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) Abstract - This work presents anew appreach to the
problem of £inding operating strategies for a  hydro-
thermal power generating system. The objective is to
minimize the expected thermal generating costs subject
to probabilistic constraints on the failure to supply
the energy load. The problem is solved by a stochastic
dynamic programing algoritim with nested reliability
constraints fram each stage to the end of the planning
period. A decamposition approach is used to extend the
methodology to the operation of two intercomnected
systems. Case studies with the South and Southeast
Brazilian generating systems are presented and dis~
cussex.

INTRODUCTION

The Brazilian generating system is hydro-daminated, .

and characterized by large multi~year reservoirs [1].
Consequently, long-term operation plamning studies
should take into account the evelution of reservoir
storages, the expected thermal generating costs and the
risk of future energy shortages [2].

The problem to be solved is stochastic, since it
is impogsible to have perfect forecasts of the future
inflow sequences. The existence of multiple intercon-
nected reservoirs and the need for multl-period opti-
mization characterize the problem as large-scale. Fi-
nally, it is also non-linear, due notonly tonon-linear
thermal cost functions but also to the product outflow
i :[( Ijaead in the expression of hydroelectric © production

31, )

Therefore, it becomes necessary to developmethods
able to approximate the solution of the operation
planning problew. For the Brazilian system, this was
accomplished by an aggregate representation of the
hydroelectric system as one energy-storage reservoir
ard of the inflows as aggregate energy inflews {4].
This simplification allows the use of a stochastic
dynamic programing (SDP) medel to calculate the optimal
operai[;:i.ljlg strateqy for each stage of the planning pe-
riod {4].

The state wvariables of the SDP model are the
stored energy in the aggregate reservolr at the
beginning of each stage and the total energy inflow to
the system during the previous stage. This last state
variable represents the "hydrological trend" in "the
system and is necessary because the.inflows in succes-
sive stages are highly correlated. The decision vari-
able in each state is the amount of thermal generation.
The SDP model uses a recursive algorithm to determine
the optimal proportion of hydro and thermal generation
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in the system for each state amxl each stage of the
planning pericd. The objective is to mindmize the ex-
pected operation cost, composed of thermal costs plus
penalties for failures in load supply. The recursive
equation can be written as:
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wheres:
Xy is the energy storage at the beginning of
‘stage t,
at-;l ig the aggregate energy inflowduring state
r
k- indexes the set of thermal generating de-
clisions,
K is the set of thermal generating decisions,
Uy is the k-th thermal decision at stage t,
Cr(.} is the themmal cost function,

E(.) is the expected value owver the inflows
during stage t, A, conditioned by - the
inflow during stage t-1,
1/8 is the discomt factor,

is the system transition function, .

Keyp (o)
Ch{.} is the deficit cost function,
dyf.)  is the deficit function.

The penalty function CD(.) associated tothe energy
shortages d¢(.) in Expression (1) should ideally reflect
the reduction in econcmical activities caused by the
failure in load supply. However, such macro—econcmical |
effects are extremely difficult to quantify [5]. 2s a
consequence, the adequacy of an opgrating strategy is
in practice measured by the energy supply reliability
it can provide [6]. In other words, operating planning
studies aim to £ind operating strategies that minimize
the expected themal geherating cost and satisfy given
reliability constraints.

(ne possible approach to the solution of this
problem is to use the deficit cost function as a pavam—
eter to ensuwre that the resulting operating strategies
satisfy the target reliability constraints [7]. This
penalty-augmented approach can be easily implemented
through the following procedure:

a) Start with a given deficit cost function.

b) Calculate the operating strategy using the SDP
recursion.



¢) Simulate the system operationwith a large sample
of inflow sequences and estimate the supply re-
liability.

d) If the reliability level is egqual to a pre-
established value, within a certain tolerance,
stop. Otherwise, modify the deficit cost func-
tion to higher or lower values depending of the
reliability level calculated. Go to ().

This procedure has been used for some years in the

cperation planning studies of the Brazilian system [8].

The relisbility level correspords to the risk of any
energy shortage during the plamning pericd. The adopted
deficit cost function is linear, that is, there is only
one parameter to be adjusted.

The objective of this work is to investigate the
effect of this indirect representation of the reliabili-
ty constraint on the optimality of the operating strat-
eqy and whether it can be replaced by an explicit risk-
constrained SDP approach. In the next secticn, sane
methodological aspects of reliability-constrained res-
ervoir cptimization ave briefly reviewed.

RELTABILITY-CCNSTRAINED RESERVOIR CPTIMIZATTION

As mentioned in the previous section, the objective
of the cperation planning prcblem could be stated as
follows:

“Choose among all possible operating strategies the
one that minimizes the thermal generating cost
and satisfies given relisbility constraints”.

Given this statement, the optimality of the penalty
-augmented procedure (a)-{d) discussed in the' previous
gection can be questioned. For example, ore could ask
whether a non-linear deficit cost function could lead
to a strategy with lower expected thermal cost which
would still satisfy the reliability constraints.

This problem has been investigated in a slightly
different context in Reference [9]. The problem inthat
case was to maximize the expectednet benefits resulting
from the operation of a single reservoir subject to a
reliability constraint on the expected muber of years
in which the system fails to meet a target release.
Through Lagrangian duality theory, it is shown in ref-
erence [9] that: )

- the reliability constraint can be incorporated in
the chjective function in a similar way as the
penalty-avgmented approach discussed in the pre-

. vious section, It is also shown that the adjust-
ment of only cne parameter in thepenalty function
is enough to ensure optimality.

- ig terms of the reliability constraint, it does
not makter in which stage of the planning period
the failure ocours. This implies that the penatty
function should not be affected by the discount
factor 1/8 used to evaluate the present value of
the expected net benefit.

The first result suggests that penalty~augmented
ches are valid as solution procedures. The secord
result indicates that the specific procedure (a)-{d)
presented in the previous section does not lead to an
optimal sclution, since deficit costs are discounted in
that formulation.

However, an unexpected result appears if the pen-
alty-augmented procedure is modified in accordance with
the above conclusions. Since it does not matter in
which stage of the plamning pericd the faillure occours ,
"the optimal strateqy tends to distribute the majority

of the allowed failures to the early years, when bene-
fits are worth more, by following a more risky police
than tk{lai]: used in later years, when benefits are worth
less" {9].

Thig result is certainly not acceptable in terms
of the operation planning studies. It should be noted,
however, that the solution is optimal in texms of the
objectives stated at the beginning of this section. This
implies that the modelling of the operating planning

' problem is not adequate.

The class of reliability constraints studies in
Reference [9) was limited to the expected rmumber of
failures along the plamning period. The results were
later on extended to take into account the risk of any
failure during the plaming period [10], which corres-
ponds to the reliability measure presently used in op~
eration planning studies. It is shown in Reference [10]
that constraints of this type can also be handled by
penalty-augmented approaches, provided than an additienal
state variable, representing the number of failures up

to the present stage is included in the model.

The cperation strategies thus cbtained indicate
further inconsistencies in the modelling of the opera-
tion planning problem. For instance, it is shown in
Reference [10], that, if the reliability constraint has
been violated in the early stages of the planning peri~’
od, the operating strategy in the following stages be-
ocomes extremely risky.

* It is cbserved in Reference [10] that “itis rather
unlikely -that decision makers respeonsible for reservoir
operation would be willing to implement strategies that
sooner or later ignore the relisbility constraint". It
is also suggested that the proposed procedure could he
used to test heuristic strategies. ;

This result is not acceptable in temms of the op-
eration planning studies. Once ayain, the problem is
to use an adequate modelling of thereal life situation,

In the operation planning problem, the decision-
making process is repeated for each state ineach stage,
locking towards the future operating costs, and forming
a set of nested problems, To be coherent, the inclusion
of reliability aspects in this process must be done in
the same manner, In other words, what must be taken
into account in each stage and state 1is the shortage
risk from-that point to the future. Failures that oc-
curred in the past should not affect decisions for the

- future.

Therefore, in each stage there will be areliabili-
ty constraint that limits the shortage risks within a
fixed periocd in the future to pre-established target
risks, as shown in Figure 1. Although this formulation
may .be realistic, it has some disadvantages, which will
ke discussed later.

Another possible way of representing the reliabili-
ty constraint is to establish targets on the shortage
rigk from every stage to the end of the plannhing period,
as illustrated in Figure 2. This approach makes the
problem easier to handle and is nmot a very strong sim-
plification, since the operating strategies are revised
each year. ‘ . .

The problem of minimizing the expected thermal
generating costs subject to risk constraints of this
type can be formulated as a sequential decisions problem
and solved by a dynamic programing algorithm, as itwill
be seen in the next section.
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Figure 1 : Formulation of the nested problems with a
fixed period in the future.
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Figure 2 ¢ Formulation of the nested problems with
constraints limited at the end of the planning

period.

THE, RISK-CONSTRATNED SDP ALGORITHM

Evaluation of the shortage risk -

The energy shortage probability from a stage £ to
the final stage N, assoclated to a state Xi can be de~
fired as the union of two events : shortages in stage t
and shortages in the f_uture, as shown in Expression (2).

>0x,) (2)
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These two events are not mutually exclusive and by
applying prcbability theory, Expression (2) can be
written as follows: .

Py gy > O1%) =P 14 > Ol%) +P Oy g 70U, 143
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A simple balance exuaticn gives the stored energy
{positive or negative) at the end of stage t for fixed
initial state X, themmal generation urk and energy in-
flow A¢. Since the only random variable inthis balance
equation is the energy inflow, it can be stated that the
probability distribution of the final stored energy at
stage t is a function of the probability distribution

of Ap»

In practice, the range of enerqy inflow at stage
t is discretized into intervals, with middle points
ap (i) and associated probsbilities py(i). This set can
be divided in two subsets : AS., inflows that take the
system to positive stored energy at the end of the stage,
and ADt, inflows that will take the system to a deficit

situation, for a fixed themmal generaticn.

Considering this discretization scheme and repre-
senting the shortage probability from stage t tothe end
of the pericd, for a given state x, as the shortage
risk from X, Rt(xt), Expression (3) can be rearranged
ass .

P+ & R (%o (1) . p. (i)
t 1eAS t+l Tt t

t (4)
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The recursive characteristic of the shortage risk
shown in Expression (4) allows its evaluation for each
state and stage in a SDP algorithm.

It should be remarked that, when using areliabili-
ty constraint involving a fixed period in the futwre,
scame computational problems will appear at this point.
The shortage risk for, this fixed pericd must be calcou-
lated for each state %t in each stage t. However, it
would also be necessary to calculate the shortage risk
for smaller periods in order to be able to solve the
problem at stages t~1, t-2 and so on.

The adoption of a two-~dimension state variable in
the model dees not modify what has been exposed until -
now. The probability associated to an inflow ap(i) in
stage t, given a._j(j) in the previous stage will be
represented by pe (3,i). The shortage risk will be rep-
resented by R, (x,, a__;).

Formulation of the Problem

By defining a set of nestedreliability constraints
camposed of target values for the shortage risks from
each stage to the end of the planning period, TRy, the
preblem of minimizing the expected thermal generating
cosif:sliubject to this risk constraint can be formulated
as follows:

1
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. In each stage of the plamning period, for each
state of the system, the constrained optimization algo-
ritlm goes through the following steps:

a) Start with the lowest thermal decision as the
cptimal and with the expected cost of the pre-
vicus decision as infinity.

b} Camute the present expected thermal generating
cost.

c} Compute the expected shortage risk.

d) If the shortage risk is greater than the target
rigk and this is the maximum thermal generation,
thig iy the optimal decision. Stop. Ctherwise,
go to (e).

e) If the ghortage risk is greater than the target
risk, increase the thermal generation and go to
(b). Otherwise, go to (f).



£) If the expected cost for this decision is less
than the cost of the previous one, increase the
thermal genheration and go to (b). Otherwise, go
to (9.

g) If the shortage risk of the previous decision
is less or equal to the target risk, then the
previous decision is the optimal one. Stop.
Otherwise, the optimal decision is the present
one. Stop.

According to the target risks chosen, two differ-

ent cases may occur, as shown in Figure (3).
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Figure 3 : Activity and non-activity of the risk con-
straint.

In case (a) the risk constraint is active. The op-
timal decision is # 5, although decision # 3 has a lower
expected cperating cost., In case (b}, the constrained
optimization algorithm will indicate decision # 3as the
optimal, since the risk constraint is not active. )

Thus, it is clear that the use of adequate target
risks for the system will have a strong influence onthe
resulting strategy.

Definition of the target risks ;

The natural risk of each stage represents the prob-
ability of energy shortages from that point to the end
of the plamning peviod, given an initial state of the
system at the first stage, and considering no therma
generatioh in the period. .

The natural risk values, NR.t(xl,ao) , are estimated
by similating the system operation, from the given ini-
tial state, considering only the hydro system and using
a large sample of synthetic energy inflow  sequences ,
according to Expression (6).

) L =1 if Dt,N+1 >0
NRt(xLao) =z 8yp + By (1) with &0
=1 =0 4f D, =0
t, L
; (6)
where
L ig the mmber of sequences used inthe simu-
lation. .
8 it ig a 0-1 variable indicating energy short-
ages between stage t and the end of the pe-
- riod.
pt(i.) is the probability associated to an inflow

at(i) in stage t.

The risk constraint is obtained by a reduction of
the natural risks, The natural risk curve ismultiplied
for the factor that reduces the natural risk of the
first stage to an objective risk for the plaming pe-

riod, considered in the operation planning study.
It should be remarked that +this 4is a heuristic

procdedure and that many others ways of defining “the tar-
get risks may be established.

Application
The \risk—constrainéd operating strategy was deter-

. mined for the Shoutheast Brazilian generating system ,

in the 1982-1986 period, according to
degoribed procedure.

the previously

The natural risk and target risk curves presented
in Figure 4 were cbtained considering state (51,7) in a
(101,10) discretization grid as the initial stateof the
system in Jamuary/82. It was agsumed an objective risk
of 3% for the five years planning period.

SHORTAGE
RISK

(%) f

8,0

7,0 4

NATURAL RISK
5,0 4

TARGET-RISK

89 sTAGES

Figure 4 ; Natural risk and target risk curves for the
Shoutheast Brazilian system,
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The operation strategy was obtained considering the
reliability constraint formed by the targetriskvalues.
Figure 5 shows the shortage risk surface calculated for
the first stage of the plamning pericd.

(% MowSt.En) X,

Figure 5 : Shortage risk surface of the first stage.

By camparing the shortage risk values of the re-
sulting strategy with the target risks, one can notice
that there are two distinct regions : an unsafe opera-
tion region, in which the reliability constraint is
violated; and a safe operation region, in which the
shortage risks are below the target risk. Figure 6
illustrates this situation in the first stage.
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Figure 6 : Unsafe and safe operation regions for the

first stage.

The usefulness of these regions will be seen inthe
next section.

EXTENSION FOR TWO INTERCONNECTED SYSTEMS

The decomposition approach

Dynamic programing optimization models have been
widely used in energy management studies for power gen-
erating systems. The representation of the stochastic
characteristics of scme variables in models of this
- class imposes severe constraints in the modelling tech-
nique, due to a considerable inchease inmemory require-
ments and procegsing times, in nowadays comditions.
However, experience has demonstrated that significant
accuracy can be obtained in operating strategies of
hydro~-daninated hydrothermal generating systems,
these stochastic characteristics are represented in the
medel,

. Therefore, most real systems are represented Ly
aggregate models in order to make SDP algorithms appli-
cable, specially when bi-dimensional state variables are
used. Even though, there may be situations inwhich the
characteristics of the real system, as a whole, do not
perfectly £it the basic assumptions of the simplified
mxiels. For example, the aggregate model presently used
in Brazil suposes a perfect integration of the txans-
mission network and assumes no hydrological diversity
between the river basing that compose the real system.

A decomposition approach has been succesfully used
to determine operating strategies of systems in  which
aggregate models can not be directly applied. In this
approach, the optimization of.the whole system is reached
from isolated optimizations of the subsystems in which
it can be deccamposed.

This approach comprises the use of an iterative
procedure in which separate strategies are obtained for
each subsystem, followed by a joint simulation, where
the existing interconnections between the subsystems are
represented, and the interchanges are defined according
to pre-established rules.

One of the first experiences with this decomposi-
tion method is the "extended power pool" model, which
was developed by the Norwegian Research Institute of
Electricity Supply [11] [12] [213].

Although these references are recent, this model

when -

hags been used for fifteen years in cperation
studies for the Norweglan system.

planning

. In this model, the operating strategies ake ob-
tained by a SDP algorithm that determines for each week
of the planning period a vector with the expected fmar—
ginal operating cost (water value). In the joint simu-
lation phase, the interchange is defined in order to
keep the subsystems at equal marginal costs.

In Brazil, scme experiences with this approachwere
also developed. Reference [14] describes a  procedure

- that uses a SDP medel to determine the strategies, and

a joint simulation model based on heuristic rules to
define the interchange. Reference [15] presents a simi-
lar model that is presently used in cperation planning
studies. In Reference [16) a SDP model is also used to
calculate the strategies. A matrix with the expected
marginal cost of the system is obtained in a bi-dimen-
sional state variables approach. The joint simulation
aims to keep the gystems at equal marginal costs.

This work presents a risk-constrained approach to
find operating strategies of two intercomnected systems,
based on the decamposition method. The operating strat-
egies are calculated for each subsystem by the risk-
constrained SDP model previously described. The Jjoint
similation is based on risk criteria and uses synthetic
energy inflow series, obtained by the same  stochastic
model used in the determination of the strategies.

The energy interchanges resulting fraom the joint
similation are incorporated to the energy locad of the
subgystems, and new separate strategies are cbtained ,
what starts the iterative process. Convergence is
reached when the interchanges defined in two successive
iterations are equal, within a certain range. The pro-
posed procedure is illustrated in Figure 7.
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FiND RISK- CONSTRAINED FIND RISK~ CONSTRAINED
OPERATING STRATEGY OPERATING  STRATEGY
FOR 31 FOR 52
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Figure 7 : Iterative procedure of the decoamposition ap-
. proach.

Rigk criteria for the joint simlation

The joint simulation model uses risk criteria to
define the energy interchange between the subsystems.
At each month, for each inflow sequence, the  initial
states of the subsystems at the beginning of the month
are known. Shortages risks from the gperating  strat-
egies are associated to these states. The target risk
of each subsystem in the stage is also known.
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The energy interchange between the subsystems is
defined according to the relative position of their

- shortage risk and target risk, as shown in Figure 8.

1 1

R < TR R> TR
RKTR® B
2 2
R>TR c D
Figure 8 : Relative positions of the subsystems.

In regions B and C of Figure 8, the subsystems are
in an unbalanced situation. The system in the safe op-
eration region will send energy to the other system,
decreasing its stored energy until its shortage risk is
equal to its target risk.

In regicn D, where both systems are violating their
risk constraints, a possible decision could be not to
interchange energy. However, this would make more sense
for econamically independent systems. In the Brazilian
case, where the subsystems are operated under a glcbal
coordination, a better decision would be to keep the
systems equally positioned with respect to their risk
constraints, in a equi-risk operation.

For region A, where both systems are in the safe
cperation region, a possible criterion to define the
energy interchange with an economical meaning would be
to keep the systams at equal incremental costs, in a

hnother possible criterion would

%i-cost opexation.
) to extend the equi-risk operation toregiond, keeping
the subsystems equally positioned above their risk con-

straints.

These two different criteria for region & led to
the definition of two simulation procedures : egqui-risk
operation, which congiders only the shortage risks, and
equi-cost/equi-risk operation, which considers the in-
cremental costs in the safe cperation zone. Both options
were implemented in the joint simulation model, and
their results are campared in the next section.

Application

The iterative procedure ard the similation model
were tested with the South and Southeast Brazilian sub-
systems, in the 1982-1986 pericd. The chosen initial
states correspond to the discretized states (31,7) for
the Sputheast and (81,4) for the South in (101,10) dis-
cretization grids.

The same shortage risk, 3% in the plamning period,
was tonsidered as the objective risk of the operation
planning study for both systems. The natural risks es-
timated for the first stage were 18% for the Southeast
and 11% for the South subsystem.

In the joint simulation, synthetic energy inflow
sequences were independently generated for both systems,
by the same auto-regressive model used to calculate the
strategles. This assumption must be revisedwhen applying
this method to other systems,

The maximm interchange capacity values used rep—
resent the existing capacity at that time.

. In the application of the decomposition method ,
sets of 100 sequences for each subsystem were initially
used in the simulation. After convergence was reached,
additional iterations were performed using sets of 1000

energy inflow sequences, With the equi-risk criterion,
five initial iterations, plus two additional cnes were
necessary to obtain the strategies. With the eqyi~-cast/
equi~-risk criterion seven initial iterations were per-

famed, followed by two more, in order to reach the
final convergence.
To illustrate the application of the iterative

- proceduré, Figure 9 shows the monthly interchange val-

ues, obtained for the first two years of the plaming
period, in the five initial iterations with theequirisk
criterion. Next, in Figure 10, the corresponding values
obtained in the two additional jterations are shown.
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Figure 9 : Equi-risk simulation. Monthly interchange
values obtained with sets of 100 sequences
in the 1982-1983 period. Iterations 1 to 5.
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Figure 10 : Equi-risk simulation. Monthly interchange
values obtained after initial corwergence

with sets of 1000 sequences in the 198"-83
pericd. TIterations 1 and 2.

Table I presents the results of the similationwith
the final strategies, using sets of 1000 sequences, for
both criteria. The results obtained considering the
isolated operation of the subsystems are also shown.

It must be observed that, even though sets of 1000



energy inflow sequences were used in the simulations ,
fram the statistical standpoint there is a great uncer-
tainty on the real values of shortage risk of the

systems. However, since the same sets of sequences were
used in the three cases, it is possible to make same
qualitative analysis of the operating criteria.
PARAMETER . SYSTEM | ISOL. FQR.  [EQC/EQR.
ESTIMATED | | SE 4.1 L.6 1.7
SHORTAGE RISK ! SO 0.4 0.1 0.1
‘THERMAL, SE 278 262 250
GENERATTON S0 289 272 277
{Gwh) TOTAL 567 534 527
THERMAL GEN. SE 997 899 827
CosT 50 659 625 639
(CRex108) | ToraL | 1656 | 1524 1466

Table I = Comparative analysis of the joint simulation
criteria. .

It can be noted in Table I that both methods axe

equivalent in terms of reducing the shortage risk-in the
period. In terms of reduction in the thermal genera-
tion cost in the pericd, the equi-cost/equi-risk crite-
rion led to a higher econony, 11.5%, than the equi-risk
criterion, 8% when comparing their results to the costs
from the separate operation.

CONCLUSTON

Operaticn planning models traditionally minimize
the total operating cost, thermal generation cost plus
energy shortages cost, of the system. However, since the
. econcntleal effects of energy shortages ave very diffi-
cult to quantify, what is done in practice is to use a
penalty function to introduce a reliability constraint
in the objective function. In this penalty-augmented
approach, it is necessary to verify if the resulting
strategy satisfies the reliability constraint. Differ-
ent types of constraints, probabilistic or expected val-
ue constraints, may be used, but they do not lead tothe
solution of the real problem.

In fact, the operation planning problem is a set
of nested prcblems for each stage of the planning pericd
and this mist be taken into account in the medelling.

A more realistic approach to cbtain the operating
strategies ig to consider the minimization of the pres-
ent expected thermal generation cost subject to a risk
constraint that limits the shortage risk fromeach stage
to the end of the planning period to previcusly fixed
values, : :

A heuristic method for the definition of the risk
constraint was developed. Although it has provided sat-
isfactory results, other methods for the establishment
of the target risks may be used.

The shortage risk surfaces of the strategies ob-
tained by this risk-constrained SDP approach are char-
acterized by presenting two distinct regions : a safe
operation region, where the risk constraint is satisfied,
and an unsafe operation region, in which the constraint
is violated.

A decomposition approach was used to extend the
study to the case of two intercomnected systems, with
satisfactory results. Two different criteria for the
joint simulation of the subsystems were developed and

tested for the Scuth and Southeast Brazilian systers:
equicost/equirisk and eguirisk., Although they were
equivalent in terms of reducing the expected shortace
risk, the equicost/equirisk criterion provided a aigher
reduction on the expected thermal generation cost.

The following final remarks can be made about sooe
aspects of this work.

In the implementationof the decamposition apsroach
for the interconnected systems, the monthly average in-
terchange resulting from the joint simulation was used
to modify the strategies in the next iteration. Tre
posaibility of using more coamplete information  should
be examined

One enly value of cbijective risk was used for both
systems in the case study. Some sensitivity analysis
on the chosen value, as well as the implicationof using
the same value for the subsystems should be studied in
the future, .



