuclear power plant Therefore, we can write a set partitioning-like reforntigla (i.e., a set partitioning model
with some more constraints) of the original problem whenahy variabley, indicates whether production plan
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¢ € #; is selected for plant, and variablegjs represent the thermal energy used for each scesarit and
each period of timéc T.

F) #F)=mins 5 oyt é 3.3, 3 Crebic 22)
s.t. ;z;ﬁ PasYr + J; Pits = DE M, VteT,Vse S (23)
ye=1 Viel (24)
le &P
Pjis < Pits < Pis, VjedteT,VseS (25)
Z acyr < ac, VGe¥ (26)
lez?
ye € {0,1} Vie 2, (27)
Pjts > 0 VjeJvteT,VseS (28)

wherepgs is the quantity produced in plarin time stept over scenari®, andayg are 0-1 coefficients associated
with plan/ in constraint seG.

Equation (22) is the resulting objective function to be mmizied. Constraints (23) specify that the energy
demand of each peridds T and for each scenarg< Smust be satisfied. Constraints (24) impose that for each
nuclear power plant one and only one column (refuel and mtimlu plan) must be chosen. Constraints (25)
bound the quantity of energy that a thermal power plant cadyire each time period. Constraints (26) limit the
number of nuclear power plants that can stop together. @ontt (27) and (28) define the range of the variables.

Note that constraints (23), (25) and (26) correspond totcaimss (2), (4) and (3).

4.2 Solution method

The efficiency of the approach largely depends on the tréityadif problem (F) and thel | subproblems associ-
ated with each nuclear power plant. These problems havdasyy scale given the numbfs of scenarios and
the numbeilT of time steps. To deal with this complexity, we chose to sipphe original set of data by aggre-
gating theS scenarios into a singlaveragescenarios, and the time steps=1,...,T into weeksw=1,... ,W.
We note for every week € W:

From now on, production quantities stand for each weekW, and we use notatiore,, for the production
of column/ € 2 in weekw, and production variables,, for thermal power plants. Therefore the probléf)
to solve becomes

(F) zF)= min%k;. Cryr +W€ZNCJ’w§6wj (29)
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s.t. ;Zeéi awngjewj =DEMus

ye=1

le 2
Ejws<ewj<Ejus

Z ycyr < ag
1€l te 27

ye € {0,1}
ewj>0

YweWw
Viel

VieJvweW
vGe¥

Yle P
VielweW

(30)
(31)

(32)
(33)

(34)
(35)

FormulationF is impractical to solve even for instances of moderate siree the number of variables is

typically exponential, which justifies a column generatigproach. We define a linear relaxatid) of (F):

(LF) z(LF)=min CeYr+ Ciw.s8wi

s.t. ewyr+ ) ewj= DEMW’S_,
%Ze%i Jgj

ye=1

le 2

Efv’s_é 8wj SE‘,{V’S_,
0<y, <1
ewj=>0

YweW
Viel

ViedweW
YWe P,
VjeJ,VweW

(36)
@7
(38)

(39)
(40)
(41)

When passing fronLF) to (F), constraints (33) have been removed since their dual \edaive hard to
compute in the pricing problem within the limited computatl time imposed by the competition. For com-
pensation we allow to add to problelofr some columns with positive reduced costs as described {ivs€e).
The solution of probleniF provides the dual variables, andu; associated with constraints (30) and (31),
respectively. The pricing problem exploits them for getiagathe column(s) with minimum reduced cost:

£* =argminc, with ¢, =c¢,— ;vewguw— Uj (42)
le? we

The pricing subproblemR) associated with each nuclear power plaatl can be written as follows, given the

decomposition previously described and aggregation af taps into weeks. Indexes of various scenarios have

disappeared and theéndexes have been replacedwyndexes in data and variables. We denotéNfythe set

of weeks when production is possible in cykle

(R) min 3 Cici -G = Y Pk U (43)
keK; weW,keK; (w)
s.t. 0< piw < Pwn (i, w; k), keKi,weW (44)
Yik = Yiwk vkeK; (45)
WEWiK
RicYik < rik < RiYik vkeK; (46)
Yik-12> Yik vke Ki\ {1} (47)
M1 =X~ 5 Piaw vkeK (48)
wéW,
> [(Qk—1\ 1 1 _
Xk = or (Xik —BOik—1) =+ Fik +BOi | Yik + X (1 — Yik) vkeKi (49)
i,

X < At (1Y) (M — Ay) vkeki (50)
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5(<Sk+(1*Yk)(M*Sk) vke ki (51)
Z( Xik+1s(Yik = Yike1) (52)
X.kw—X.k—WZ Pikw/ vke Ki,we Wy, seS (53)
z (Piw — Pikw)Zikw < M vkeK; (54)
WEeWG
Makwsfggvs Viel,keKiteTyseS (55)
Pikw /
1-¢ < BB P 1+¢€)§ vk € Ki,we W, (56
( )EIkW PBk(Xukw) ( )EIkW | ik (56)
Xik
EiszlfB—QVIV( vk e Ki,we Wy (57)
fiszlfw vk € Ki,we W, (58)
Xikw
Yiwk, Yik: Zikws §ikw € {0, 1} (59)
Pikws ijaXi]kvxiiaXi];,Xikw >0 (60)

The Pricing problem (P) consists in optimizing every prabl@?) for i € | and output the column with
best optimal value (minimum reduced cost). The columns withative reduced cost output by) are added
to problemLF and the process iterates betwédhandP until P finds no more negative reduced cost column.
As we mentioned in section 1, the proposed column generatithod is a heuristic scheme. Indeed, due to the
time constraints imposed by the competition, only an appraton of the pricing problen® is solved at each
iteration. This holds because the pricing subproblem isogetet path problem solved on a graph whose paths
do not explicitly represent all feasible plans, as expldiimesection 5. At the end of the column generation, the
set of columns forms a relaxed restricted master prograrahwkicalled the Restrictdd= (RLF), and solved to
optimality as explained in section 6.

The obtained optimal solution is a set of columns and veei); satisfying constraints (37)-(39) at min-
imum cost. Each column is a production plan containing thegifor the outages and the periods when stock
reaches a critical level equal 8Oy (if such periods exist for a given nuclear plant). Thereftire solution
obtained at the end of the first phase is used for fixing thesdetivariables on the outages and the date when
the BO-threshold is attained. The advantage is to avoid to dediogtkpwith non linear constraints, since once
one has fixedO, the corresponding decreasing profile is completely defioethe successive periods until the
next outage.

The only decisions that remain to be made in the second phasecareload variableg and the production
variablespis , Which are easier to settle once the binary outage varighlg$iave been fixed. For setting the
values ofpis, Pjts andri, itis necessary to use the whole model with all time stepd,..., T and all scenarios
se S Since it has no more binary variables, it can be solved efftbi by Linear Programming.

The two-stage method is stated below.

Phase 1Fixing dates for outages and BO stock-level periods _
subphase 1Solve the aggregate set partitioning-like formulatidh by column generation
— Aggregate data, passing frof x § = (5000x 500) to W x {s}| = (260x 1)
— Create an acyclic grap8;, for each nuclear power plant
— Repeat until a time limit is elapsed or no new column of negateduced cost exists
¢ Solve a shortest path subproblen@p for each nuclear power plant
¢ Add the new columns (corresponding to shortest paths) tbEheaster problem and solve it
by the Simplex method
subphase 2Give the final restricted master problem to a MIP solver agldith the clique-like inequalities
(33), exploiting the fact that only a small number of nuclpawer plants can be refueled at the same
time. Outputs are the dates for outages Baustock-level periods.
Phase 2 Solve LP problems for defining the reload level for each datitages and optimizing the production
planning for each power plant and each scenario.
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Phase 2 is described in Section 8. Sections 5 and 6 detail$helfiase of the method. In phase 1, for every
nuclear plani € |, two decisions are fixed: dates for outages respecting thedsting constraints on outages
(i.e., 33) and periods when stock reachesBi@ level, with imposed non linear decreasing power profile on
the following periods. This step is the most time-consunstep of the method.

5 Solving the pricing problem

The pricing problemR) consists in finding a reload and production plan for eachHeangower plani. The
problem is close to a lot sizing problem and can be solved y#est path algorithm in a graph. The main point
is how to build the graph. The difficulty of this step is thae thecision variables are a combination of continuous
and binary variables. The binary variables define the plessiltage dates while the continuous variables define
the quantity of fuel that must be reloaded and the produdborach time step. The further difficulty is due to
the BO piecewise non linear function. Last but not least comes fitwerlimited computational time imposed by
the competition. Therefore, in the proposed approach, wselo design a graph in which a production plan
would be made of a relatively small number of arcs, each proalu campaign being represented by at most two
arcs, and in such a way that cost computations of each ard beunanaged efficiently. For efficiency reasons,
we made the simplification of discretizing the possible fsteck levels at the beginning of outages, so that the
stock level could be fixed once for all at both ends of each &tbegraph. In the construction of the graph
constraints ??) (??) are taken into account either when a node is defined or eithen an arc is defined.

The pricing problem has been implemented as a three-stepgs0

Algorithm 1 The pricing algorithm

for all nuclear power plantsdo
1) create an acyclic statstock graph G= (Ni,A))i;
while there is a column to add and the time is not elapted
add the column to the master and calculate the new reduced cos
2) for each ar@a € A; compute weightv, (optimal reduced cost on the arc) ;
3) generate a new column by finding@ a path of minimum weight;
end while
end for

Step 1 is quite time consuming but occurs only once at thenbégg of the whole process. Steps 2 and 3 are
light processes and can be serialized with the computafiosw dual variablegs,.

5.1 Creation of a static graph

Description of the graphEach noden € N; in graphG; represents a possible state of power plaahd is
characterized by a 4-tuplgype,, Xn, Wn, kn), where:

— W, is the week associated with;

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

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

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

— a “B0” node n marks the start of a time period during which the fuel stock k¢ lower thanBOy,
and the power level will be imposed by constrafieré] ; the stockx, of aB0 node is indeed a little
higher tharBOy,, but ensures th&0y,, can be reacheduring weekw, by imposing the maximal power
production of constrainfCT5] at the beginning of the week. In the model, it correspond®tong) the
constraints 7?)-(?7?).

Besides, two nodes with special types are added, correspptaitheinitial andfinal states of a power
plant.
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Each ara = (n1,n2) € A in graphG; represents a possible direct transition from state n,.

— If n; is an0OUTAGE node, this means that it is possible to reach statey proceeding to an outage on week
wp, followed by a production campaign, without need for any othetage and without reaching ti&O
stock level during the time intervél,, ,wn,]. Note thatn, can be either a0 node or ardUTAGE node. If itis
aB0 node, therky, = kn, ; elsekn, = kn, 4 1. Arcs leaving fromOUTAGE nodes will be referred to aBUTAGE
arcs.

— If n1 is aB0O node, this means there exists a production plan leading ffroto n, that respects the imposed
profile of constraint{CT6] with the acceptable tolerance. Note that herg has to be a@UTAGE node and
thuskn, = kn, + 1. Arcs leaving fronB0 nodes will be referred to & arcs.

Furthermore, arcs are constructed so as to guarantee¢hatdal constraint§CT3] to [CT13bis] (eq. ??)
to (??)) can be respected for any path from thetial to thefinal node ofG;.

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

Algorithm 2 Creation of grapl@;

1: create theénitial node at week 1
2: for weekw = 1to W do
3:  forall previously created nodeswith w, = w do
4 create new nodes with w,y > w so that there exists a production plan leading the powert filam staten to stater’
without violating constraint§CT3] to [CT13bis]
end for
end for

In order to find new nodes (step 4 of Algorithm 2), we follow theam of possible stock interval(s) over
time from a node, as stated in Algorithm 3:

Algorithm 3 Creation of new nodes iG; from n = (type,, Xn, Wn, Kn)

1: for weekw=wn+1toW—1do

2 compute the possible stock interV&hin, ,, , Xmax,] Of power planti at the beginning of weel

3 if the outage of campaidm + 1 is allowed at weekv according to constrair@T13 then

4: compute the intersection Odmin, y,» Xmas,w | With [0, A, 1]

5 create new nodes = (OUTAGE, Xy, W, ky -+ 1) with X in this intersection (constraigir11)

6 end if

7. if BOik, € [Xmingw>Xmax.w) then

8 create new nodes = (BO,Xy,W— 1,kn) With Xy € [Xmin,,,_1>Xmax, 1) COMputed so that if the power plant follows the

imposed profile o£T6 during weekw — 1, its stock will fall undeB0jy, at the beginning of week
9: endif
10: end for

For steps 5 and 8 of algorithm 3, we discretize the intefxgh, ., Xmax,,,] Of possible stocks of fuel at week
w by a fixed amount of fued);. New nodes are only created when needed, so as to ensurbedtatnill be a
node in every non-empty interval&min, , , Xmam,] N [X, X+ 4i], for all x e RT. We compute); relatively to the
mean capacity of powerplangafter choosing priori a global discretisation parameier.

E
Ai — p . ZWE\% w
Step 2 of algorithm 3 depends on the node type.

— If type, = B0, we follow the imposed profile of constraifi€Ts, i.e. (??)] with the authorized-deviation,
counted positively fokmin,,, and negatively fokmay, -
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— If type, = OUTAGE, we use[CT10, i.e. (??)] to compute stock variation during the outad€T7,(??)]
(bounds on refueling) an@icT11,(??)-(??)1 (maximum stock after refueling) to compute the intervagaft
refueling ; when the production campaign staxigy, , is computed using the maximum allowed modulation
of [CT12,(??)] — andXmin,,, Using no modulation at all.

The node creation process is illustrated by figure 1 for tlerse case (starting from @UTAGE node).

fuel stock x,,

Femmm e e e m e —— - -

i I B | - - - |

1
1
1
1
1
»*
i _

: Aik+1
eaj .

— et >

W Tike1 Toiks1 weeks w

Fig. 1 Creating new nodes from a@UTAGE noden of campaignk in graphG; inside the beam of possible stock intervals. Stars
inside the beam correspond to the creation of O8WAGE nodes associated with campaigr 1, whereas circles are neB0 nodes
associated with campaiga Note that noB0 node is created at week? ,, because the paths that would go through such a node
would violate constrain€T13bis.

When all nodes have been created by the process of Algoriflens@cond 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

The goal of this graph is to compute a production plan2?; for power plant with minimal reduced cost;,”
which amounts to find according to equation (42) :

min ' Gk —C/'% — }WuwaN—ui
we

rex Ke
where

- xif is the quantity of remaining fuel at the end of the timelin¢hie aggregated scenario ;
— @y is the energy produced at weekin production plar? ;

— M is the dual variable associated to constraint (30) ;

— u; is the dual variable associated to constraint (31)

Let us recall that a production plan is supported by someunjath? C A; in graphG;, and that each
campaigrk in a production plan is carried either by a singt&rAGE arc, or by arDUTAGE arc followed by &80
arc.

It comes that the previous expression can be rewritten as:

minc,; = ) (Ciknra—Cifx; -y uwaN) —Uj
a=(n,n)el weW(a)

where:
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— rais the refuel quantity at the beginning of ad.e. :

[ lik, if ais anOUTAGE arc
a7 10 ifaisaBoarc

- x;f\ is the remaining fuel at the end of the timelinaifs the final arc in patid, i.e. :

o x' if typey = FINAL
a 0 otherwise

— W(a) = [wn, Wy is the set of weeks spanned by arc

With this rewriting, we see that each variable that playsraipahe reduced cost of pathis uniquely linked
with a variable associated with some ard of
Let us call thereduced cosof arca € A; the valuec, defined by:

Ca=MinCi,la—CX{ = 5t (61)
I€Xa weW(a)

While ensuring that constraints dP) hold true for every path if, we can easily find the production plan
with minimum reduced cost by solving a shortest path in ttaglr The reduced cost of this production plan is
obtained by substracting from the minimum weight path value.

Determining the weight of &0 arc is straightforward because there is no refuel at the beginaf such an arc
(ra=0) and the productiongyya), are fixed for each timestep by constraiets, i.e. (??)]1, if we disregard the

allowed deviatiore. If the arc iSFINAL, we can computez;f1 by substracting the productions from its initial fuel
stock. The weight of 80 arca is given by the following expressions, where everythingriewn:

6o { —c (- Ywew(a) &) — Swew(a) b - & if ais FINAL 62)
— Y wew(a) Hw - 8w otherwise

Determining the weight of a non finaUTAGE arc is more intricate because the allowed modulation gives some
latitude to productiong,ya,)). However, the campaighy, the production weeké/(a) = [wq, W,y [ and the levels
of fuel (xy,Xy) at the beginning and at the end of the arc are known.

Following equation??), letx, = (Qg%k;l(xn —BOik,) +B0ikn,1) . The problem can then be stated as follows:
(LP)) ca= min Cira— 3 Huew (63)
aHW(@) weW(a)
St Xn+ra=Xy+ Z ew [from(??)] (64)
weW(a)
0<ey<Ew YweW(a) [from(??)] (65)
Ry, <ra <R, [from(??)] (66)
%n +Ta < Sk, [from(??)] (67)
(Eiw —&w) < M, [from(??)] (68)

weW (a)

We can use (64) to rewritgy and remove it from the problem. It comes that we are lookimgHe minimum
under constraints (65) to (68) of:

Ca=Ci, %y =%Xn) + > (Ciky — Hw) 8w
weW(a)

As the first part of the sum iknownfor each arc, we only have to find the productiagsthat minimize
Y wew(a) (Cik, — Hw) 8w. We tried two methods to achieve this goal:
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The exact solutioris obviously given by the Simplex method, siné€) is a linear program, or by Algorithm
4 below, wherenullify has to be understood as “set as close to zero as possiblawibtating constraints (65)
to (68)™:

Algorithm 4 Exact algorithm for minimizing arc weight

set alle, to Ejy
order the set of weeks by decreasing valuefGaf, — Hwy,) : W1, Wa. ..
start withm=1
while constraints (65) to (68) are not satisfidal
nullify ey,
incrementm
end while
while (Ci,, — twr,) > 0 and constraints (65) to (68) can be satisfial
nullify ey,
incrementm
end while

However, we encountered two problems with the exact method:

— the overall column generation process was converging sipdad no new column was generated after about
two or three iterations ; this can be overcome however bylthersificationstrategy exposed in section 7 ;

— this method was 3 to 10 times slower than the heuristic expbsw (depending on the instances), because
it has to walk through the ordered set of weeks for each aras,Tbn some instances, we were not able
to produce enough columns in the imposed time and ended witralid solution when using this exact
algorithm.

We used a heuristito obtain a good solution, even if not optimal: we chosepeeadthe modulation on all
weeks proportionally t&j,, but with a different factor whether tlreduced unit costi = Cix — L iS positive
or negative. For that purpose, we split the set of weeks intogets:W," = {w € W s.t.Cy — iy > 0} and
W, = {w € W s.t.Cyx — uw < 0}. Then, when looking for the minimal reduced cost of our @reve consider
two variableso, andf; in the [0, 1] interval and wesetthe values o, from these variables:

yweW(@) N W', ey=0a.Ew
YweW(a) N W, ew=Ba.Eiw

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

aa Z (Ciky — tiw)Eiw | +Ba z (Cik, — Lhw)Eiw
wew(a) N W, weW(a) NW,

The parenthesized expressions do not have to be computeghdbrarc. Instead, we can compute them
in advancefor each(k, [w,w[)y.w couple. Similarly, the constraints (65) to (68) can be raemi as linear
constraints o, and; and we save a lot of computing overhead by precompt{i‘pgww[ AW, E,w for each

couple(k, W, W)y and their counterparts ofj".

As it reduces the number of variables to a couple, this héutias proven to be more efficient and effective
than looking for the exact solution, when placed in the cdnté this column generation problem : even if the
minimum reduced cost is not reached by this computationinithéced time savings allow the production of a
greater set of columns amongst which better combinationdedound.
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5.3 Obtaining dual variables,, andu;

At each iteration we solvedF to optimality and the dual variablgs, andu; are respectively associated with
constraints (30) and (31). For the first run the variablesagbérarily chosen as followss = 0 for alli € | and
Hw = MaX¢, kejok—1{Cik + 1} so thatw~ = W for all power plants. This will create a first pool of prodwti
plans where nuclear power plants are used at their maximabis.

6 Solving the final master problem

OncelLF has been solved to optimality by the Column Generation m®cthe following last restricteB is
solved to optimality

(RF) 2z(F)=min CeYr+ Ciwsewj (69)
s.t. Z Yo€we + Zja,vj = DEMus Ywe W (70)
i€l e JE
Y y=1 Vi=1,...,lI (71)
te P,
Ejws<ewj<Ejus Vjied,yweWw (72)
|
Zl 2 awYr <0 VGe¥ (73)
i=1yc 7,
y, € {0,1} Ve (74)
ewj >0 ViedvyweWw (75)

where Z contains the subset of production plans generated fromebmbing. ThisMIP includes constraints
(73) which are the incompatibility constraints for someseib.#? of production plans, corresponding to con-
straints [CT14-CT21] on the scheduling of outages. Thesestcaints are generated dynamically during the
column generation process. All of them are based on the sanm@pbe: given a set of columns, it is possible to
build an incompatibility graph and we look for the maximatjale on this graph. The graph has a node for each
column and an edge between any pair of incompatible columascolumns that cannot be at the same time in
the optimal solution due to constraints [CT14-CT21]).

If £ € 2 denotes the column selected for each nuclear plarthe optimalMIP solution, then the variables
Viwk: Zitks and &iks, representing the dates of outages, the dates when the retackes thé&O-level and the
corresponding imposed decreasing profile for the followirggeks, are fixed for the rest of the whole method.

7 Columns diversification

The main difficulty encountered with the method describedasaomes when solving thBlIP for column
selection since constrainf€T14-21] are not part of the column generation process. We are notaliiled a
proper subset of columns that satisfies these constraiots, of the time. To overcome this problem, we used
an alternate scheme for weighting the columns: insteadin§uwegeightsc, given by equations (62) and (63), we
compute and use weight§ in the following way:
0 for BO arcs
Ca = { nbConflictga,col) for QUTAGE arcs (76)

wherenbConflictga, cols) heuristically figures out the current number of (column, staaint) couples that
would conflict with a new column going through ac
More precisely, we computg, with the following algorithm:
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Algorithm 5 Alternate weight computation duringdiversificationpass
c,+0
for all existing columry € U; &7 do
for all constraintm of type [CT14] to [CT18] do
if column/ conflicts with an outage of power plaiatat weekw, by constraininthen
ChCh+1
end if
end for
for all constraintm of type [CT19] do
if for some outagd of ¢, (ia,ka) and(i,k) are part of sefm and wa is interval Wi + Li km — Ligkams Wk + Likm — Ligkam -+
TUi km| then
ChCat o
end if
end for
for all constraintm of type [CT20] concerning weekv,, do
if Wm € [Wa, Wa + DAk, ] N [Wi, Wk + DA, k] for some outagé of column/ then

L+ Ch+ —Nm(:!-Nm)
end if
end for
end for
for all constraintm of type [CT21] concerning interval Ty, such thai, € C, do
=
Ca ¢ Cat MXye [wa,Wa-+ DAk N1 T | 2 (£K)EL (221 xKs) / Taztiy A i7€Cm A We Wy Wi +DA 1)1 T |MZ;m

end for

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

This method is called each time negative reduced cost caamnfound 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 minirpath algorithm is not ran unless zero reduced cost
columns are added by diversification. Indeed, their additiould modify the value of the dual variables though
not decreasing the value of the dual problem. Note that ihersification method creates positive reduced cost
columns that are added if not already present.

8 Calculate the reload and the production quantities

Once the dates for outages and BO-profiles have been fixedsasls in section 6, it is still possible to
improve the value of the optimal solution by looking for thgtimal value of the remaining variables which are
continuous. In other words, we have to determine the optislahd quantitiesy, during each outaglefor every
nuclear plant, and the optimal production valu@gs and pis for non-nuclear and nuclear plants, and finally the
optimal stock valuegiis for time stepg and scenarig such that the stock level is over the BO threshold.

8.1 LP-solving for fixing reload quantities

The reload quantitiesy are determined by solving a partially-disaggregated LPrevlegery scenarisis con-
sidered instead of the average scenaribut time steps are still aggregated into weekgso as to accelerate
solving. The optimal reload quantitieg are found by solving a linear prograrbRg) with CPLEX, where non-
negative decision variables are reload varialbjgsproduction variables;jys andeys, and stock variablegyys.
The constraints in this LP are all constraints [CT1-CT12}, for weeksw instead of time steps Let us define
a binary valued;,, for power plant € | over a weekwv € W which is equal to 0 if weekv is an outage period for
power plant, 1 otherwise, anli’iﬁ is the value ofYj, fixed at the end of Phase 1.

The two former values are known now outage periods have beean fi
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Let us also define the maximum production for power plantdn over weekw € W as

EMAX,i = Z PMAX . D!
telw

and the maximum and minimum productions for power plarjtén] and scenaris € Sover the weekw € W as

EMAXyjs= $ Pjs . D'
telw
and
EMINyjs= } Pjs. D'
telw
and W
Cjws = - Cjts
T

the mean cost of thermal energy production over a weekW for j € Jandse€ S
The objective function is thus the following:

Z(LPr) = min; 2 CikTik + ésgs(ng J;Cjwseiws - I;Cifxifs)

s.t. Z > Pist Z Pits = DE M, VteT,VseS  (77)
1€l keK;(w(t)) IE

0 < ews < EMAX,iOuw, Viel,weW,Vse'S (78)

EMINwjs < ejws < EMAXyjs, VjedteT,seS (79)

Ry Yk <Tik=Rici viel,keK  (80)

Xiits =Xks— > @ws VielkeKseS  (81)
wéW,

1 )
X = [(Q"k ) (Xks—BOik_1) +Tik +BOik| Y +Xks(1—Yf)  Viel,keK,seS (82)

Qik
Xis < Ak + (1= Y1) (M — Ay), Viel,keKi,seS  (83)
Xis < Sic+ (1= Y3 (M — Si), VielkeKi,seS  (84)
Xt = k; Xk 1.5V — Yiier1)» Viel,seS  (85)
X

> (Eiw —ws) < Mi Viel,keKi,seS  (86)
Wi
Cjws; QW&rikin]kg XI%(S’ X|fs >0 (87)

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

8.2 Disaggregate LP-solving for every scenario and iniiiaé steps

At this final step, for every scenare S, we go back to time stegs Therefore,S Linear ProgramsL(P;) are
solved where decision variables are:

(i) the production variablepjis and piis for non-nuclear and nuclear plants, respectively,
(i) the stock variablesis 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 by the asiog profile)
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Constraints are the same as in the previous step, i.e. amistfCT1-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(LPy) = min Z Y CirsPpsD' — ¥ Gl
] T

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

Z= minz ZCikrik + éz <Z zcjtspjtsDt _ zCiinfs> (88)
T S ] ]

9 Computational Results

All algorithms described in this paper were coded in C++ amdhgiled with the gcc (Debian 4.4.4-8) 4.4.5
compiler. CPLEX 12.1 was used as the LP solver and as thesinpgggramming 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 [12]).
Almost all of them ask for a planification of 6 campaigns foimae period of 5 years. The instances have been
partitioned into the following three classes.

Class 1.A set of 6 instances (A0-A5) used for the qualification phdsethese instances the number of
different scenarios is at most 30 for about 20 nuclear plants30 other thermic power plants. The time step is
the day and there are less than 27 constraints linking thieaugower plants.

Class 2. A set of 5 instances (B6-B10) used for the second phase. s hetances the number of different
scenarios considered can rise up to 121. There are aboutckanplants and 20 other thermic power plants.
The time step is 8 hours and there are about 140 constraikisdithe nuclear power plants. There are between
114 and 235 constraints [CT13] on the dates of the outages.

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

In table 1, the best results that were obtained and publishete website of the Challenge are given in the
first column whereas the second column displays the onemedthy the current method. All teams were ranked
by the Challenge organizers and with the former results cethod ranked 2 although we were penalized by
the fact that the method was not able to give answers for thfrde instances. It is interesting to point out that
among the first five methods proposed, our method is the odyamifar as we know, having some mathematical
programming foundations.

The third column gives the best results we found since thiée; the few bugs were corrected. The last
column gives the parameterthat was chosen to obtain the former result, i.e., the paemused to build the
graphs to solve theF.

Tables 2 and 3 show several results about the method:

— The first column specifies the considered instance ;

— The second column shows the optimal result of tRE ;

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

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

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

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

— The seventh column gives the value of MIP when it is calledhatend of the column generation process ;
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Data ROADEF best  our ROADEF best found P

number found results results results since  factor

AO 8.73099e+12  8.73623e+12 8.73696e+12 0.9

Al 1.69538e+11  1.70030e+11 1.69902e+11  0.449

A2 1.46048e+11  1.46409e+11  1.46435e+11 0.9

A3 1.54430e+11  1.5471le+11 1.54747e+1l 0.9

A4 1.11591e+11  1.12808e+11 1.12528e+11  0.45

A5 1.25822e+11  1.28366e+11  1.26932e+11  0.449

B6 8.34247e+10  8.47093e+10  8.46439e+10 0.5

B7 8.11742e+10  8.18391e+10 8.18501e+10  0.45

B8 8.19262e+10  8.29770e+10  8.29548e+10  0.449

B9 8.17509e+10 8.36228e+10  8.29290e+10 0.5

B10 7.77670e+10  7.87302e+10 7.88065e+10  0.449

X11 7.91168e+10 TIMEOUT  8.00418e+10 3.0

X12 7.75899e+10  7.81931e+10  7.81252e+10  0.45

X13 7.64492e+10 INFEASIBLE 7.67848e+10  0.45

X14 7.61730e+10 TIMEOUT  7.69035e+10  0.449

X15 7.51014e+10  7.51014e+10 7.49233e+10  0.449
Table 1 Results of the ROADEF challenge
— The eigth column gives the value bPy ;
— The ninth column gives the result pfiefined in equation (88) ;
— The last column gives the elapsed time for the whole algorith
Data ALRMP IttoLB Totlt PINb CsNb MIP LPr z Time (s)
A0 8.73548e+12 4 24 32 40 8.73696e+12  8.73696e+12  8.73696e+ 0
Al 1.52339e+11 8 149 540 1106 1.52489e+11 1.68891e+11 786991 11
A2 1.45276e+11 18 449 2111 1947 1.45745e+11  1.45747e+1164356+11 224
A3 1.52835e+11 8 764 1929 1753 1.53190e+11 1.54055e+11 7478411 34
A4 1.02524e+11 18 461 2617 2626 1.02974e+11 1.11857e+11 2598%+11 157
A5 1.19655e+11 18 521 3226 3020 1.20145e+11 1.26698e+11 7744R+11 165
B6 7.75175e+10 22 761 6642 5630 7.90051e+10 8.16399e+1089(H4+10 287
B7 7.48221e+10 348 1094 8437 6105 7.57638e+10 7.87608e+1@18Fe+10 896
B8 7.35414e+10 22 406 3256 7497 7.60027e+10  7.95534e+1020618+10 366
B9 7.31604e+10 28 372 3630 7477 7.56930e+10  7.96609e+104088+10 512
B10  7.03327e+10 36 3075 11157 5944 7.13487e+10 7.52558e+100224e+10 1053
X11  7.34759e+10 40 1239 9061 5719 7.45279e+10 7.71169e+1@O07@Be+10 1533
X12  7.17523e+10 44 1958 10869 5640 7.22878e+10  7.49525e+1B2294e+10 737
X13  6.98451e+10 34 409 6299 6687 7.07385e+10  7.39050e+1®9910e+10 501
X14  6.92277e+10 40 611 7961 6911 6.99999e+10 7.36125e+1®9212e+10 1112
X15  6.73328e+10 44 935 10026 5955 6.78149e+10 7.13536e+1(50673e+10 676

Table 2 Performance of the overall method with= 0.9

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 laad¢olumns added afterwards do not change this
value, the optimal value of the Approximated Relaxed Pg&ubproblem is reached then.

Note that the number of lines (Cs Nb) and variables (Pl Nb)thasame order of magnitude. It means that
both the rows and columns generation processes are nectsfiad quickly the integer solution of theLRMP.

Table 4 gives CPU time in seconds of the method:

— The first column specifies the considered instance ;

— The second column shows the time to read the input and to thiteutput ;
— The third column gives the time to build the graph for the ipgoproblem ;
— The fourth column shows the total time of column generation ;

— The fifth column gives the time to solve the integer masteblem obtained at the end of the column
generation process ;
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Data ALRMP IttoLB Totlt PINb CsNb MIP LPr z Time (s)

A0 8.73548e+12 4 24 32 40 8.73698e+12 8.73698e+12  8.73698e+ 0

Al 1.52342e+11 8 58 269 1072 1.52536e+11 1.68836e+11 126998 7

A2 1.45284e+11 20 391 1614 1931 1.45769e+11 1.46151e+11 68404+11 286
A3 1.52830e+11 8 776 1735 1694 1.53188e+11 1.54089%e+11 7778411 33
A4 1.02543e+11 22 625 2687 2632 1.03002e+11 1.12506e+11 31988+11 217
A5 1.19685e+11 18 367 2903 3059 1.20247e+11  1.27393e+1183322+11 173
B6 7.75271e+10 22 740 6283 5637 7.88730e+10 8.15095e+1074104+10 465
B7 7.48317e+10 38 661 9574 6130 7.55816e+10  7.85357e+1095&3&+10 936
B8 7.36053e+10 20 350 3311 7401 7.76852e+10  8.13098e+10182R6+10 355
B9 7.31967e+10 30 1419 6187 7544  7.53907e+10  7.90747e+1@78Ble+10 607
B10  7.03706e+10 34 3320 11417 5928 7.13445e+10 7.51940e+189976e+10 762
X11  7.34802e+10 38 1232 9508 5690 7.45335e+10  7.70939e+1M04BBe+10 1563
X12  7.17785e+10 50 975 10821 5687  7.22479e+10  7.48730e+1®137Pe+10 905
X13  6.98541e+10 24 535 6529 6667 7.08168e+10  7.38722e+1®8983e+10 575
X14  6.92260e+10 36 713 8243 6870 6.99515e+10  7.36255e+1®B98Z9e+10 1122
X15 6.73713e+10 40 1032 11123 5977 6.78117e+10  7.12779e+1@9589e+10 690

Table 3 Performance of the overall method with= 3

— The sixth column gives the time of the reload phase ;
— The seventh column gives the time of the production phase ;
— The last column gives the elapsed time for the whole algorith

Graph CG MIP Reload Production Total

A0 0 0 0 0 0 0 0

Al 1 0 1 5 3 1 11

A2 4 173 15 12 19 1 224
A3 3 1 6 8 15 1 34

A4 8 95 12 12 28 2 157

A5 7 26 76 25 28 3 165

B6 56 5 27 93 94 12 287
B7 52 18 122 543 152 9 896
B8 60 48 94 101 45 18 366
B9 143 66 164 52 65 22 512
B10 136 8 104 576 209 20 1053
X11 48 537 152 577 199 10 1533
X12 53 11 76 434 155 8 737
X13 143 126 57 102 42 31 501
X14 139 76 129 643 104 21 1112
X15 132 8 54 193 267 22 676

Table 4 CPU Time (s)

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 &élocal search procedure. The most time-consuming
phase is the MIP phase at the end of the column generatioegso€he reload phase is more time consuming
than the production phase due to the multiple resolutionthfodifferent combinations of columns that produce

the MIP. We can notice that the time taken by the input and outputti;egligible due to the large size of the
files to read and write.

10 Conclusion

We presented a mathematical formulation for the EBfR¢tricite De France) electricity production planning
problem submitted as subject of the ROADEF/EURO 2010 Chg#leand a heuristic method based on column
generation. The method proceeds in two stages : first we fesdat outages for each nuclear plant on aggregated
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data, and in a second step we determine the reload and pidgciantities for each plant and each scenario.
Computational results show the effectiveness of the prxgbapproach, given that the method was far from using
all the time allowed in the Challenge. Therefore furtherkvoould consist in generating more sets of schedules
for outages using local search on the set of outage dated fouhe first phase of the method.
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