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A COMPARISON OF INTERIOR-POINT CODES FOR MEDIUM-TERM HYDRO-THERMAL COORDINATION
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ABSTRACT - This paper studies the performance of newly
developed and currently under development interior-point op-
timization codes as applied to the solution of medium-term
hydro-thermal coordination (MTHTC) problems. We com-
pare commercial and research codes, and their main advan-
tages and drawbacks are pointed out. The codes that we
study are: CPLEX 3.0-barrier [1] (the latest version of OB1
by Lustig), HOPDM by Gondzio [14], LOQO by Vander-
bei [17], PCx by Mehrotra’s group [16], LIPSOL by Zhang
[22], and IPA1 [25] (a code currently being developed by the
authors). All codes have been tested on the Spanish hydro-
thermal system.
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1. INTRODUCTION

A hydro-thermal coordination program deals with the prob-
fem of finding the scheduling and the production of every
hydro and thermal plant of a system so that the customer
demand is supplied at minimum cost with a certain level of
security and all constraints related to the thermal and hydro
subsystems are satisfied.

There are several reasons for choosing a medium-term
time-horizon model. A medium-term time-horizon problem
can easily accommodate multiperiod energy constraints that
must be included in an accurate model for the generating sys-
tem of mainland Spain. Medium-term hydro-thermal infor-
mation can be used in models that consider shorter time hori-
zons. Also, the main block of a yearly planning model is
a medium-term model with a time horizon of typically four
weeks.

A medium-term hydro-thermal coordination problem re-
sults in a very large Non-Linear Mixed-Integer Programming
problem. In order to find a solution to such a program, several
approaches have been used. Primal decomposition methods
are employed in [2, 3]; the solution to the thermal subprob-
lem proposed by Brinnlund [3] is based on heuristics and

PE-044-PWRS-16-09-1997 A paper recommended and approved by
the IEEE Power System Engineering Committee of the IEEE Power
Engineering Society for publication in the IEEE Transactions on Power
Systems. Manuscript submitted May 27, 1997, made available for
printing September 30, 1997.

Victor H. Quintana (Senior M)

Hydro-Thermal Coordination, Interior-Point .

Antonio J. Conejo (M) F. Pérez Thoden

ETSI Industriales ENDESA
Universidad de Malaga Madrid
Malaga, Spain Spain

it is not an appropriate approach when the thermal system
to be analyzed is complex, which is the case in the Span-
ish hydro-thermal system. More recently, Nilson et Sjelv-
gren [8] have described an excellent approach for hydro sub-
systems, but the thermal subsystem is just described as eco-
nomic transactions which is not appropriate for the Spanish
system. The approach proposed by Dillon [4] to the so-
fution to the thermal subproblem is a computationally ex-
pensive mixed-integer linear-programming procedure that re-
quires prohibitively high CPU time to solve systems of real-
istic size; the thermal subsystem modelling 1s, however, ac-
curate enough for our purposes; thus a model based on this
approach is used for our thermal subsystem.

Lagrangian relaxation techniques have also been proposed
in the literature to solve hydro-thermal coordination problems
[5,6,7,9]. ALagrangian relaxation technique solves the dual
problem of the original hydro-thermal coordination problem.
However, the dual solution is more often than not primal in-
feasible, so that perturbation procedures are required to ob-
tain a primal feasible solution. These perturbation procedures
may deteriorate the optimality of the solution obtained. Fur-
thermore, solutions to the primal and dual problems are not
the same, and the size of the duality gap cannot be foreseen
in advance.

Very recently, genetic algorithms are also being applied
to solve the hydro-thermal coordination problem. In [19],
the hydro schedule is obtained by a genetic algorithm; how-
ever, the thermal schedule is obtained by an independent unit
commitment program. The thermal solution is then used to
evaluate the quality of the hydro schedule. In [20], Bai and
Shahidehpour, use a tabu search to improve the solution of a
primal decomposition based approach.

Interior-point (IP) methods have experienced an extensive
development over the last decade or so, and are being applied
to almost every optimization program [26, 27]. However, the
only previous work that solves a hydro-thermal coordination
problem using IP techniques is the one by Christoforodis et
al., [18], which limits itself to solving a proposed model by
the commercial package IBM-OSL, given no detailed infor-
mation on how the model is solved.

An IP algorithm implies that progress towards the optimum
is made through the interior of the feasible region rather than -
along its vertices. How this is done depends on the partic-
ular algorithm. The first interior-point algorithm was devel-
oped by Frisch [15] in 1955. Karmarkar [12] in 1984 devel-
oped an interior-point algorithm for linear programming that
was faster than any other known algorithm for large LP prob-
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lems, Karmarkar also proved that his algorithm is a polyno-
mial time algorithm while the simplex is not. In 1992, Mehro-
tra[13] developed a predictor-corrector interior-point method
1o solve the first-order necessary condition of the primal-dual
method. The code of this algorithm is called PCx. Lustig
et al. [11] applied Mehrotra’s predictor-corrector scheme to
their algorithm, The name for Lustig’s algorithm is OB1.
Vanderbei in 1993 developed another implementation of the
primal-dual path-following method. Vanderbei’s algorithm
is called LOQO [17]. In 1995 Zhang and Gondzio devel-
oped another two codes based on the predictor-corrector IP
algorithm by Mehrotra. Their names are LIPSOL {22] and
HOPDM [14], respectively.

As a reaction to all this work in interior-point algorithins,
there was also a revival of the simplex method in an effort
to improve its performance. With recent improvements, the
simplex coding is very competitive to, or even better than,
interior-point methods for small to medium size problems.
For large size problems, interior-point methods seems to out-
perform the simplex algorithm,

This paper compares the performance of several interior-
point algorithms and simplex algorithms in the solution of
medium-term hydro-thermal related problems for the Spanish
power system. The purpose of the comparison is to show
the performance of several recently-developed optimization
codes for solving LP problems and to provide a summary of
the main features of these codes.

The paper is organized as follows. In Section 2, the hydro-
thermal coordination problem is mathematically formulated.
The main features of recently developed interior-point algo-
rithms are discussed in Section 3. Computational results and
discussions are presented in Section 4. Section 5 contains the
conclusions.

2. PROBLEM FORMULATION

The notation is organized as given data, indices, sets and
number of elements in the sets, and variables. Among the
variables, there are independent or control variables and de-
pendent or state variables. Overlining indicates upper bound
and underlining stands for lower bound.

e DATA

a; is the fixed operating cost of thermal plant j [$/h],

b; the start-up cost of thermal plant j [$],

¢; the shut-down cost of thermal plant j [§],

d;; I-th cost slope of the variable operating cost function
of thermal plant j [$/MWh],

r; the maximum up ramp rate of thermal plant j
[MW /L],

s; the maximum down ramp rate of thermal plant j
[MW /h],

E, the minimum energy (o be produced by the thermal
Elants of th%&)roduction area p during the planning

orizon [MWHh],

oy; amount of pollutanty emitted by plant j when pro-
ducing 1 MWh of energy,

P,. maximum amount of pollutant v to be emitted

~ in emission controlled area e during the planning

horizon [kg],

w;(k) the lateral inflow volume to reservoir of hydro
plant  during subperiod k [Hm?),
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z;o the initial storage volume of the reservoir of hydro
plant s [Hm"],

;7 the upper bound of the final storage volume of the
reservoir of hydro plant 4 [Hm?],

z,p the lower bound of the final stgrage volume of the r
eservoir of hydro plant i [Hm?],

pi the generating characteristic of block { of hydro
plant ; [MJ/Dm3],

d(k) iI%/I %hVe customer power demand in subperiod k

R(k) ﬁ%\l thermal spinning reserve in subperiod k

(k) the duration of subperiod k [h],

M alarge penalty constant,

ds(k) is the demand in area s during subperiod &,

m, the transmission capacity of the interconnections of
area s,

INDECES, SETS AND NUMBER OF ELEMENTS

j the thermal plant index,

4 the pollutant index,

e the emission controlled area index,

p the production area index,

1 the hydro plant index,

k the subperiod index,

{ the block index for hydro or thermal plants,

J the set of indices of all thermal plants,

I the set of indices of all hydro plants

Jp the set of indices of the thermal plants of the produc-
tion area p,

Je the set of indices of the thermal plants in emission
controlled area e,

N, the number of pollutants,

N, the number of emission controlled areas,

N, the number of production areas,

C; the number of blocks of the variable operating cost
of thermal plant 7, )

U; the number of blocks of the turbine discharge of hy-
dro plant ¢,

N the number of subperiods of one week,

J, the set of indices of the thermal plants which belong

to area s,

I, the set of indices of the hydro piants which belong to
area s,

Q,; the set of indices of hydro plants upstream the reser-
voir of plant s,

K the set of indices of the subperiods (1,2,---,T) of
the planning period,

K the set of subperiods for which ramp-rate limits ap-
ply,

CONTROL VARIABLES

pji(k) I-th power block of the output power above the
minimum output power of thermal plant 5 in sub-
period k& [MV\})],

v;(k) a 0/1 variable which is equal to 1 if and only if
thermal plant j is committed in subperiod k&,

y; (k) a0/1 variable which is equal to 1 if and only if
thermal plant j is started-up at the beginning of
subperiod k, '

s;(k) the spilled outflow volume of hydro plant ¢ during
subperiod k [Hm3/s],

u;i(k) the turbine discharge volume block ! of hydro
plant 5 during subperiod k [Hm?/s]

STATE VARIABLES

p;j(k) the output power above the minimum output
power of thermal plant j in subperiod k [MW],
t; (k) kt?gﬁ %ﬁput power of thermal plant j in subperiod
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z;(k) a0/1 variable which is equal to 1 if and only if
thermal plant j is shut-down at the beginning of
subperlod k,

i k %vwer produced by hydro plant 7 in subperiod

=

piant ; at the beginning of subperiod & [Hm®],

u; (k) the turbine d1scharge volume of hydro plant z dur-
ing subperiod & [Hm?>/s],

o(k) the unserved power in subperiod k [MW].

(%)
zi(k) 1s the stora% e volume of the reservoir of hydro
(

2.1. Objective Function
The objective function is the total thermal production cost

which includes the fixed, start-up, shut-down and variable
COStS‘ for all subperiods, the objective function can be written

Z Z“J”]

) Uk) + b y;i (k) +cjzi(k)+

keK jeJ
C
Edjl pit(k) UR)] + M Z o(k). M
i=1 ke K

We assume that the total-production-cost function is con-
cave. The complete model of the hydro-thermal system is
linearized by segmenting the power output of each hydro and
thermal plant.

2.2. The Thermal System

The thermal system model comprises the following con-
straints.

¢ Each segment (block) of the power output of each ther-
mal plant is constrained by upper and lower bounds, i.e.,

0 <pji(k) < By

Vield; VhkeK; l=1,---,C; )

o The output power of every thermal plant, as the sum of
output power blocks, is given by

k) = Z pji(k)

=1
¢ Committed thermal plants must operate below their
maximum output-power limits, i.e.,

pi(k) <p; vi(k) VieJ, VkcK. @)

Vied, VkeK. 3)

e The power output of every commited thermal plant is
the sum of its minimum power output plus its generation
above its lower limit,

ti(k) = v v; (k) +p;(k) VjeJ VkeK. Q)
e Down and up ramp rates of thermal plants are also
bounded, i.e.,

ti(k) —tj(k +1) <s;l(k) VielJ Vke Ky (6)

tik+1) —2;(k) <ril(k) Vi€ J, VekeKq (7)

e For every production area, the generation energy for the
whole period of the thermal plants that belong to the
area, say p, must be above a prespecified energy limit,

ie.,
Y Y LW 2By p=1, N, (®)
JEJ kEK

¢ The amount of every pollutant () emitted in every emis-
sion constrained area (e) must be below a prespecified
threshold this is,

Do D ayti(k) (k) < Py
i€Je ke K
e=1,2,--+,Ng; 7:1’29"”9Ng» 9

Constraints (8) and (9) are of particular interest for the
Spanish system.

e The variables that describe the operation status (running,
start-up, shut-down) of the thermal units must satisfy
logical constraints in order to guarantee a proper se-
quence of status changes, i.e.,

Y3 (k) = 2 (k) = v (k) = vi(k = 1)
VieJd, Vkek, (10)

v (k),y;(k), 2 (k) € {0,1}
ViedJ, VkeEK. an

e The number of start-ups and the number of shut-downs
of every thermal plant during a week (IV subperiods) is
limited to 1, i.e.,

n+N
Sulk) <1 Vied
k=mn
Yn=1,1+N,14+2N,---,K—N, (12)
n+N
Yozk) <L Vied,
k=n
Vn=1,14+N,1+2N,--- K —~N. (13)

2.3. The Hydro System
The hydro system model comprises the following constraints.
o In every subperiod, the total turbine discharge of every
hydro plant is segmented in blocks; thus, it is given by

the sum of discharge blocks (segments) of the total plant
discharge,

U;
B=wt S ualh)

I=1

Vic I, Vk e K. (14)



¢ For every subperiod, the hydro production of every hy-
dro plant is assumed concave; it can be expressed as a
combination of the turbine discharge blocks,

Us
hi(ky =h; + ) paua(k) Vi€ I,Vk € K. (15)
=1

o Each discharge block of every turbine is constrained by
upper and lower bounds, i.e.,

0 < uy < Wy Viel 1=1,2,---,U. (6
¢ The water conservation equation over all subperiods and
for all reservoirs, is given by

zi(k+ 1) = zi(k) — wi(k)I(k) = si(k)L(F)
+ D [u(R) + 55 (R)I(k) + wi(k)U(R)

FRRTT
Viel, VkeK. 7

The canals are modeled by adding a variable to Equa-
tion (17). This variable represents the flow per period
through the canal. The sign of this variable depends on
which direction the water is flowing.

o There are upper and lower bounds on reservoir volumes,
ie.,

z <wz(k)<z Viel, VkeK. (18)

o Spillage outflows must be positive, i.e.,

0<si(k) <z Vicl, VkeK. (19)
e The initial and the final conditions on the reservoir vol-
uies are given by

zi(0) =20 Vi€l (20)

T < £C,'(T+ 1) < Tir Vie . 2D

The power production of a hydro plant (say ¢), as a function
of the water discharge, is dependent upon the head of the
reservoir associated with the hydro plant 7. Thus, for every
reservoir head there is a “power/discharge” curve. The depen-
dency on the head can be taken into account by solving sev-
eral times the whole hydro-thermal coordination problem and
choosing, before every run, the appropriate power/discharge
curve, This procedure has proved in practice to be computa-
tionally stable.

24. Global Constraints

These constrainis couple together the thermal and the hydro
subsystems and are considered independently for each sub-
system when a decomposition algorithm is used.
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Power balance in all subpetiods (including unserved

power)
STtik) + Y hilk) +o(k) = d(k) Vk€K.
jedJ iel 22)

Spinning reserve margin

Z [tjvj (k) — t;(k)] + .Z[Ei — hi(k)] > R(k)
’ Vk e K. 23)

o Transmission network constraints

After linearization these constraints are as follows:

Y (k) + Y hi(k) = dy(k)| < m,. 24)

Jj€Js i€l,

2.5, Solution Procedure

The above problem is a large-scale sparse 0/1 mixed integer
LP problem. Our proposed solution relaxes the 0/1 variables
so that they belong to the continuous interval [0, 1]. The so-
lution to the resulting LP problem is obtained by using the
codes described in the next section; in every subperiod, most
relaxed integer variables end up having values 0 or 1, except
for a few (typically, one or two) that have values between
0 and 1. This behavior is a consequence of the interaction
between the hydro and thermal subproblems; in order to re-
duce the cost, hydro plants tend to substitute marginal ther-
mal plants (which are the plants whose relaxed integer vari-
ables have values between 0 and 1).

Relaxed integer variables that are between 0 and 1 are
treated by a rounding strategy. This strategy assigns a value of
0 or 1 to each of these variables so that the minimum up and
down time constraints, the load balance equations and spin-
ning reserve margins are satisfied. After the schedule of ther-
mal plants is known and fixed, we solve the MTHTC problem
again.

3. RECENT INTERIOR-POINT CODES

In this section we describe the interior-point codes by Mehro-
tra, Gondzio, Vanderbei, Zhang, and Lustig; we also out-
line our proposed code IPA1. All the codes implement
Mehrotra’s primal-dual path-following predictor-corrector al-
gorithm; this algorithm is basically described in [10, 13].
3.1. LOQO

LOQO [17] is a primal-dual path-following algorithm that
solves quadratic (convex) programs as well as linear pro-
grams. As implemented, LOQO operates on QP problems
directly as they are read from an MPS file. The general form
of such programs is

minimize f -+ Ta 4 —;—:cTH:c
subject to

b< A <b+r, I<z<u
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where A is an m x n matrix, and H is an n x n positive
semidefinite matrix, b is the right-hand side, » is the vector of
ranges on the constraints and u and [ are the upper and lower
bounds.

The advantage of solving the program directly in an MPS
data structure is that a certain primal-dual symmetry inherent
to the MPS format is preserved.

The search directions are obtained by solving the First-
Order Necessary Conditions for Optimality (FONCQO). The
FONCO equations form a large sparse indefinite linear sys-
tem; however, they are easily turn into a symetric system
(providing that the problem is solved directly in the MPS for-
mat). LOQO solves the FONCO equations by predetermined
reduction on the system (which is done by pivoting without
regard to the size of the pivot element). The reason for using
predetermined reduction instead of normal pivoting is that it
yields faster codes. Reductions are performed until a system
of equations in Az and Ay is obtained; such system is solved
by amodified Cholesky factorization that has been altered to
solve symmetric quasy-definite systems. The diagonal piv-
ots are selected based on a global fill-in minimizing heuristic;
this global heuristic analyzes the overall structure of the ma-
trix instead of minimizing the fill-in produced in each subse-
quent stage as myopic heuristics do.

32. PCx

The PCx code has been developed by Mehrotra’s group [16],
and is a variant of Mehrotra’s algorithm. It reads the data in
MPS format and converts it to the standard LP format. The
primal and the dual of a problem in standard form are, respec-
tively,

minimize ¢tz

subject to

Az =b, z+s=u, x>0, s>0
and

mazimize b'y—uFw
subject to

ATytz—w=c, 2z>0, w>0

PCx finds the search directions by performing a prede-
termined reduction of the FONCO equations and leads to
the Normal-Equation (NE). The NE system is symmetric
positive-definite and is solved by an efficient and robust pro-
cedure that includes Liu’s multiple minimum degree order-
ing strategy [24], and Ng and Peyton code [21] for sparse
Cholesky factorization; the code is slightly modified to han-
dle the small pivots that usually arise in the later iterations of
interior-pointmethods.

The NE matrix can be much denser than the restriction ma-
trix A if A contains dense columns. The authors of PCx are
currently working on a new version of the algorithm using
Schur complements to avoid fill-ins in the normal-equation.

3.3. HOPDM

The algorithm implemented in HOPDM [14] is a variant of
Mehrotra’s algorithm that uses Multiple Corrector Steps of
Centrality (MCSC) in order to try to reduce the number of
iterations.

The FONCO equations are solved by a predetermined re-
duction, Computing the solution of the resulting reduced sys-
tem is done in two steps: factorization of the matrix into some
easily invertible form and a solution procedure that exploits
this factorization. In general, factorization usually takes up to
90 % of the total CPU time needed to solve an optimization
program. HOPDM tries to reduce the number of factoriza-
tions at the expense of some extra time per iteration. The idea
behind MCSC is that although the theory requires that iter-
ates remain in the neighborhood of the central path, in practi-
cal computing experience, they may stay quite far away from
it without adverse consequences on the ability to take long
steps. What really prevents a primal dual algorithm from tak-
ing long steps is a large discrepancy between complementary
products z;z; and s;w;. HOPDM looks for a corrector step
Ac that allows for longer step sizes in the composite direction
At = Ap + Ac, where Ap is the predictor step. The cor-
rector step direction is chosen as the one that minimizes the
diferences among the complementary products. The number
of times that the corrector step is repeatedly applied depends
on the effort needed in each factorization.

3.4. LIPSOL

LIPSOL has been developed by Zhang [22], and imple-
ments another version of Mehrotra’s algorithm. LIPSOL is
a Matlab-based software package for solving linear programs
[23]. It uses Matlab’s sparse-matrix data-structure and MEX
external interface facility. At the same time, LIPSOL takes
advantage of existing efficient Fortran codes for solving large,
sparse, symmetric positive-definite linear systems: a sparse
Cholesky factorization package by Esmond Ng and Barry
Peyton [21] and a multiple minimum-degree ordering pack-
age by Joseph Liu [24]. Matlab’s high level programming
enviroment makes the code more simple and versatile than
codes in Fortran or C.

3.5. IPAl

IPAT [25] is yet another Mehrotra’s predictor-corrector algo-
rithm that is programmed in Matlab by the authors. It han-
dles variables with and without upper bounds. IPA1 solves
the normal-equation system by a symmetric minimum-degree
reordering and a Cholesky factorization; it uses Matlab’s
sparse-matrix data-structure.

3.6. CPLEX-Logbarrier

CPLEX-Logbarrier [1] is a solver option of the commercial
package CPLEX. It is the latest version of Lustig’s code OB1.
It is also based on Mehrotra’s algorithm. CPLEX-Logbatrier
solves linear and quadratic problems,

Depending on the normal-equation structure, two possible
reorderings can be chosen by the user to reduce the number
of non-zeros in the Cholesky triangular matrix. The resulting
system is then solved by Cholesky factorization.



Table 1: PRO1 Solution Times

PRO1
n=1296, m=819, nonzeros=3120
CODE CPUs Iterations
PCx 4.653 9
LOQO 6.719 12
HOPDM 3.647 9
LIPSOL 20.342 11
IPA1 > 25 11
CPLEX-BAROPT 423 9
CPLEX-OPT 4.82 1041
CPLEX-TRANOPT | 2.92 435
CPLEX-NETOPT 418 599
4. RESULTS

In this section we compare the performance of the codes de-
scribed above when solving two relaxed hydro-thermal coor-
dination problems. One of these is a small-medium size prob-
lem called PRO1; the other is a realistic size hydro-thermal
coordination problem based on the electric energy system of
mainland Spain, named PRO2. The solution times reported
refers to a SUN SparcStation 2 with 64 MB of RAM. The op-
timality criterion tolerance is set to 10~ for all the codes and
for both problems.

LIPSOL and IPA1 are programmed in Matlab. This means
that the codes are simpler, more versatile and easier to under-
stand but at the same time slower than the rest of the codes.
For this reason, their execution CPU-times haven’t been con-
sidered when comparing the codes.

4.1. PRO1

The small-medium size hydro-thermal coordination problem
PROL1 has the structure shown in Figure 1 where a blank
means a zero clement and a dot stands for a non-zero ele-
ment. The problem objective is to optimize the operation of
three thermal plants and three coupled hydro units over 48
time periods. The system is modelled according to Section
2, with the simplification that only one block is considered in
the total-production-cost function of the thermal plants, and
only one block is considered in the hydro-power/discharge
function of the hydro plants. This formulation leads to a min-
imization problem with 819 constraints and 1296 variables,
there are 3120 nonzero elements in the constraint matrix. The
vector of variables X is col[v, y, z, p, t, &, u, 8, $1, $2], Where
sy are the slack-variable vector for the minimum output-
power constraints, i.e., Constraints (4), and s, is the slack-
variable vector for the spinning reserve margin constraints
and energy constraints imposed on the thermal plants, i.e.,
Constraints (23) and (8-9); the meaning of the remaining of
the variable vectors can be found in Section 2.

The performance of the various codes is shown in Table
1. According to the execution times shown in this table, all
codes perform quite evenly for this small-medium system; the
same performance is observed with other small-medium size
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Figure 1: Structure of the restriction matrix of PRO1.

problems. The fastest algorithm for PRO1 is the TRANOPT
option of CPLEX (56 % faster than the slowest code which is
LOQO); the option TRANOPT runs a simplex algorithm on
the dual of the original problem,

4.2. PRO2

The problem objective of PRO2 is to optimize the operation
of the Spanish hydro-thermal generating system over 42 time
periods. The thermal subsystem consists of 30 thermal plants;
the hydro subsystem is composed of 29 coupled hydro plants
of the Sil river; the rest of the Spanish hydro subsystem is
aggregated into another hydro plant. Once the binary vari-
ables are relaxed, the hydro-thermal coordination problem re-
sults in an LP problem formulation with 7830 constraints and
13500 variables, and 37538 nonzero elements. The structure
of PRO?2 is shown in Figure 2.

The demand (-), and the optimal thermal (-0) and hydro
production (-*) are shown in Figure 3. The computer results
show that the optimal hydro production flattens the demand
curve, absorving all the changes in demand. This hydro gen-
eration pattern prevents the thermal plants from regulating the
load, which is expensive and may cause damage to the boil-
ers.

The restriction matrix of PRO2 does not apparently have
dense columns since (number of non-zeros / number of rows)
> 0.05 . The structure of PRO2 favours interior-point codes
that reduce the FONCO equations to the normal-equation sys-
tem as only few fill-ins may occur. In fact, our results show
that LOQO is the siowest of the interior-point codes tested
since LOQO does not use the normal-equation. The fastest
code is CPLEX-logbarrier which is 45 % faster than LOQO;
the second fastest is HOPDM with a speedup of 42 % with
respect to LOQO. All interior-point codes are faster than the
simplex-based methods for PRO2. Results are shown in Table
2.

We also solve the thermal and the hydro subproblems of
PRO2 independently. The interior-point solution time for
each subsystem is about half the time needed for the com-
plete solution. However, the simplex based algorithms spend
approximately one tenth of the complete solution time for
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Figure 2: Structure of the restriction matrix of PRO2.

Table 2: PRO2 Solution Times

PRO2
n=13500, m=7830, nonzeros=37538

CODE CPUs Tterations
PCx 233.89 39
LOQO 312.73 35
HOPDM 180.38 36
LIPSOL 653.77 34
IPA1 > 1000 > 30
CPLEX-BAROPT 169.55 33
CPLEX-OPT 424.63 1197
CPLEX-TRANOPT | 535.86 5553
CPLEX-NETOPT 564.43 7131

each subsystem; this performance confirms, once more, the
well known fact that simplex solution times grow faster with
problem size as compared to interior-point techniques.

Taking into account that a simplex decomposition-based
solution procedure requires, on the average, at least three it-
erations on both subsystems, the total CPU-times required by
simplex decomposition-based codes is larger than the time
needed by one-step interior-point techniques. Also, dealing
with global constraints and related convergence problems is
avoided by using one-step interior-point methods, Interior-
point methods can solve larger problems avoiding decompo-
sition,

CPLEX-logbartier is the only code that includes a post-
processor that obtains all the basis information. The solution
times on the tables do not show the time needed by CPLEX-
logbarrier postprocessor in order to make a fair comparison
of the codes. CPLEX-BARRIER postsolve needed 13 % of
the whole CPU-time required to obtain a basic solution for
PRO1, and 16.07 % for PRO2.

CPLEX-logbarrier needs less iterations and less time to
solve PRO1 when the presolve option is off. However, for
PRO?2, the solution time is faster (8.76 %) with the presolve
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option on; the number of iterations is the same.

The proposed heuristic for obtaining the thermal schedule,
deteriorates the value of the LP objective function by less than
0.5 %. We have compared our heuristic technique for han-
dling integer variables to the CPLEX Mixed Integer Solver.
The minimum up time and minimum down time constraints
of the MTHTC problem are not included in the comparison
because they lead to non-linear constraints that cannot be han-
dled by the CPLEX. The CPLEX solution time is about 27.5
% slower than the time required to obtain the complete solu-
tion by our method.

It should also be considered that all the codes but the
CPLEX are written for research purposes and are organized
to be simple to understand by other researchers; they avoid
programming techniques that make commercial codes faster
but difficult to understand. Vanderbei [17] claims that up to
50 % of speedup can be obtained by standard programming
techniques.

Based on the results presented above and on our experi-
ence, we cannot conclude that one code is better than the oth-
ers. The structure of the problem proved to be a very impor-
tant factor when choosing an algorithm. The available bud-
get, and whether obtaining a basic solution is important or
not, among other things, are also important issues to take into
account when choosing an algorithm.

5. CONCLUSIONS

The hydro-thermal coordination problem is presented in de-
tail in this paper. The main difficulties encountered by other
means of solution are pointed out. The main features of four
very recently developed research algorithms and CPLEX-
logbarrier code are discussed. Their performance in finding a
solution to the hydro-thermal coordination problem is com-
pared to the performance of simplex-based methods. The
solution to a realistic medium-term hydro-thermal coordina-
tion problem that is based on the mainland Spain power sys-
tem is briefly presented. The results show that interior-point
methods can solve large hydro-thermal coordination prob-
lems faster than simplex decomposition-based methods.
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