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Abstract – Coordinating the operation of large hydro-

thermal generating systems, such as the Brazilian system is 

a very complex task. Usually, the operation planning prob-

lem is divided in linked subproblems according to decision 

horizons. These horizons varies from long-term scheduling 

(1 to 5 years ahead) up to the short-term scheduling and 

dispatch. To keep the solution of the long-term operation 

planning problem computationally tractable, it is neces-

sary to introduce simplifications to the original problem. 

One important approximation is the aggregation of reser-

voirs into equivalent energy reservoirs. However, the cur-

rently available methodology to construct Equivalent 

Energy Models is only able to represent subsystems with-

out hydraulic coupling. The objective of this paper is to 

derive a methodology to construct the Equivalent Energy 

Model that allows dealing with systems hydraulically 

coupled. The methodology is applied to a configuration of 

the Brazilian generating system. 

Keywords: hydro generation, equivalent reservoir 

model, multireservoirs system 

1 INTRODUCTION 

The Brazilian generating system is hydro dominated, 

accounting for more than 90% of the produced electrical 

energy. This large scale hydro system is characterized 

by large reservoirs presenting multi-year regulation 

capability, arranged in complex cascades over several 

river basins, including the world’s largest hydroplant, 

Itaipu, with 12600 MW installed capacity and jointly 

owned by Paraguay. Additionally, the availability of 
limited amounts of hydroelectric energy, in the form of 

stored water in the system reservoirs, in conjunction the 

variability of future inflows, creates a link between the 

operation decision in a given stage and future conse-

quences of the decision. 

Therefore, coordinating the operation of such a sys-

tem is a very complex task posed to the planners. Usual-

ly, the operation planning problem is divided in linked 

subproblems according to decision horizons [1]. These 

horizons varies from long-term scheduling (1 to 10 

years ahead) where long lasting drought and their asso-

ciated probabilities of occurrence as well multiyear 
regulation capability are analyzed, up to the short-term 

scheduling and dispatch. Specialized algorithms have 

been developed to each one of the decision horizons [1]. 

In Brazil, the Independent System Operator (ONS) and 

the Whole Sale Energy Market (CCEE) use a chain of 

models for the hydrothermal coordination and to deter-

mine the spot price [1]. In particular, in the long-term 

operation planning a computational model called 

NEWAVE is used [2]. This model is based on dual 

stochastic dynamic programming [3]; it is also able to 
evaluate the performance of the generating system in 

meeting the load through probabilistic indices. 

To keep the solution of the long-term operation plan-

ning problem computationally tractable, it is necessary 

to introduce simplifications to the original problem. One 

important approximation is the aggregation of system 

reservoirs into equivalent energy reservoirs models. For 

example, the four main Brazilian subsystems (North, 

Northeast, South and Southeast/Central West) are ap-

proximated into four equivalent energy models, which 

are electrically connected through the existing main 

interconnection lines. This representation is illustrated 
in Figure 1. 

However, the original methodology to construct the 

Equivalent Energy [4] is only able to represent subsys-

tems without hydraulic coupling. In other words, a river 

basin should contain hydro power plants that belong to 

only one subsystem; it fails in the case that part of the 

hydro plants belongs to one subsystem and the remain-

ing belongs to another one. 

The objective of this paper is to extend the metho-

dology to construct the Equivalent Energy Model to 

allow dealing with subsystems hydraulically coupled. In 
this case, the operation of a specific subsystem will also 

depend on the operation of upstream subsystems. 
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Figure 1 The four main Brazilian subsystems. 

The proposed approach is illustrated in a case study 

with a configuration of the Brazilian generating system. 

Initially, the Itaipu power plant is modeled in the South-
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east/Central subsystem not taking into account the ±600 

kV HVDC link and the 765 kV AC transmission line 

that links Itaipu power plant to South and South-

east/Central West systems. After, Itaipu power plant 

will be represented as a subsystem itself, allowing that 

the transmission constraints could be represented, but at 

this time, the operation of Itaipu subsystem will depend 

on the operation of the Southeast/Central West subsys-

tem once part of the discharge of this last subsystem is 

inflow to the former. In turn, the operation of Itaipu 

subsystem will impact the operation of the other sys-
tems. 

2 THE CONCEPTS OF EQUIVALENT 

RESERVOIR AND THE ENERGY INFLOW 

MODEL  

Because the sum of hydroelectric generation and 

thermal generation should match the total energy load, 

the system operation cost, given by the fuel of the ther-

mal units, can be considered to be a function of the total 

hydro generation rather than the vector of individual 

hydro releases. This suggests the use of some aggregate 
representation of the hydroelectric system as a state 

variable. Furthermore, because the potential for energy 

production of stored water in a hydro system depends 

on the total developed plant head downstream of each 

hydro plant, the aggregated storage capacity of the sub-

system should be expressed in terms of its content rather 

than its stored water volume. 

The aggregation technique, known as equivalent re-

servoir representation, is based on the estimation of the 

energy produced by the complete depletion of the sub-

system reservoirs for a given set of initial storage. If 
there is only one reservoir, the energy produced by the 

depletion of a volume v of stored water is a function of 
its gravitational potential energy, (1): 

v)v(hE       (1) 

where 

E is the generated energy (MWh) 

 is the plant productivity factor (gravitational 
constant times turbine/generator efficiency) 

h(v) is the reservoir head which depends on the 

stored volume v 

The energy produced by the complete depletion of 

the reservoir from its maximum volume v  is thus given 

by (2): 


v

0

dv)v(hpES     (2) 

Suppose now that we have two reservoirs in series, as 

illustrated in Figure 2. Since a water volume v1 re-
leased from upper reservoir 1 will also be used to gener-
ate energy at plant 2, the energy produced is given by 

(3): 

12221111 v))v(hp)v(hp(E     (3) 

Because the energy produced by reservoir 1 depends 

on the head of reservoir 2, the subsystem stored energy 

will depend on how both reservoirs are depleted. In 

other words, the total energy produced will depend on 

the system operating rules [5]. In the construction of the 

aggregate reservoir for the Brazilian system, some sim-

plified operation rules that approximate the actual dep-

letion policy of the system reservoirs were used. The 

experience shows that, in practice, the operator of the 

system aim to maintain all the reservoirs at the same 

level. That is, the parallel operating policy hypothesis is 

reasonable. 
 

1

2

V1

V2

h1(v1)

h2(v2)

(a) (b)

Vmax1

Vmax2

 
Figure 2 Representation of two reservoirs in series: (a) 

schematic diagram; (b) side view. 

Different equivalent reservoirs were built for each 

Brazilian region. The accuracy of the aggregate models 

can be validated against simulation models that 

represent in detail the operation of the individual hy-

droelectric plants and their effect on units downstream 

[6]. 

2.1 The Aggregate System Model 

The equivalent reservoir model is a composite repre-

sentation for the multireservoir hydroelectric power 

system. This is a reservoir which receives, instead of 

water, stores and releases potential energy. 

The major components of the aggregate system mod-

el are represented in Figure 3. 

 
Energy

Inflow

Uncontrollable

Inflow Controllable

Inflow
Evaporation

Losses

Equivalent Energy

Reservoir

Spillage

Hydro

Energy  
Figure 3 Aggregate System Model 

The total energy inflow to the equivalent reservoir is 

divided in two parts: 

 Controllable energy inflow, which represents the 

inflow volumes that can be stored in the subsys-

tem reservoir; 

 Uncontrollable energy inflow, which represents 

lateral inflow volumes arriving at run-of-the-

river plants, which have no associated reservoir. 
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The energy outflow from the equivalent reservoir and 

the controllable inflow are limited by the capacity of the 

subsystem turbine/generator sets. Energy flow volumes 

exceeding these limits are spilled, that is, cannot be used 

for hydro production. Each of the aggregate subsystem 

components will be defined in the next item. 

3 OUTLINE OF THE PROPOSED APPROACH 

3.1 The Equivalent Reservoir Model 
The maximum energy that can be stored in the equiv-

alent energy reservoir is estimated as the energy pro-

duced by the complete depletion of the system reser-

voirs, that is, as the maximum capacity of each reservoir 

multiplied by its productivity plus that of all hydroplants 

downstream this reservoir, given by (4): 

 














 Ri Hj
jjiiimax

i

hhVutilEARM   (4) 

where 

R is the set of reservoirs of the system 

Vutili is the maximum stored volume of reservoir i 

ih  is the average head of reservoir i or the head 

(constant) of run-of-the-river plant i 

Hi is the set of reservoirs and run-of-the-river 
plants downstream of reservoir i 

 

For easy explanation, the equation associated with 

the consideration of hydro coupling in the Equivalent 

Reservoir Model will be initially derived by using a 

simple example. Then the equations are generalized. 

Consider the hydrosystem Y, depicted in Figure 4, 

which is composed by four reservoirs and one run-of-

the river plant. 

A B

C

D

E

Y

 
Figure 4 Hydro system Y 

Now consider that this system is split into two sub-

systems Y1 and Y2, which are clearly coupled, as shown 

in Figure 5. 

A B

C

D

E

Y1

Y2

 
Figure 5 Hydro subsystems Y1 and Y2 

The maximum energy that can be stored in the sys-

tem Y is given by (5): 

EEEEE

DDCCCEEDD

CCBBBEEDD

CCAAA

hVutilh

hhVutilhh

hhVutilhh

hhVutilYEAMAX

















)

()

()

()(

  (5) 

In the same way, the maximum energies that can be 
stored in the subsystems Y1 and Y2 respectively are 

given by (6) and (7): 

)

()

()

()( 1

EE

DDCCCEEDD

CCBBBEEDD

CCAAA

h

hhVutilhh

hhVutilhh

hhVutilYEAMAX















  (6) 

 

EEE hVutilYEAMAX )( 2   (7) 

Comparing the expressions (5) to (7), it can be seen 

that: 

 the sum of EARMmax(Y1) and EARMmax(Y2) re-

sults in EARMmax(Y); 

 part of the energy stored in subsystem Y1 will be 

generated in subsystem Y1 itself; 

 part of the energy stored in subsystem Y1 be-

longs to subsystem Y2, downstream of Y1; 

 the complement to the energy stored in subsys-

tem Y1 will be generated in subsystem Y2. 

In this way, it can be stated about a release of certain 
amount from subsystem Y1: 

 just a part of the release will imply in generation 

in subsystem Y1; 

 another part of the release will be generated in 

the run-of-the-river plant of subsystem Y2; 

 the complement to the release will be controlled 

by the reservoir of subsystem Y2. 

In the example, the amount of the maximum stored 

energy that can be generated in the subsystem Y1 itself, 

is given by (8): 

)h(Vutil)h

h(Vutil)hh(Vutil

CCCCC

BBBCCAAA








 (8) 

The amount of the maximum stored energy that will 

result in uncontrollable inflow to subsystem Y2, is given 

by (9): 

)h(Vutil

)h(Vutil)h(Vutil

DDC

DDBDDA



 
  (9) 

The amount of the maximum stored energy that will 

result in controllable inflow to subsystem Y2, is illu-
strated in (10): 

)h(Vutil

)h(Vutil)h(Vutil

EEC

EEBEEA



 
                   (10) 

Generalizing, the amount of the maximum stored 
energy that belongs to the subsystem itself is shown in 

(11): 
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 














 Ri Jj
jjiii

a
i

hhVutil                     (11) 

where 
a
iJ  is the set of reservoirs and run-of-the-river 

plants downstream of reservoir i, belonging to 

the subsystem itself. 

The amount of the maximum stored energy that will 

result in controllable inflow to downstream systems is 

given by (12): 

 














 Ri Jj
jji

b
i

hVutil                     (12) 

where 
b
iJ  is the set of reservoirs and run-of-the-river 

plants starting from the first reservoir down-

stream of reservoir i, belonging to the down-

stream subsystems. 

The amount of the maximum stored energy that will 

result in uncontrollable inflow to downstream subsys-

tems is shown in (13): 

 














 Ri Jj
jji

c
i

hVutil                    (13) 

where 
c
iJ  is the set of consecutive run-of-the-river plants 

downstream of reservoir i until the first reser-

voir, belonging to the downstream subsystems. 

These quantities, when divided by the maximum 

stored energy, can be interpreted as weight up coeffi-

cients of the release of a subsystem, in the construction 

of an energy dispatch problem, as presented in [2]. 

 

 

 

 


































Ri Jj

jjiii

Ri Jj

jjiii

i

a
i

hhVutil

hhVutil

A





                   (14) 

where 

iJ  is the set of reservoirs and run-of-the-river 

plants downstream of reservoir i. 

 

 

 

 

 


































Ri Jj

jjiii

Ri Jj

jjiii

i

b
i

hhVutil

hhVutil

B





                   (15) 

 

 

 

 


































Ri Jj

jjiii

Ri Jj

jjiii

i

c
i

hhVutil

hhVutil

C





                   (16) 

 

3.2 The Energy Inflow 

The controllable energy inflow is estimated as the to-

tal inflow arriving at each reservoir multiplied by its 

productivity plus that of any run-of-the-river plants 

between it and the next downstream reservoir, is given 

by (14): 

 














 Ri Hj
jjiii

i

hhQICE                     (17) 

where 

QIi is the incremental inflow volume at reservoir i, 

that is, the difference between the inflow vo-

lume at reservoir i and the inflow volumes at 

reservoirs immediately upstream. 

The uncontrollable energy inflow corresponds to the 

uncontrollable inflow volume arriving at each run-of-

the-river plant multiplied by its productivity. The un-

controllable energy inflow is limited by the maximum 

generation/turbine outflow at each plant, as illustrated in 

(15). 

 
Fj

jjjj hQ,UQMinUE                     (18) 

where 

F is the set of run-of-the-river plants of the sub-

system 

UQj is the uncontrollable inflow volume arriving at 

plant j 

Qj is the total flow arriving at plant j 

Rj is the set of reservoirs immediately upstream of 

plant j 

jQ  is the maximum generator/turbine outflow of 

plant j 

3.3 Correction of Controllable Inflow 

Since the controllable energy was calculated using 

average heads, ih , it is necessary to correct it during 

simulation or optimization to take into account the ef-

fect of head variation. A correction curve is fitted based 

on calculation of the controllable energy for different 

values of the stored energy in the reservoir, as shown in 

Figure 6. 

FC

EA

FCmax

FCmin

FCmed

0 EAmed EAmax

  a    EA  + b    EA + c
ec ec ec

2

 
Figure 6 – Controllable Inflow Correction Curve 

Each point of the curve can be calculated as equation 

(19): 
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 














 
















 

 

Ri Hj
ijiin,i

NSH

1n

Ri Hj
jjiin,i

NSH

1n

i

i

hhQI

hhQI

)h(FC





         (19) 

where 

NSH number of values in the historical record of wa-

ter inflows 

h is the maximum (minimum or average) head of 

reservoir or the head (constant) of run-of-the-
river plant if the plant belongs to the subsys-

tem; is the average head of reservoir i or the 

head (constant) of run-of-the-river plant i if the 

plant belongs to downstream systems. 

Similar development will make to minimum outflow 

energy. 

4 THE OPERATION DISPATCH PROBLEM 

In the NEWAVE model, the long term operation 

planning problem is represented as a multi stage sto-

chastic linear programming problem [SLP]. The objec-
tive is to minimize the expected value of the operation 

cost during the planning period (t=1 to t=T), given a 

known initial state of the system. Fuel costs and penal-

ties for failure in load supply compose the operation 

cost. The multi stage stochastic linear programming 

problem is described in [2]. A simplified version of this 

problem [8], already considering coupled subsystems 

and applying the weight up coefficients described in 

section 3.1, is described as: 
















 

 

  )(
1

1
min)( 11, t

NSk NUTj

tjtj
xEAF

tt xGTCTEx

k
tt






for t = 1, …, T                  (20) 
 

subject to 

Storage balance equation in each system aggregated 

reservoir k 

NSklGHklBkEVTkGH

kCEkFCkEAkEA

ttt

tttt

,1)(),()()(

)()()()(1





                   (20a) 

Load supply equation in each system k and for each 

load level 

, ..., NSk = lGHklC

(k)  -UEk(k) = DEXCk+ DEF

i)k - Fki(F +GT(k) +GHkA

t

tttt

i

t,t,

NUTj

t,jt

kk

1)(),(

)()(

,(),()(






 

                 (20b) 

Maximum turbined outflow in each system aggregated 

reservoir k 

NSk

kGHMAXlGHklCkUEkGHkA tttt

,,1

)()(),()()()(





 

           (20c) 

Bounds in storage in each system aggregated reservoir 

NSkkEAMAXkEAkEAMIN ttt ,,1)()()( 111  

                                                                               (20d) 

Maximum generation in each thermal plant j 

NSkNUTjGTGT kjtjt ,,1,0 ,,   

                                                                               (20e) 

Flow limits among systems 

NSkNSikiFkiF tt  ,1,,1),(),(   

                                                                    (20f) 
Flow limits among systems without load and plants 

NFICkjkFkjF

ki

tt ,,10)),(),(( 


        

                                                                    (20g) 
Set of multivariate linear constraints (Bender´s cut) 

representing the cost-to-go function 

1,

1

1)(

1)(1

1,1

1

1)(

1)(1

)(

)(

)(

)(

1,,

1,

1,,1

1,1













































tq

p

j

jtkEAF

NSk

tkEAt

t

p

j

jtkEAF

NSk

tkEAt

kEAF

kEA

kEAF

kEA

tjq

tq

tj

t









  

                                                    (20h) 

where 

xt State vector at the beginning of stage t 

composed by EAt and (EAFt-1, …, EAFt-p) 

)( tt x  Expected value of total operation cost 

from stage t to end of planning period T, 

also called expected cost-to-go function 

of stage t; 

  Discount rate; 

)(kA  The quantity of the stored energy of sys-

tem k that belongs to the subsystem itself 

),( klB  The quantity of the stored energy of sys-

tem l that will result in controllable inflow 

to downstream systems, k 

),( klC  The quantity of the stored energy of sys-

tem l that will result in uncontrollable in-

flow to downstream systems, k 

)(kEAt  Storage energy of system k in the begin-

ning of stage t; 

)(kEAMAX t  Maximum storage energy of system k in 

the beginning of stage t; 

)(kGH t  Controllable hydro production of system 

k; 

)(kGHMAX t  Maximum hydro production of system k; 

)(kEVTt  Spillage energy of system k; 

)(kEXC t  Energy excess due to uncontrollable ener-

gy and/or minimum outflow energy 

and/or minimum thermal generation on 

system k; 

)(kCEt  Controllable energy inflow plus minimum 

outflow energy of system k;  

17th Power Systems Computation Conference Stockholm Sweden - August 22-26, 2011



 

)(kUEt  Uncontrollable energy inflow of system k; 

represents lateral inflow volumes arriving 

at run-of-the-river hydro plants; 

)(kEAFt  Energy inflow volume of system k; 

)(kCEt + )(kUEt ; )(kCEt =a )(kEAFt ;

)(kUEt =(1-a) )(kEAFt  

jtGT ,  Thermal generation of plant j; 

jtGT ,  Maximum thermal generation; 

),( kiFt  Energy flow from system i to system k; 

),( kiF t  Energy flow limit from system i to system 

k; 

)(kDt  Demand of system k; 

)(kDEFt  Energy not supplied in system k; 

jCT  Generation cost of thermal plant j; 

)(kEAMIN t  Minimum limit on storage energy; 

)(kFCt  Controllable energy’s correction factor; it 

is a function of storage energy at the be-

ginning of the stage; 

i  Set of systems directly connected to sys-

tem i; 

NS Number of systems; 

NFIC Number of systems without generation 

and load;  

NUTk Number of thermal plants of system k; 

q Number of constraints of the expected 

cost-to-go function; 

)(1, kEA tl 
  Simplex multiplier or dual variable asso-

ciated to energy storage level; 

)(1,1, kEAF tl 
  Simplex multiplier or dual variable asso-

ciated to energy inflow in the previous 

stage; 

1, tl  Cost-to-go function RHS. 

5 CASE STUDY 

The application of the methodology will be illu-

strated with a configuration of the Brazilian generating 

system used in the monthly operation plan conducted by 

ONS [2]. A hundred and thirty hydro plants and a hun-

dred thermal plants compose the plan. The Brazilian 
electrical system is represented by four subsystems: 

South (S), Southeast/Central West (SE/CO), North (N) 

and Northeast (NE). Itaipu is a huge power plant located 

at the end of the cascade in Paraná River. Nowadays, 

this plant is modeled as belonging to the South-

east/Central subsystem. The Case 1 adopts this configu-

ration and its topology is illustrated in Figure 1. 

In order to explicit considerate the interconnection of 

the Itaipu power plant with the subsystems South and 

Southeast/Central West through the ±600 kV HVDC 

link and the 765 kV transmission line, SE/CO subsys-
tem was split into three subsystems: Southeast/Central 

West (SE/CO), Itaipu (IT) and Paraná (PR). Itaipu pow-

er plant was removed from the original SE/CO subsys-

tem, to constitute a new subsystem (IT). All hydro 

plants that belong to Parana basin, which is hydrologic 

coupled with Itaipu power plant, now constitute a new 

subsystem called PR subsystem. The hydro plants that 

have no hydrologic coupling with Itaipu power plant 

remain at the original SE/CO subsystem. PR subsystem 

does not have load and neither interchange constraints 

with SE/CO. The topology used in Case 2 is illustrated 

in Figure 7. It shows the electrical interconnections 

(bold lines) between the six subsystems and the hydro-

logic coupling (arrow) between IT and PR subsystems. 
In this way, the operation of Itaipu subsystem de-

pends on the operation of the Paraná subsystem once 

part of the discharge of this last subsystem is inflow to 

the former subsystem. In turn, the operation of Itaipu 

subsystem impacts the operation of the other subsys-

tems. 

NE

N

SE/CO

S

PR

IT

 
Figure 7 Topology of Case 2. 

Figure 8 shows the expected value of energy inflows 

for each month. It could be noted that sum of energies 

of SE/CO, IT and PR subsystems for Case 2 is the same 

of SE/CO subsystem in Case 1. This result is a condi-

tion in the proposed methodology because no inflow 

energy is created nor eliminated.   
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Figure 8 Expected value of the energy inflow sequence. 

The optimal operation policies for Cases 1 and 2 

have been constructed using NEWAVE model, based on 

November/2010 monthly operation plan. Then, the 

optimal operation policies were simulated considering 

2000 synthetic scenarios of energy inflows and a five 

years planning horizon. 
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Figure 9 presents the expected value of total opera-

tional costs. Note that Case 2 is more expensive than 

Case 1 because its operation is more restrictive.  
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Figure 9 Expected value of total operation cost. 

Table 1 and Table 2 show the probability of load cur-

tailments (deficit) and expected energy not supplied, 

respectively. Case 2 presents more scenarios with deficit 

than Case 1. Table 3 presents the anual system marginal 

costs.  
Table 1:  Annual probability of deficit (%). 

Case 1 

 SE/CO S NE N 

2010 0.0 0.0 0.0 0.0 

2011 3.8 5.8 4.1 3.6 

2012 4.0 4.6 1.9 2.7 

2013 2.2 2.3 0.4 1.6 

2014 2.1 3.9 0.9 1.5 

Case 2 

 SE/CO S NE N 

2010 0.0 0.0 0.0 0.0 

2011 4.7 6.3 4.1 4.3 

2012 5.3 7.4 2.8 3.3 

2013 3.2 4.8 0.5 1.5 

2014 2.6 3.0 0.5 2.1 

 
Table 2:  Annual Expected Energy not Supplied (MW). 

Case 1 

 SE/CO S NE N 

2010 0.0 0.0 0.0 0.0 

2011 29.9 8.1 4.3 2.5 

2012 33.4 8.1 1.8 1.3 

2013 22.0 6.1 0.0 1.3 

2014 21.1 5.9 0.1 1.5 

Case 2 

 SE/CO S NE N 

2010 0.0 0.0 0.0 0.0 

2011 35.2 8.1 5.6 3.5 

2012 64.5 15.7 4.4 3.2 

2013 40.0 11.0 0.0 1.6 

2014 30.0 7.9 0.1 1.7 

 
Table 3:  System marginal costs (R$/MWh) 

Case 1 

 SE/CO S NE N 

2010 75.53 75.95 65.40 75.34 

2011 93.34 93.59 87.44 87.86 

2012 84.16 81.80 66.74 69.00 

2013 76.56 74.72 55.49 64.86 

2014 82.81 82.35 62.25 71.96 

Case 2 

 SE/CO S NE N 

2010 79.31 79.65 66.8 84.32 

2011 101.24 95.48 94.76 96.57 

2012 110.74 109.26 79.84 84.53 

2013 95.22 95.32 61.91 72.97 

2014 92.11 90.1 66.4 76.99 

 

Figure 11 presents the expected hydro generation 

along the time horizon for both Cases 1 and 2. The 

hydro generation of SE/CO subsystem in Case 2 is 

obtained by the sum of hydro generation of SE/CO 

West, PR and IT subsystems and we can observe that it 

is less than the hydro generation of the correspondent 

subsystem in Case 1. In turn, subsystems South, North-
east and North have their hydro generation incresead. 

Figure 12 presents the expected thermal generation 

along the time horizon for both Cases 1 and 2. The 

thermal generation of SE/CO subsystem in Case 2 is 

obtained by the sum of thermal generation of SE/CO 

West, PR and IT subsystems and we can observe that it 

is higher than the thermal generation of the 

correspondent subsystem in Case 1. Subsystems South, 

Northeast and North also have their thermal generation 

incresead. 

Figures 13 and 14 illustrate, for Cases 1 and 2, the 

evolution along the planning period of expected storage 
energy and spillage of SE/CO subsystem respectively. It 

can be seen that the expected energy storages are very 

similar in both cases, but the spillage has increased 

when the hydroplant Itaipu was considered as a 

subsystem itself, allowing the explicit consideration of 

the interconnection of the Itaipu power plant with the 

subsystems South and Southeast/Central West. One can 

also credit part of these results to the hypothesis as-

sumed in Case 1, that is, all the hydroplants in the same 

subsystem have the same hydrological characteristics. 

For example, when a hydroplant is passing by a drought 
period, it is assumed that all the hydroplants in the same 

subsystem is passing by the same drought period. As 

can be seen in table 4, that shows the spatial correlation 

between SE/CO West, Itaipu and Paraná subsystems, 

one of these subsystems can be passing a drought period 

without being followed by the others. 

6 CONCLUSIONS 

Coordinating the operation of the Brazilian generat-

ing system is a very complex task. Usually, the opera-

tion planning problem is divided in linked subproblems 
according to decision horizons. These horizons varies 

from long-term scheduling (1 to 5 years ahead) up to the 

short-term scheduling and dispatch. To keep the solu-
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tion of the long-term operation planning problem com-

putationally tractable, it is necessary to introduce sim-

plifications to the original problem. One important ap-

proximation is the aggregation of system reservoirs into 

equivalent energy reservoirs models. However, the 

currently adopted methodology to construct the Equiva-

lent Energy Model is only able to represent subsystems 

without hydraulic coupling. This paper showed an ex-

tension to the methodology to construct the Equivalent 

Energy Model that allows dealing with subsystems 

hydraulically coupled. A study case, with a configura-
tion of the Brazilian generating system, involving Itaipu 

hydroplant was presented. 
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Figure 10 Total hydro generation (MW). 
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Figure 11 Total thermal generation (MW). 
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Figure 12 SE/CO expected storage energy. 

Table 4:  Cross-correlation of Case 2 
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Figure 13 SE/CO expected spillage. 

ACKNOWLEDGMENTS 
The authors would like to thank the technical contributions 

of Leslie Afrânio Terry (in memoriam) and Cecília M. Ventu-

ra Bezerra Mercio. 

REFERENCES 
[1] M.E.P.Maceira, L.A.Terry, J.M.Damazio, F.S.Costa, 

A.C.G.Melo, “Chain of Optimization Models for 

Setting the Energy Dispatch and Spot Price in the 

Brazilian System”, Power System Computation 

Conference - 14th PSCC”, Sevilla, Spain, June 2002. 

[2] M. E. P. Maceira, V. S. Duarte, D. D. J. Penna, L. 

Moraes, A. C. G. Melo, “Ten years of application of 
stochastic dual dynamic Programming in official and 

agent studies in Brazil–Description of the NEWAVE 

program”, 16th PSCC, Glasgow, July 2008.  

[3] M.V.F. Pereira, L.M.V.G. Pinto, “Multi Stage Sto-

chastic Optimization Applied to Energy Planning”, 

Mathematical Programming 52,359-375, 1991. 

[4] L.A.Terry, M.V.F.Pereira, T.A.Araripe Neto, 

L.F.C.A.Silva, P.R.H.Sales, “Coordinating the Ener-

gy Generation of the Brazilian National Hydrother-

mal Electrical Generating System”, Interfaces, 

Vol.16, No.1, January-February 1986. 
[5] N.V.Arvanitidis, J.Rosing, “Composite Representa-

tion of a Multireservoir Hydroelectric Power Sys-

tem”, IEEE Transactions on Power Apparatus and 

Systems, Vol. PAS-89, No.2, February 1970. 

[6] M. V. F. Pereira, M. E. P. Maceira, G. C. Oliveira, 

L. M. V. G. Pinto, “Combining Analytical Models 

and Monte-Carlo Techniques in Probabilistic Power  

System Analysis”, IEEE Transactions on Power Sys-

tems, vol.7, no.1, pp.265-272, February 1992. 

[7] www.ons.org.br 

[8] L.A.Terry, M.E.P.Maceira, C.M.V.B.Mercio, “Op-

eration Planning of Hydrothermal Systems using 
Hydraulic Coupled Systems”, Tech. Report, CEPEL 

DPP/PEN 097/01, 2001, in Portuguese 

 

 SE/CO IT PR 

SE/CO 1.000 0.000 0.566 

IT 0.000 1.000 0.515 

PR 0.566 0.515 1.000 
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