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Abstract— Optimizing the thermal production of
electricity in the long term, once the maintenance
schedules have been decided, means optimizing
both the fuel procurement policies and the use of
fuels for generation in each thermal unit
throughout the time period under study. A
fundamental constraint to be satisfied at each
interval into which the long time period is
subdivided is the covering of its load duration
curve with thermal and the stochastic hydro-
generation. A new procedure to optimize this
problem is proposed. It is based on the use of a
power-energy function for each interval, which
changes with the deterministic and stochastic
hydrogeneration and with thermal generation.
Through this function the generation duration
curves that come from the load duration curves of
all intervals, are matched.
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1. INTRODUCTION

The solution to the long-term hydrothermal coordination
indicates how to distribute the hydroelectric generation (cost-
free) in each reservoir of the reservoir system over a long
period of time (e.g. one year) , so that the fuel expenditure
during the period is minimized. When some thermal units can
use more than one fuel or share the same fuel contract with
other units, and there are fuel limits for one or more units over
the whole period or parts of it, fuel acquisition and usage must
also be optimized in coordination with hydrogeneration, which
leads to a bigger problem. As usual, the long time period or
horizon under consideration (e.g. one year) will be subdivided
into several time intervals of shorter duration (e.g. one month)
for which optimal values of decision variables are to be found.

The fundamental difference between long term and short
term hydrothermal optimization, aside from the length of the
time period studied, lies in the fact that the availability of
thermal plant, the demand for electricity and the water inflows
in the reservoirs are not deterministic, but only known as
probability density functions.

The literature on long-term hydrothermal coordination is
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rich. However, only a few papers on this subject describe
methods that deal with stochastic inflows and that balance
thermal and hydro-generation through the load duration curve
(Ld.c.) and not just with the peak load or through the total
energy demand of the interval. Sherkat et al. [10] consider at
each interval a staircase l.d.c. with a few load segments. These
l.d.c’s are peak shaved with the expected values of the
generations corresponding to the releases of all reservoirs but
one in turn, and optimize with dynamic programming the
releases of the remaining reservoir, considering the thermal
cost curves of the load segments of the L.d.c. for a series of
river inflow sequences. Contaxis and Kavatza [4] optimize the
stored volumes of the reservoirs with dynamic programming,
obtaining for each reservoir in each interval a probability
distribution function of hydrogeneration from the stochastic
water inflows (while satisfying the reservoir balance equations
with expected values of inflows and outflows) and convolve
[11] the probability distribution functions of hydrogeneration,
replacing the most expensive thermal units to cover the l.d.c.
of each interval. Neither the method of Sherkat et al [10] nor
that of Contaxis and Kavatza [4] deals with fuel limits.

Ranjit Kumar et al. [9] optimize the long-term fuel
procurement and use with fuel limits. They use probabilistic
production costing methods {1,11] with a given priority
(loading order) list to determine the maximum limits on the
energies generated by each unit in each interval, and then a
network flow solution [5] for the entire period is used to
generate a new priority list for each interval, correcting
priorities according to capacity factors in the network solution.
System and unit fuel limits are modified to correct the
mismatches between generation and the Ld.c. This method
does not consider hydrogeneration.

The work presented here describes a new model for long-
term hydrothermal coordination with fuel limits. This model is
to be used in hydro scheduling and fuel budgeting to minimize
the cost of fuels acquired plus that of unsupplied energy over a
long time period (e.g. one or two years), optimizing for each
interval,

« the expected fuel supply requirements of each possible type

« the emergency energy imports to cover the uncovered load

« the quantities of fuel used for generation by each thermal unit
and stored :

* the volumes of water stored and discharged for generation at
each reservoir (in terms of water inflow availability).

The constraints to be satisfied include the balances of fuels
acquired and spent, and those of water inflows and discharges,
and covering the 1.d.c of each interval. The computational
results described include the solution details of a real case.

This work is an extension of a former one on long-term

“hydrogeneration optimization [8], in which thermal generation

and load covering with hydro was simplified through
precalculated functions of variation of expected thermal
production cost with hydrogeneration, and no fuel limits were
considered. The hydro model used here is the same as in [8]
regarding stochastic water inflow and stochastic hydro-
generation representation, and not much detail will be given
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here on this aspect, as these topics are fully described in [8].

It is not easy to carry out a comparison between the
performances of the method proposed and that of other existing
methods mentioned, due to their different characteristics.
Evaluating and comparing lorig-term policies, obtained with
different procedures, over a long-term period with stochastic
events is an open problem, out of the scope of this work. The
method proposed is more accurate than existing methods in the
consideration of the long-term stochasticity of hydrogeneration
and in the covering of the load duration curve of the intervals,
without requiring excessive computational resources. Thus it
can be assumed, though it cannot be proved, that the results
obtained are closer to the real optimum of the long-term
hydrothermal coordination than with other existing methods.

II. THE L.D.C. AND THE G.D.C. OF EACH INTERVAL

There are well known procedures [1,11] to build up the
probabilistic generation duration curve (g.d.c.) from the 1.d.c.
when only thermal units —with unlimited fuel supply— are
employed. The generating capability, the forced outage rate of
each unit, and a loading order list are required. From the g.d.c.
we get the expected energies Ej (j=1,...,Ny, N, being the
number of units) that the jth unit will most probably generate
when contributing to cover the load. We also get the non
negligeable —and expensive— emergency energy Ey that will
have to be imported (see figs. 1a) and 1b), where N=6).

Given that the long term time period (e.g. one year) will be
subdivided into shorter time intervals (e.g. one month) and we
will have a predicted 1.d.c. for each interval “i”, we can obtain
through the g.d.c.'s the energies Ej! (i=1,..,N;, N; being the
number of intervals) that the j unit will most probably

generate over the ith interval. Thus ZF‘Eji will represent the
expected energy to be generated over the long term period by
the jt unit.

Should the available fuel for the j™ unit be less than that

necessary to generate ZiN‘Eji MWh, the g.d.c. of one or several
intervals ought to be modified. The modification of the g.d.c.
of one such interval “i” can take either of two forms:

* a change in the loading order list of one or several intervals
so that the jth unit is further down in the list and generates less
[9], or

 a reduction in the power output Pji of the jth unit below its

rated capability Pj, over one or several intervals “i”.

Fuel limits occur naturally even when there are no fuel
restrictions, but there are different contracts affecting limited
amounts of the same fuel. Deciding how much to buy of each
fuel under which contract (together with the use of hydropower)
and allocating limited amounts of such fuel to different
intervals is an optimization problem where the fuel limits
described will have to be considered. Thus, in order to duly
account for interval load, one of the types of g.d.c.
modification will have to be used. The second one, that of the
power level reduction, has been adopted here.

Optimizing hydrogeneration over the long term period
means allocating hydroenergies to each interval helping to
cover its 1.d.c.s. The g.d.c. of each interval will thus include
an “optimized” amount of hydrogeneration (together with an
“optimized” amount of fuel-limited thermal generation).
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Fig. 1 a) Original load-duration curve (l.d.c.)

b) Generation-duration curve (g.d.c.) and l.d.c. (dotted)
c) L.d.c. peak-shaved with deterministic hydro-
generation HO

d) G.d.c. corresponding to peak-shaved l.d.c., including
stochastic hydrogeneration HD

OI. HYDROGENERATION CONTRIBUTION TO EACH G.D.C.

As developed in [8] the hydrogeneration to be optimized at
each long term interval can be described by a block probability
distribution such as that in fig. 2b) if a multicommodity long
term hydro optimization model of a multireservoir system is
used. The block probability areas pi, p2,..., pK- (see fig. 2)
are fixed beforehand. (K being the number of probability
blocks with which the stochastic water inflows (see fig. 2a))
are approximated [8], (K=3 in fig. 2). The hydrogenerations
Hg, Hy,..., Hk for each reservoir and each interval are part of
the optimization results. Its probability distribution suggests
that there are two basic types of hydrogeneration: the
deterministic hydrogeneration Hg MWh (with 100%
availability) and an stochastic hydrogeneration Hy MWh —
whose availability is less than 100%— which comes from Hy,
Hj,..., Hk and py, p2,..., px. The values of Hyi (k=0,1,...,.K
and i=1,...,.N;) for each reservoir will be optimized together
with fuel and thermal generation.

4prob. density 4prob. density

of inflow of hyd.generation

a) b)
P, |
:S i = P1 P2
i P1 P3™. linfl. P3 hyd.gr

P> mYs MWh
inflg inflyinfl., infly Ho Hy Hy o Hy
Fig. 2 = a) Probability density function of inflow in a reservoir

over a given interval and approximation by 3 blocks
b) Resulting approximated probability density function
of hydrogeneration in a reservoir over a given interval
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When an elaborated long-term hydrogeneration model —
such as the multicommodity one— is available, there is no
need to take the simplifying assumption that all
hydrogeneration in a given interval is loaded on its g.d.c. as a
single thermal unit. The deterministic hydroenergy Hp and the
stochastic hydroenergy Hp must influence the covering of the
1.d.c. in different ways. The deterministic part Hy is used to
peak-shave the 1.d.c., whereas the stochastic Hp contributes to
the covering of the L.d.c. just as any other thermal unit, whose
availability is less than 100%. Thus for each interval “i” first

its 1.d.c., whose area is El, is peak-shaved with Hg! (see fig.
1¢)) and then thermal units plus the stochastic hydrogeneration
part Hl cover the peak-shaved 1.d.c. (see fig. 1d)).
For the stochastic hydrogeneration to behave as a thermal unit
in the g.d.c. we would need to know about it the same
parameters that characterize thermal units in the g.d.c,, i.e.
power output, forced outage rate and position in loading order
list. None of these is determined, and instead we have that the
area (energy) in the g.d.c. of interval “i”” corresponding to the
expected stochastic hydrogeneration should be:
K .
Hpai= Y, qcHy!
k=1

where qy is the availability rate corresponding to a pseudo unit
that could generate at most Hy! MWh over interval “i” (see fig.
2b)). It is simple to prove that for a multiblock probability
density function such as that in fig. 2b), the availability rate gi
is:

@

K
w=E+ 3 p @
j=k+1

The integration of the stochastic hydroenergy into the g.d.c.
will be made under the following assumptions:
* The area (expected energy) in the g.d.c. will be Hyl (see fig.
1d)
* Instead of considering that the stochastic hydroenergy comes
from a single pseudo-unit, it will be assumed that it comes
from N,; pseudo-units, each one generating HAji and placed in
the loading order list just after each of the Ny thermal units
(see fig. 1d)).
» The power output of the ensemble of stochastic hydro
pseudo-units must be such that together with the mean power
output of the deterministic hydro production (Hg! MWh) it is
less than or €qual to the maximum rated hydro-power
capability Py. Since the mean deterministic hydropower is
clearly Hgi/Ti (Ti being the interval's duration), we will have
that the total power corresponding to stochastic hydro-energy
P,i and the power of the jth pseudo-unit P,;! will satisfy at the
ith interval:
o N i
Ppl=Y Pyi<py-HO
j=1 T
PAl changes with Hy! . Its value depends on the relative values
of HAji (j=1,...,Ny), as these energies are placed in different
positions in the loading order list.
* The availability of pseudo-units could be approximated by:

K .
H 1 K .
k§1 qkiik S Hy!
k=1

3
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Fig. 3 a) Generation-duration curve with stochastic hydro

b) Smothed generation-duration curve (s.g.d.c.)
showing modified stochastic hydro Hp
c) S.gdc

» For the i® interval the emergency import Ex', associated to
the g.d.c., changes with Ho!, with Hp! and with the differences
):JN“ (ﬁj - Pji) . Simulations made with several g.d.c.

changing Hol, Hai and Pj' show that this variation can be
approximated by an expression such as:

: 2
B = 2 L )
Hol - bl
with
- HE L Ne
y=py - B _p,isS (P;- ) ©
T j=1

where the parameters ai, bi and ¢i must be estimated for the
l.d.c. of each interval )
« The maximum shortage duration Tx! with unsupplied energy

" is a function of the same type and of the same variables as

those of the emergency energy, and in the ith interval could be
estimated with an expression of the type (5) with different

parameters: _
Txi = ———dl (Y)2 +f
Hy' - ¢
where di, ei and fi must also be estimated for each interval

The g.d.c. of the it interval could look like that shown in
fig. 1d).

)

IV. APPROXIMATING THE GENERATION DURATION CURVE

The covering of the g.d.c. of each interval by the
contributions of thermal and hydro generation are constraints
that must be taken into account by the long term coordination
optimization, but in order to make optimization possible and
computationally efficient, the discontinuities in the g.d.c. must
be smoothed out.

Figs. 3b) and 3c) show a smoothed g.d.c. (s.g.d.c.)
equivalent to the g.d.c. of a given interval. The main
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difference is in the shape of the slices corresponding to
stochastic hydrogeneration of pseudo-units. The availability of
these pseudo-units is much less than that of 2 normal thermal
unit (e.g.: from expressions (2) and (4), taking the simplifying
assumption that Hi=Hj=...=Hk and that py=ps=...=pg=1/K
one gets that the availability rate would be 0.5). This brings
about indentations in the g.d.c. Smoothing out these
indentations while keeping the expected hydrogeneration area is
equivalent to increasing the availability of these units to that
of a thermal unit (i.e. increasing the duration of its generation
—see fig. 3b)—) while reducing the power output of the
stochastic hydrogeneration, which is not an unrealistic practice.
By integrating the s.g.d.c. (see fig. 4a)) along the power
axis up to the power at which the emergency energy steps in,
we obtain the energy corresponding to each power level, so
that we could plot, as in fig. 4b), the power level w.r.t. energy
for a given s.g.d.c.. This function will be referred to as Power-
Energy (PE) function, and it is important to point out that
there is a bijective correspondence between the PE function and
the s.g.d.c. from which it has been obtained. The PE function
of a given interval “i” (see fig. 4b)) has several interesting
features:
* its left part is a straight line of slope 1/Tg! through the
origin, where Tg' is the expected base generation duration of
the s.g.d.c.. The value of Tg! depends on Ti and the forced
outage rates of the first units in the loading order list, and can
be estimated without difficulty
* the point at which the straight part of the PE function starts
an upward bend has power Pg' and its energy is obviously Pg'
Tg' . Pg' corresponds approximately to the base power of the

Ld.c. of the interval with corrections that depend on the °

capacities and forced outage rates of the first thermal units in
the loading order list

» the durations of the s.g.d.c. are the inverse of the derivative of
the PE function: t= 1/(dPE/dE)

* the upper right part of the function has slope 1/T %!, where
Tx' is the maximum shortage duration (with emergency energy
imports) in the s.g.d.c.; it can be calculated with (7)

* the coordinates of its extreme upper-right point are

Ny
Pyl + ,=21 Pj,E' - Hg'- Bxi) ®

where Ex! can be calculated with expression (5) (see Fig. 3).
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The PE function of each interval thus changes with Hgl,
Hyi and Eji (j=1,..,Nu) and will be used when optimizing the
long term hydrothermal coordination to ensure that the
generations of each interval conform to their s.g.d.c.s.

V. REPRESENTING THE S.G.D.C. OF THE INTERVALS

One way of including the s.g.d.c. covering constraint in the
optimization process is through an analytic expression of the
PE function. The analytic expression proposed for the PE
function has two distinct parts as in a former work by the
authors [7]:

« a straight line segment (B(,B1) through the origin and with
slope 1/Tg! up to the point (PGPl Tg), and

« a Bézier curve [2] generated with four points: B1, B2, B3 and
B4 (see fig. 4c)).

The line uniting B3 and By4 has slope 1/T: x! and its final
point B4 has the coordinates (8). Points Bg,B1 and B2 are
situated on the same straight line (with slope 1/Tg'), as this
ensures —in Bézier curves— that there is continuity in the
first derivative of the curve at the linking point Bj.

Point B9 is placed at a fixed proportion of the distance
between B] and the intersection point of the straight lines from
the origin with slope 1/Tg! and from B4 with slope 1/Tx'.
The same is true for point B3 between B4 and the same
intersection point.

Assuming that the coordinates (power and energy) of points
Bm, m=1,....4, in fig. 5.b) are (Pgn .EBm) m=1,...,4, the PE
curve can be expressed as follows: for energies between 0 and
EB1 _

P=ETg' (&)

and for energies between Eg1 and Eg4 (or power between Pg
and Ppy) through the Bézier curve, expresseq by:

P =Pp1(1-B)’ + 3PpP(1-)? + 3Pp3P2(1-p) + Ppap?
E = Ep(1-)* + 3Ep2B(1-B)? + 3Ep3pX(1-B) + Epsp®  (10)

0< B<1 :
which is a parametric curve in f.

Finding either P or E corresponding to a given E or P
in curve (10) means finding a root (between 0 and 1) of a third
degree polynomial. In the programs developed this is done
using Cardano's method [3].

The coordinates (Ppm , EBm) m=1,....4, of the
representation of the PE function of the s.g.d.c. of the ith
interval, can all be expressed in terms of either: N
« the parameters Py, P;j (j=1,....Ny), px (k=1,...K), E'and T",

« or the predetermined constants Tg!, PG, ai, bi, i, di, €, fi,

« or the optimization variables Hy! (k=0,1,...,K) and Eji
(=1,...Ny),

thus the PE curve (9,10) of each interval and its derivatives can
be employed in hydrothermal optimization. It should be
pointed out that there is no need to have explicitely Ex! in the

formulation as this energy will always be the balance: E'-Hg'-
Zj(Ej‘+H Aj') and that the coincidence of power at point By
between that calculated through the PE curve and Pp'+ X;iPji

can be imposed through an equality constraint as (13)
considered later. Thus the PE curve (9,10) self-adapts to
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changes in Hyl (k=0,1,....K) and Eji (j=1,...,Ny).
VI. POWER AND GENERATION CONSTRAINTS OF THE S.G.D.C.

The PE curve defined in the former Section for any interval
“i” P=PEi (E) is instrumental in ensuring that thermal
generation, stochastic hydro-generation and power output
conform to the s.g.d.c. of their interval.

As shown in fig. 4c), from the PE curve we can obtain the
expression of the power generated by the jth unit in the ith
interval as a function of thermal and stochastic hydro-
generation:

. D . , L ; i
P =PE'|E} + 2—1 (B + Hpgd ))-PE‘(E_,1 (Eyf + Hppd ))

an
Through (11) we can enforce that no thermal unit generates
beyond its power capability:
Pi<P; (=1,..N,) 12
The power level corresponding to total thermal generation
plus stochastic hydro-generation (see fig. 5) must be:

Ny . o Ny
PE' LZ (B + Hy' )) =Py'+ 3 P} a3)
i=1 j=1
PAl thus behaves as the power of an energy limited thermal
unit. In terms of the energies of the Ny, hydro pseudo-units, and
taking into acount (1) and (2) Hp! is:

. Nu . K K .
Hi=Y Ha'= ) ("—k + X Pj) Hy! 4
=1 k=1 V2 kel

VII. HYDRO-CONSTRAINTS AND HYDRO-GENERATION

Hg' and Hyd (k=1,....K) of (14) are not directly optimized as
they are intermediate variables. The hydro-variables really
optimized are the multicommodity stored volumes and
discharges. The multicommodity constraints and generation
function that relate multicommodity hydro-generation to
multicommodity stored volumes and discharges is fully
elaborated on in [8].

Let vpi! and dyy! be the stored volume and discharge of the
n'h reservoir in the it interval of water corresponding to
commodity “k”, and let V;, and D,, be the maximum' volume
and the maximum discharge of the n't reservoir. In the sample
replicated hydro-network in fig. 5a), considering that the n'h
reservoir is downstream of the (n-1)™ reservoir, the balance
equations for the n® reservoir in the ith interval would be:

kK k k. k.
2 vt + Y da =3 vt + 3 dni' k01K (15)
0 =0 0

and the bounds and mutual capacity constraints for stored
volumes and discharges are respectively:

0< vl € Vp, 0< dpl <D,

k=0,1,...K  (16)
K L K L ’
S vak'SVy, Y d' <Dy an
=0 k=0

Fig. §

a) Replicated multicommodity water network
b) Replicated generalized fuels’ network

A hydrogeneration function h(.) for a reservoir computes the
generated power in terms of the initial and final volume and the
discharge over a given interval. The function employed will
give the cumulative generation up to commodity “k” in terms
of initial and final volumes, and discharges up to commodity

b‘k”:
k . k ) k ok
2, Hyj' =h(2 voi!, 3 Vot 3 dnj‘) a8
=0 =0 =0 =0
thus, )
. k _ k ok .
Hyy' = h‘Z vaitl, 3 voit s X dnj‘)
j=0 j=0 j=0
k-l .kl .kl a9
-0 vaitt, 3 veits 3 doj!
=0 =0 =0
If there are N; reservoirs,
. r .
Hy'=)Y Hp' k=01,.K (20)

n=1
to be employed in (14) and for Hyl.
VII. FUEL-CONSTRAINTS AND THERMAL GENERATION EFFICIENCY

The sample replicated generalized fuel-network in fig. 5b)
shows the fuel flows from contract sources to generation
and stockpile in successive intervals. An efficiency and units
transformation coefficient €;) has been introduced for the jth
thermal unit and the I'h fuel. Through this coefficient the fuel
remainder Fj)' in fuel units (e.g. tons of coal) at the end of the
jth interval in unit “j” stockpile or tank, and the possible fuel
suply fj' over the i interval can be related to its thermal

generation Eji (in MWh) in the balance equations:



=1,...N,
Fii'l + 5 = B + Bl | 1=1,..N; @1
i=1,...,N;

The bounds and mutual capacity constraints for stored fuels
and energies generated are respectively:

i=1,..N,
0SF'<F, 0SEM<E | 121N, ()
‘ i=1,...N;
Nf Nf .
- : =i | j=1,.Ny
Y FI'<F, E'=3 E)'<E { , @3)
1=1 =1 i=1,...,.N;

where F; is the stockpile or tank capacity at the j substation
and Eji is the maximum energy that the jth unit can generate
over the it? interval, whose length may be different from that
of other intervals.

The left hand side of the equality in (23) gives the total
generation of the jth unit over the ih interval.

Fuel supplies of the I fuel for different units in the same
or different intervals can be associated through simple network
constraints as in the left side of fig. Sb), to a specific single
contract with a global fuel limit. Take-or-pay contracts can be
modeled placing lower limits f3">0 to fuel supplies. The same
fuel under a different contract (including spot contracts) is
considered as a different fuel in the formulation presented.

It is important to point out that although many
multicommodity and generalized network flow concepts and
terminology [5] have been used in the description of the hydro-
network and the fuels' network, no specialised network code
can be applied to the solution of this problem, as a specialised
code that could solve multicommodity generalized network
flows with nonlinear side constrants (11,13,18,19) does not
exist at this time.

IX. OBJECTIVE FUNCTION

The objective function to be minimized is the cost of fuels
supplied plus the payments for emergency imports:

N [ Ny N¢

> {23 [t ]+ Exi)

i=t\ j 1 4
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where 7 are the prices of the supply to the j™ unit of the 1th
fuel over the ith interval and my!is the price of emergency
imports Ex! —defined by (5,6)— in the ih interval.

The objective function (24) must be minimized subject to
three groups of constraints:
* g.d.c. covering constraints for each interval expressed through
(12-14) employing the PE! functions defined through (5-10)
¢ hydro-network multicommodity constraints (15-17) and
hydrogeneration function (18-20), and
« fuels network multicommodity generalized constraints (21-
23).

X. COMPUTATIONAL RESULTS AND REAL CASE EXEMPLE

The model put forward can be solved with a general purpose
constrained nonlinear optimization package, and many tests
have been carried out using the Minos package version 5.3 [6].
Some relevant points about the programs developed are:

» Subsidiary programs for preparing the predetermined
constants of PE curves from l.d.c.s and thermal and hydro
parameters must be used. These programs have also been
developed.

* A quite long subsidiary program to generate data for Minos'
MPS file and the user's FUNOBJ and FUNCON routines
implementing the hydrothermal model described, had to be
developed. The use of a sparse Jacobian (matrix of derivatives
of nonlinear constraints) and correct user-supplied derivatives is
essential to ensure convergence and that program size is within
reasonable limits

e Provided that correct analytical derivatives (no program
generated finite differences) are employed, convergence to the
solution was reasonable, despite the nonlinearities in the
constraints and objective function.

A sample of required computation times using the Minos
5.3 package is given in Table I. The computer used is a SUN
Sparc 10/41 workstation. Case a) of Table I corresponds to the
solution represented in fig. 6, which is a real life exemple. Its
reservoir system consists of 3 cascaded reservoirs, which will
be referred to as “upper”, “middle” and “lower” reservoir, with
characteristics detailed in Table II. The thermal system has 11
units described in Table III using five fuels whose prices (in
Spanish currency: Pts) and availability are in Table IV. Units
#5 and #7 can use either fuel-oil or gas. Emergency energy,
dearer than any available fuel, can be employed with no limit.

The time period is one year starting in May 1st (beginning

TABLE 1. SAMPLE OF PROBLEMS SOLVED AND COMPUTATIONAL RESULTS.

case | intervals | reservoirs | K+1 thermal | fuel | variables linear nonlinear | feasibility | optimiz. CPU
commod. | units | limits constraints | constraints | iterations | iterations | seconds
a) 12 3 4 11 9 1122 464 192 450 2860 196.4
b) 14 7 4 10 - 1789 866 210 1110 3948 242.0
©) 24 4 4 10 2 2323 1009 360 765 4047 2954
9 36 7 4 13 5 5062 2338 648 2295 5836 1080.5
© 36 11 4 23 8 8368 3738 1008 3450 3882 1553.0
TABLEII. CHARACTERISTICS OF RESERVOIRS [ head = sb + sl (volume) + sq (volume)2 + sc ( volume)3 ]
reserv. | max. min. #disch. | max. effici- #spill. | sp s 8q S¢
volume | volume dischrg | ency (m) (m/Hm3) | (mHm®) | (m/Hm%)
(Hm?3) (Hm3) (m35) | (p.u)
upper 265 26 1 140 0.9 1 166.4 0.407 -0.0108 |o0.14*10°
middle J119 21 2 100+60 | 0.9+0.8 | 1 71.63 0.478 -0.016 0.25%10°°
lower 38 25 1 400 0.9 1 28.2 0.436 -0.0416 |o0.5%10-4
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TABLE ITI. CHARACTERISTICS OF THERMAL UNITS. TABLEIV. FUELS EMPLOYED BY THERMAL UNITS.
Unit JPower|Outage [Fuels{Fuel type [Effici- lMaxm‘ Maxm. Name rice Maximum fuel
I(MW) Jrate % Jused | “k” ency % |purchase|storage Pts/MWh) {avalaible (GWh)
(GWhy _[(GWh) Coal 1631.64 [911.383

Thl §540 3.0 1 Nuclear 60.0 |— — Fuel-oil (contract 1) ]1306.96 |—
Th2 320 3.0 1 Nuclear 60.0 — — Fuel-oil (contract 2) [1306.96 1083.334
Th3 J160 ]1.0 1 Coal 33.9 — 796.7 Gas 1504.72 —
Thd 1520 |7.0 1 Gas 35.0 4095.0 |— Nuclear I 980.0 —
ThS B50 |12.0 |2 Fuel-oil (2){34.4 — —

Gas 33.6  11095.0 |— * Given the interval times (e.g.: 744 h for October and 720 h
Thé P00 _]7.0 |1  |Gas 35.0 ]4095.0 |— for November) thermal units' generation duration is always less
Th7 B50 {19.0 |2 Fuel-oil (2)]34.4 — — (due to forced outage rates).

Gas 33.6 }J1095.0 |— * The s.g.d.c. represented is truncated where emergency energy
The B50 6.0 |1 Fuel-oil (2)|34.4 |— — would start. At the top left of each s.g.d.c. the power reached
Th9 BO0_{7.0 |1 Gas 35.0 14095.0 |— by thermal units and stochastic hydrogeneration is indicated.
ThiOf172 ]10.0 |1  |Fuel-oil (1)[34.4 |- 975.0 This is not constant as there are fuel limitations, which
Th11172 [10.0 |1  |Fuel-oil (1)[]34.4 |— 975.0 preclude some thermal units in some intervals from generating

of the dry season), and has been subdivided into 12 one month
intervals. Table V gives the main characteristics (peak load,
duration and energy) of the l.d.c.s of each interval. Table VI
shows the natural inflows considered, in expected value and
standard deviation, for each reservoir over the total time period.
These inflows, obtained from historical data in the way
described in [8], are fed into the algorithm described as
multicommodity inflows (as in fig. 2a)) with three probability
blocks of p;=0.3 , p;=0.4 and p3=0.3; (e.g.: for the October
inflow in the upper reservoir we have inflg=8m?3/s,
infl.;=7m3/s, infl.;=5m%/s and infl.;=10m3/s).

At the top of fig. 6 are the optimum trajectories of stored
volume, discharge and generation for each reservoir and
multicommodity water (four commodities as in the inflows are
considered). The graphical output related to reservoir
management is self-explanatory. It should only be pointed out
that:

+ Initial and final volumes are user-fixed and coincide

* The upper reservoir is the main responsible for the regulation
* There is a loose relation among the optimal policies of each
multicommodity water (and that is why it is sensible to
employ a multicommodity model for long-term hydro
optimization) [8].

The bottom part of fig. 6 shows the s.g.d.c. of each interval
with the slices corresponding the 11 thermal units and to
stochastic hydrogeneration (shown with a pattern of bubbles).

The graphical output of the s.g.d.c.'s requires some
comments:

at their rated capability, besides the stochastic hydrogeneration
Hj! changes at each interval, thus giving rise to different Pal.

* At the top right of each s.g.d.c. the optimal emergency
imports Exl, the optimum deterministic hydrogeneration Hg!
and the stochastic hydrogeneration Hyi are written .

* Slices of part of Hy' may appear none, one or many times
after any thermal unit (e.g.: in April it appears over Th.2 and
Th.6).

* The area of the slices is proportional to the generation of each
unit (e.g.: in August the generations in GWh are: Th.1 388;
Th.2 213; Hxp 77; Th.6 58; Th.9 25; Th.10 7; Th.11 5 and
Han 2)

* Only Th.1 and Th.2 (both shared nuclear stations) have no
limitations in their fuel supply and generate at their rated
power. Thermal units #6, #9, #10 and #11 have limits on their
fuels but these are not active. Units #3, #4, #5, #7 and #8 have
an active fuel limit and thus at some interval they may not
generate at all (e.g.: #3, #4 and # 5 do not generate in June) or
generate at less than their rated power (e.g.: #4 in December).

XI. CONCLUSIONS

A model for long-term hydro-thermal coordination based on the
use of the PE curves to satisfy power and energy constraints
has been presented. This model is based in the joint
optimization of hydrogeneration and thermal unit generation
linked through the covering of the l.d.c.’s of the intervals and
on the differentiation of the role of the deterministic

TABLEV. PEAK LOAD, DURATION AND ENERGY OF THE LOAD DURATION CURVE OF EACH INTEVAL.

Month May June July [ August] Sept. Oct. Nov. Dec. Jan. Feb. | March | April
Peak (MW) 1701 1666 1768 1390 1754 1910 2232 2571 2442 2319 2169 1897
Duration (h) 744 720 744 744 720 744 720 744 744 672 744 720 -

Energy (GWh) | 914.7 | 909.9 | 997.8 | 815.1 | 9586 | 10674 1219.1 ] 1434.2 1 1432.0[ 1170.6 | 12099 ] 939.9
TABLE VI. EXPECTATION AND STANDARD DEVIATION OF THE PROBABILITY DISTRIBUTIONS OF NATURAL INFLOWS (m3/sec).

month | May June July August | Sept. | Oct. Nov. Dec. Jan. Feb. March | April

Upper | expect. | 125 95 89.5 64.25 14575 {1795 | 12.5 10 29.85 [45.2 80.55 ) 107

reserv. | st.dev. §33.39 132.99 {3591 }21.67 {19.61 |5.66 4.13 2.89 24.40 [29.64 ] 34.16 | 25.38

Middle | expect.J 111.5 | 48.25 | 43.25 [ 32.5 25 9.15 6.35 5 15.05 {23.85 | 40.5 55

reserv. | st.dev. §143.33 | 17.54 | 17.80 | 10.31 | 8.27 2.74 2.28 1.65 11.29 114.75 118.86 | 16.98

Lower | expect.]46.5 26.75 120.75 |17.2 12.5 4.95 3 2.5 7.7 11.05 | 21.2 25

reserv. | st.dev. | 14.87 | 7.43 9.37 4.57 4.13 1.98 1.23 0.83 5.53 6.90 8.79 8.27
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Fig. 6 Graphical output of solution to problem a) showing optimum hydrovariables and thermal and stochastic
hydro-generations in the s.g.d.c.s of the intervals
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hydrogeneration and the stochastic one, with a procedure to
include the stochastic hydrogeneration in the g.d.c., which has
been introduced and implemented. A multicommodity network
model has been employed to take into account in detail the
Teservoir system.

The results obtained using the model put forward are
consistent with the operating experience of hydrothermal
systems and meet the expectations. The computational
requirements are moderate. Many other extensions and
refinements of the methodology proposed are possible and
some are being pursued.

XII. GLOSSARY OF SYMBOLS

a,bl,d  parameters to estimate the emergency energy
import over the ith interval

By Bézier points (1=1,...,4)

dpft discharge of water corresponding to commodity “I”
at reservoir “n” over the it interval

di¢l, i parameters to estimate the emergency energy

_ duration over the ith interval

D, maximum discharge at reservoir “n”

~

Fi total energy of 1.d.c. in the ih interval

Ei, Byt energy generated by thermal unit “j” and

emergency energy imported over the it interval

fiyf fuel “1” supplied to unit *j” over the ith interval

Fy! fuel “1” remaining at the stockpile of unit “j” at
the end of the it interval

gdc. generation duration curve

H! hydroenergy of water commodity “k” generated
over the ith interval, k=0,1,....K

Hgl, HJl  deterministic hydroenergy and expected value

: corresponding to the ensemble of stochastic

hydroenergies Hyl,..., Hg! , over the it? interval

i (superscript) indicates interval “i”

j (subscript) indicates thermal unit “j in merit order

k, K indicates water commodity, k=0,1,....K

ld.c. load duration curve

n (subscript) indicates one of the hydro-reservoirs

N, N;, Ny, number of fuels, of intervals and of thermal units

minimum power of e.l.d.c.

PE() power-energy function

Pg! base power of s.g.d.c. of interval “i”

Px probability of the k! water commodity (k=1,...,K)

Py maximum hydropower capability

Pt power of thermal unit “j” over the i interval

P rated power capability of unit *“j”

Pyl power of stochastic hydrogeneration in interval “i”

Gk availability rate of the k! hydrogeneration

s.g.d.c.  smoothed generation duration curve

T, TG, Tx! total duration of 1.d.c., duration of base power of
s.g.d.c. and duration of emergency energy over
the ith interval

Vot stored volume at reservoir “n” of water commodity

_ “I” at the end of the i" interval

Va " maximum stored volume at reservoir “n”

B parameter of Bézier curve

&1 efficiency in power generation of unit “j” for fuel

“ln

mil, mx!  prices of supply of fuel “I” to unit “§” and of

emergency energy over the it interval
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