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Abstract. The cbjective of the optimal operation of a hydrothermal system is to de-
Jtermine a generation schedule that minimizes the operation cost along the planning pe-
riod. The problem to be solved is stiochastic and can be represenied in a  stochastic
dynamic programning (SDP) {ramework. Since the computational-requirements in this case
tend to be heavy even for systems with a small number of rescrvoirs, deterministic
equivalent methods are often adopted as an alternative to the SDP approach. These meth-
ods assune that the inflows are known along the planning period. 7he objective of this
paper is to carry out a quantitative cvaluation of the effect of using the stochastic
representation of the inflows as compared with deterministic approaches in the genera-
tion scheduling of the Brazilian systems.

Keywords., Operation planning; Hydraulic systems; Dymamic programming;
Stochastic systems; Modelling; Optimization.
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INTRODUCTION share increased to about 93.5%, for a total cnergy
. production of 161,970 Ghh.
The use of hydroclectric resources in power produc- . . .
tion is still a relevant issuc in some industrial- The operation plamming problem in a hydrothermal
ized countries, such as Canada and Norway, and in system consists in clleterm;nmg a production sched-
ithe majority of the developing countries. In these ule for the generating wiits that minimizes the
countrics, hydro generation contributes a large generation cost along the planning period.

amount to the total energy production today, and , . . .
more significantly, represents the natural choice This problem is too complex to be solved by a sin-

for system expansion, since there is still a large
wnexplored hydro potential (IAEA, 1884).

gle model, since it is a large-scale problem,
stochastic variables and non-linear equations
reira and Pinto, 1984a). Therefore, it is usually

with
(Pe-

The Drazilian generating system is significantly decomposed in a chain of subproblems, with disferent
dependent en hydro power and has grown very rapidly plamning horizons and degreces of detail in the
in size and complexity from the mid~-sixties, as system representation. Results from each planning

shown in Fig. 1.

Fig, 1 - Installed Capacity of the Brazilian System
I .

The share of hydro power on total energy production
is even more substantial. In 1973, hydro generation
was responsible for 89.4% of the total cmergy pro- L C
duced in the country (62,727 GWvh}. In 1983, this system, known as 'equivalent reservoir' model,

zation of the operation planning problem
and Pinto, 1984b). .
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level are used as input to the next phase; feedback
links are also used to help ensure a global optimi-

{Percira

820% The definition of the planning horizon and discre-
tization steps, and the ostablishment of the most
adequate system representation to be used in
planning level will depend on the characteristics

each

In the long-term planning level, an operating stra-
tegy is calculated to define the proportion of hydro
and thermal generation that will be used tomeet the
/ il : . load in each month of the planning period.
1965 70 173 k0 DI , . strategy should take into account the multi-annual
1| & evolution of reserveoir storages, the risk of future
i energy shortages and the expected thermal

This

genera-

the

to

The large inertia of the system reservoirs and the
existence of hydrological homogeneity between
river basins of each region of the country allowed
the use of an apggregate representation of the hydro

, approximate the solution of the operation planning

!

i Currently at Engevix S.A., Rio de Janeiro
.i? Currently on loan to the Electric Power Research

b problem.

Operating strategies for the Braziliam«”

r

intercon-

nected systems were initially calculatéd by a de-

t, Institute in Palo Alto, California | '+ terministic approach which uses the aggregate re-
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* 'presentation of the hydro system and is based  on calculated recursively, assuning that the thermal
the historical inflow record. The systom was op- units are operated at their maximum rates, by the
erated according to a 'rule-curve', whach  repre- following Cxpression:
sents the minimun storage necessary 1o supply the - -
load during the planning period under the worst Lo grmin(ly; max(® Loy =3, s ) (1)
inflow conditions of the past (GCOI, 1978). ! ’ ’
‘ ' ‘ ' ‘where

In 1978, this approach was substituted for a sto-

chastic dynamic programming (SDP) wowel, vhich nad L is the minimue storage level at the begimning
been jointly developed by ELETROBRAS, 1he Prazilian 1.5 of month t, for inflow scquence s =
federal agency for electricity, and by CLPLL the ’ ! ’

Irazilsan electric power research center, <uring s indexes the set of inflow sequences with the
the previous years {CEPEL/ELETROBRAS, 1977). The same lenght of the planning period that — can
objective function of the SDPP model is the mini- be obtained fyom the historical record,
mization of the expected oporation cost in  the I is the maximm storage level of the system in
plaming period, composed of thermal costs plus t month t

penalties for failure in load supply. !

8, is the encrgy inflow to the system in  month

An alternative to the SDP approach is the deter- '~ t, in sequence s,

ministic c;qmva_]cnt. mo'thod. This mothod  assumes n is the system energy load in month t,

that the inflows are known along the planning pe- t

riod and detemiys o trajoctory vbich 1L COFTe- T s tho paxipn theral eneration of the sy

y s tem in month t.

pre-established inflow sequence. The solution iIs
updated at cach stage, as soon asg .new inflow

{orecasts become available, The Tule-curve value for each month, Z., is  the
maximea storage level from al) the inflow sequences.

The objective of this work is to carry out a Figure 2 illustrates the method

quantiiative evaluation of the effect of using the

stochastic representation of the inflows as  com- Zt = max {Lt s} V)]

pared with deterministic approaches in the genera- o

tion scheduling of the Brazilian systems. There~

fore, operating strategies of the Brazilian South
and Southeast aggregate systems arc calculated by

STORED
the ihrce methods: ENERGY

- rule curve
- deterministic equivalent
- stochastic dynamic progranming

The resulting strategies arc compared by simula-
ting the system operation with a large mumber of
synthetic sireamflow sequences. The main perfor-
mance measures are the risk of energy  shortages,
the expected thermal generation and the  expected
operation cost along the planning period.

THE RULE CURVE METHOD

From 1974 to 1978, the operating strategies of the Eig 2 - The Rule-Curve Calculation
Brazilian system were calculated by a deterministic '
approach, based on the historical inflows record.

In the system operation, if the stcrage level of the

¥

This approach uscs %n aggregate representation og ‘ equivalent reservoir in the beginning of each month
the hydro system. The sct of existing plants an is above the rule-curve value, the thermal  umits
reservoirs is replaced by one equivalent reservoir are kept at their minimun rates during the month.
and one run-of-river plant (Arvaniditis and Rosing, If the rule-curve is reached, the thermal units are
1970). The energy storage capacity of this equiv- operated at maximum production.
.. alent reservoir corresponds to the energy that can
" be produced by the complete depletion of ail the This method was accepted and used in the planning
; reservoirs, for a given set of initial volumes and activities because it was easy to implement and to
assuming a simplified operation rule. Similarly , understand. Operation plamners intuitively — felt
, the water inflow to 1_:he real system is represented that if the system was safe against the past, it
by aggregatebenergy inflows, which are ~ separated would be safe for the future. However, this is not
;m controllable and run-of-river energy inflous. true since the historical record is one only outcome
‘ N ot . of the stochastic process of producing inflows.
The objective of the deterministic approach is to Additionally, it iz not an economical way of opera-
ensure load supply during the planning period under ting the system, since the method has mo mipimiza-
. 'the occurrence of the worst inflow sequences of tion criterion of the operation cost.
‘the past. Co
s o . R ' These disadvantages were the basic reasons for the
This criterion results in the determination of a deselop;ﬁntvilfl tigue stochastic dynamic programming
‘rule-curve of the system, which indicates the mini- model . which is described next
, .

mum storage level in the beginning of each month ,
Tecessary to assure the energy load supply = from j : i

- that month to the end. of the planning period , . ’
_ZWitl:lout having energy shortages, if any of thehis- . - ~ THE STOCHASTIC DYNAMIC PROGRAMMING APPROACH
torical inflow sequences oCcurs. .\ Since 1979 operating strategies for the. Brazilian

-~ 1 isystems have been calculated by an optimization model,
aré ' -, which uses a stochastic dynamic programming _recur-

. £ . o : I . R NSRRI TIC SRPRL.
Vet B T T AR R VL P St X B AR AR



Comparison of ostochastli dlith FARRETRITE=smm 2

'
$

sion, and in which the system is represented by
the "equivalent reservoir® technique.

The objective function is to minimize the expected
operation cost, composed of therndl Feneration
cosls plus penaltics for failure in load supply.
The state variables of the SU madel ave the stored
encrgy in the equivalent yeservoir at the beginning

of cach stage and the hydrological trend of the
system, reproscited by the total cnergy InTlow
during the previous stage. This last statc vari-
ablo is necessary because the inflows in succes-
sive stages aye highly correlated. The  decision
variable in cach state is the amount of  themmal

generation. The recursive equatlon can be written

as:

I, (x,.,a,_,) =MinlCT(u, )}
(A A £ KkeK tk

At]fat—i {%i Frap (g (Reohtiud AD

+ CD{dt{xt,At,utk})}] (3
vhere
ft(xt’at-l) is the present expected operating

cost from stage t to the end of the
planning peried,

by is the energy storage at the begin-
ning of stage t,

is the aggregate energy inflow during

t-1 stage 1-1,
k indexes the setof thermal generating
decisions,
K is the set of thermal generating deci-
sions,
Uy is the k-th thermal decision atstage
t,
CT(.) is the thermal cost function,
E(.) is the expected value over the  in-
Atlat~l flows, during stage t, A,, condi~
tioned by the inflow durIng stage
t-1,
1/B is the discount factor,
. xt+l(') is the system transition functiomn,
70C) is the deficit cest function,
sf::dt(.) is the deficit function

......

' Fig..3 ;»étates Transition in the SDP Recursion

Figure 3 illustrates the SDP recursion.

1
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"iFig. 4 - Incremental Cost Surface

B

For a given state of the system in staee t, {Xy,
a, ), cach thenmal decision of the set K is tested
b} lhe sup algorithm. Since the probabilivy distri-
bution of the cnerpy inflows in stage t conditioned
by the inflow in the previous stape, DA A _=ae- ),
is described by the stochastic model, it ispossi%lc
to calculate the final states xgu] by the  transi-
tion cquatien. I the expected operation cost {rom
cach of these states in stage 1+1 to the end of the
planning period 1s Known, and if they correspond to
an optimal operation {rom t+l lo the final stage ,
the expected value of the total operating cost fron
(x¢,at-1) is calculated by equation {3). The ther-
mal decision which results in the minimm operating
cost will be the optimal decision for state {x ;
a-12s according to Bellman's Optimality Principic.
The same procedurc is repeated fov cach state and
stage along the planming period,

It is necessary to extend the planning period in
order Lo allow the usc of a fixed value as terminal
condition of the operating cosi to initialize the
recursion. Since the inflow is a stochastic vari-
able, and a discount factor is used in the  recur-
sion to evaluatc present costs, the optimal deci-
sions for a certain period will be independent {rom
the operating costs involved in a more distant ho-
TrLzZon.

Typical discretization levels of the variables make
the recursion very heavy in texms of computation
time. In each stage of the planming horizon it
would be necessary to use the transition  equation
100,000 times to calcutate the final states. There-
fore, some procedures were developed in order to
reduce the processing time of the optimization al-
gorithm (CRPEL/ELITROBRAS, 1977}. The search of
the optimal decision is reduced in about 80% by
these procedures.

The operating strategy thus calculated gives  for
each state in each stage the optimal thermal gener-
ation and the present expected operating cost. The
incremental operating cost (water value) «can be
approximately obtained as:

9, (x .8, 1) £ (¢ .a, )-F (X8 q)
' It T R S T el SN t-1
ft(xt'at—l) B e e =

th xt - X

4)

Figure 4 shows the incremental cost surface.
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The resulting strategy from the SPP model and con- replacing the conditional probability distribution
sequently the energy supply relicbility in the sys- of the energy inflow in cach stage, which is  sup-
iem operation are highly dependent on the  penalty plicd by the stochastic model, by an wnit step lo-
function €H(.) used in the objective functionof the cated on the conditioned expected value, as  shown
model. This function, which assigns a cost 1o the in Figure 5.

cnergy shortages, should ideally vefleet the reduc-

tion in economical activities caused by the failure PLA oy lagg) /—‘05

in load supply. ‘'this information should be obtained i
by complex macro-cconomical siudics which  depend
upon updated and reliable statistical data about the
technological relationship between the use of
electricity and the final production in the countyy.

Since this information is not avallable, one possi- ; -
ble approach to the solution of this problem is to Efhglagy) '
use the deficit cost function as a parameter to

ensure that the resulting operating strategy satis-

fies given reliability constraints. This approach Fig. 5 - Representation of the Inflows

uses an iterative procedure, in whiach the parameters

of the penalty function are modified until  certain

supply reliability indexes are cqual to pre-estab- In theorctical terms, the hypothesis of determinis-
1ished values. These indexes arc the shortage risk tic equivalence is not well suited to the operation
and the expected energy shortage in  the period |, planning problem (Gjelsvik, 1981). Because the op-
which are estimated by similating the system opera- eration with deterministic inflows is more flexible
tion with a large sample of inflow scquences. than could be expected from the SDP solution,  the

detecrministic equivalent methods will tend to  use
less thermal generation than the amount recommended

THE DETERMINISTIC EQUIVALENT APPROACH by the stochastic solution (Read, 1979). However ,

. a quantitative evaluation of this effect has  been

The deterministic equivalent method is often  used carried out for the systems of Turkey (Dagli and

as an alternative for solving the generation sched- Miles, 1980} and New Zealand (Boshier and Read
uling of hydrothermal systems. Its basic  charac- 1981}, with favorable results,

teristics areto ignore the inflows stochasticity and

to retain the detailed representation of the gemer-

ating system. EFFECTS OF THE METHODS ON THE BRAZILIAN
SYSTI2M OPERATION

The assumption that the inflows are known along the

planning period reduces the dimension of the schedu- The three methods were applicd to the South and
ling problem, but even though it is still very Southeast Brazilian systems, for the 1985-1989 plan
complex., Several algorithms based on the determin~ ning peried. The resulting strategies are compared
istic equivalent approach have been developed in according to their expected cperation cost in the
recent years (Hanscom and co~workers, 1980;  Ikura five years horizon, which arc estimated by simula-
and Gross, 1984; Murray and Yakowitz, 1979 : ting ‘the system operation, from a given initial
Rosenthal, 1981). state, using a large sample of inflow sequences.

The theoretical basis for using deterministic in- The expected cperation cost is obtained as the sum
flows is the certainty equivalence principle, which of the expected themnal generation cost, and  the
establishes that the optimal strategy for the solu- cost of {ailure, which is the product of the expec-
tion of certain classes of stochastic control prob- ted energy shortage times the deficit cost func-
lems can be obtained by replacing the stochastic tion. In this application a linear cost fiumction
components by their expected value (Bryson and Ho, is used to penalize the energy shortages. It is
1975). worthwhile to remember that the cost function is

. not taken into account in the rule-curve method.
The inflows in each stage are then substituted by

forecasted vaiues and the deterministic  operation The simulations use sets of 1000 synthetic energy
problem is solved. Since infiow forecasts are more inflow sequences, produced by the same lag-one
accurate for shorter horizons, it is necessary to autorregressive model which is used in the SDP
- update the solution at each stage when new inflow model.
.. forecasts become available, With the assumpticn ’
' that the best forecasting model can be represented Table 1 presents the main results of the simulation
" in a stochastic dynamic programming framework, it of the Southeast Brazilian system, with strategies
- is possible to compare the results of the SDP for- calculated by the three methods. :
milation and the deterministic equivalent approach
. in the operation scheduling of one single reservoir. The estimated shortage risk is defined as the
! number of inflow sequences with at least one monthly
. In this work, this single reservoir is the ''equiv- energy shortage during the planning period, divided
alent reservoir' of .the - Brazilian South and by the total nmumber of inflow sequences used in the
Southeast regions and the inflows stochasticity is simulation.
represented by a first-order autorregressive model.
In this case, the only information that is needed The resulting cost values are based on thermal
to obtain the expected value of the inflow in the generating costs of July/84 and on a deficit cost
stage is the inflow that occurred in the previous parameter of one million cruzeiros per Mwh {.50Us$/
stage. Since the inflow in the previous stage 1is Kih}.
one of the state variables of the SDP model, the
information updating process of the deterministic . . S

equivalent method is completely reproduced in. the ' B
?DP recursion. 1o

" Therefore, it is possible to obtain an operating :
strategy that reproduces. the behavior of the deter- .
./ ministic equivalent. method with the SOP model by -,
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TABLE 1 Comparison of the Methods for the
Southeast Brazilian systom from 1985 Lo 1989

RULE~ DEET.,

PARMMETER CURVE HQUIV. Sbp
Estimated Shortage '
Risk (%) 1.9 8.0 3.7
Expected Energy S
Shortage (GhWh) 209 840 444
Expected Thermal
Generatlion [Gith) 24,656 13,105 15,085
Expected Thermal .- R
Generation Cost
(10°US$) 413 71 115
Expected Total
Operation Cost
(106Us$) 517 49} 337

Table 2 presents the rosults of the simulation of
the South Brazilian system.

TABLE 2 Comparison of the Methods for the South
Brazilian oysicm from 19g5 to 1989

PARAMETER oy Egﬁv SDP

Estimated Shortage

Risk (%) 5.5 12.4 10.1
Expected Energy

Shortage (GWh) 104 269 207
Expected Thermél

Ceneration (GWh) 28,634 19,930 20,300
Expected Thermal

Generation Cost

(106US$) 390 220 231
Expected Total

Operation Cost

(10%Us$) 442 354 335
The results indicate that for both systems, the

rule-curve method produces the highest values of
expected operating cost, what is an . expected
Since the rule-curve 1is calculated to
‘assure load supply with the worst historical se-
without having any minimization criteria ,
the resulting operation is characterized by a
small energy shortage probability, with an inten-
sive use of thermal generation.

The SDP approach produces the lowest values of ex-
pected total operation costs for both systems. The

. expected economy in the system  operation when
. compared to the rule-curve method is about 34.8%
for the Southcast system and 24.2% for the South
“system. These figures are an estimation of the

benefits for the Brazilian systems, resulting from
ithe use of the SDP model.

‘ . iThe results cbtained by the deterministic equiva-

. ilent method are situated in between the other two

‘approaches. As it was expected, the deterministic
-equivalent method uses less thermal generation than
b e - .- -
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the amount recommended by the SPI' solution and
consequently has higher energy shortages. This is
due to the fact that the operatron with determin-
istic inflows 1s more flexable than the resulting
from the SDP approach. The capected total  oper-
ating costs resulting from the deterministic equiv-
alent approach arc higher than the ones  obtaincd
by the SDP solution. For the Soulhcast system, the
relative difference between the two methods is
about 45.0%. Tor the South systeom this figure is
about 5.8%.

The results obtained for the Scuth system, with the
expected total operating cost of the deterministic
equivalent method quite close to the corresponding

values of the SDP solution, are due to the  fact
that the reservoirs of this region  have smaller
inertia than the Southeast system, and therefore
the system operation is less influenced by the
stochastic component.

Figure 6 illustrates the differences between the

three methods.
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Fig. 6 - Expected Total Operation Costs Resulting
from the three Methods

DISCUSSION OF THE RESULTS

The idea that deterministic equivalent approaches
can be used for solving the generation scheduling
problem of hydrothermal systems is usually justi-
fied by the fact that the information updating
process of this method can replace the representa-
tion of infiow stochasticity.

This work does mot constitute a complete comparison
of the deterministic equivalent and the SDP ap-
proaches, since the possible benefits resulting
from the detailed representation of the hydro sys-
tem in the deterministic equivalent method are not
considered. Additionally, this approach can bene-
fit from being able to use more complex models to
represent the actual stochastic process in the in-
flow forecasting. In the SDP appreoach, the use of
such medels would cause dimensionality problems.

The basic objective of this work is toevaluate the
effect of using the first-order autorregressive
model to represent the inflow stochasticity in the
generation scheduling of the Brazilian aggregate
systems. : : ,
i i
The results correspond to a comparison of the de-
terministic equivalent and the SDP approaches for
one single reservoir, with the assumption that the
first-order autorregressive model is well suited
for inflow forecasting. , i

As it was previously described, in this case
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deterministic equivalent method can be scen as 4
particular case of the S fovmulation. 1t will be
a good or bud approximation depending on the inertia
of the system vescervoirs and on the pursistence om-
bedded in the stochastic process.

For the Brazilian system, approximate schemwes like
the deterministic equivalent methods result in op-
erating costs significantly higher than what 1s ob-
tained by the SHP approach. Naturally, this is not

'@ peneral vesult and the comparison of the rethods

depends on the characteristics of the system 1o
which they are applicd.

Although dimensionality problems do not allcw the
application of a SDP formulation for complex  sys-
tems, an optimistic measvre the possible gain  in
representing inflow uncertainty can be oblained by
the f{ollowing procedurc.

l"Emhmm‘mccmmimcmmmﬁonc%tofﬁesﬁ—
tem by using the deterministic equivalent meth-
od with updating of the solution. Obtain Cl

2 - Calculate the optimal trajectery for one deter-
ministic inflow sequence and cvaluate the  op-
eration cost. Repeal this procedure fora large
sanple of inflow sequences and obtain the ex-
pected operation cost, C,.

€., represents the lower bound of the expected  op-
efaticn cost of the system, since .the perfect
knowicdge of the future inflows is assumed for each
sequence. The difference between C) and Cp will
indicate the range of improvement ~that can be
achicved by the representation of inflow uncertain-
ty. I it is large, the stochastic component — of
the inflows should be considered in modelling  the
system. If it is small the hypothesis of detexr-
ministic equivalence is well suited to the system.
As shown in Tablie 1, for the Southeast Brazilian
system Cp is equal to 491 million dollars. C, was
evaluated as 114 million dollars according to” step
2 of the proceduve previously described. It should
be noted that the cxpected operation cost of the
SDP approach, 337 million dolars is in the (cz, cl)
range, as expected,
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