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ELECTRICITY GENERATION, 2013

Approximately 11% of all electricity generated in the
world comes from impulse turbines

Impulse turbines (r=0)
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ELECTRICITY GENERATION, 2013

Approximately 11% of all electricity generated in the
world comes from impulse turbines

Parson turbines
(r~0,5)

|:> Impulse turbines (r=0) '

Wind turbines
v low generation cost (~8 ¢/kWh)
v virtually unlimited potential
v’ complementarity with hydroelectric power plants

v intermittent

Hydroelectric turbines

v lowest generation cost (~4 ¢/kWh)
v' 50 — 100 years useful life

v functionality of the reservoir

v small growth potential



OPERATION OF THERMO POWERPLANTS BETWEEN 2013 — 2014
Brasil (2014)

Brasil (2013 . Carvio e
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Biomassa ?
o ot o Hidraulica?
7.4% 65,2%
geracao hidraulica? em 2013: 431,3 TWh geracao hidraulica? em 2014: 407,2 TWh
————— geracao total> em 2013: 611,2 TWh geracao total’> em 2014: 624,3 TWh

! Inclus gds de coqueria
2 [nclui importagdo
3 Inclui lenha, bagago de cana, lixivia e outras recuperacdes



Classes de energia
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WIND ELECTRICITY GENERATION IN BRAZIL
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Total generation

in 2014: 71,26 GW

Technical potential: 143 GW®)

Operating (2014): 9,91 GW®
Hired (2035): 9,93 GW®@
Average FAC (2014): 38%®

Monthly capacity factors for select fuels and technologies
(January 2011-October 2013)
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(2) Assoc. Brasileira de Energia Edlica
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Global Mean Wind Speed at 80m STIER
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WORLD HYDROELECTRIC POTENTIAL

América do Norte Europa Asia
Winst: 0,183 TW Winst: 0,172 TW Winst: 0,341 TW
Wpot: 0,113 TW Wpot: 0,095 TW Wpot: 0,340 TW

Africa

winst: 0,026 1w
Wyot: 0,169 TW

América do Sul
Winst: 0,143 TW

Wcons,QO]Q =221TW &




FLUX MACHINES:

theoretical analysis
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Energy inventory in the control volume... 12 Law of Thermodynamics
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Energy inventory in the control volume... 12 Law of Thermodynamics
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Application to an impulse turbine
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-
e

<+

1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 I
1 1
1 1
1 I
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 I
1 1

o

2

forces on the
- fluid exerted by
the turbine

QUL




Application to an impulse turbine
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Application to an impulse turbine

F:(Ps_Pz)'A:m'(V1_V4)
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Application to an impulse turbine
W =F. 3‘7lmed = pAVr%ed ' (V] - VA,)

2
el p-v

\l §:V4/V1
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Application to an impulse turbine

3m/s

9 m / s ﬁ D<2m mz)c(lr?;ﬁ?gal POWEr v 346m
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W = E.” v kg ©-(20m)* (9m/s)
27 m; 4 2

W =158789kW




Working Definitions and Equations

. 148\ ] ]
W=pAV13-(+T&J (1-¢) — W=§pAV13-§(1+é)2-(1—E..)

\ ) | J
| |

wind power
power coefficient
W turbine power

CP(g) = - 0+gP -9

pAVS /2 windpower

cp -16.5039

»]
0.6

0.55 / mex 27
0.5
s

coeficiente de poténcia

CP =

3 0.4 .5 X A
& = velocity ratio




_actualpower W

maximumpower  CP(g)- pAVS_, /2

\ J \ J
| |

design: wind power
£=1/3 capacity




Working Definitions and Equations
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Wind speed (m/fs)
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Factors Causing Efficiency Losses

low pressure low pressure



Factors Causing Efficiency Losses
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Evolution of Wind Power Technology

, Height over sea/ground level, m
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HYDROELECTRIC POWER PLANTS:
design and operation

-



Rank - Name Country % River ¢ | Installed capacity (MW) ¢  Annual electricity production (TW-hour)(] & Years of completion 4 | Area flooded (km?)

1 Three Gorges Dam Bl China Yangtze 22,500 98 _8lE] 2008

2 [taipu Dam B Parana 14,000 98 6l 1984/1991, 200307 1,350
= Paraguay

2 Xiluodu Bl china Jinsha 13,8601 201401

4 Guri s \enezuela Caroni 10,235 53.41 1978, 1986 4,250

5 Tucurui E=3 Brazil Tocantins 8,370 4143 1084 3,014

6 Grand Coulee == United States | Columbia 6,809 2pl101 1942/1950, 1973, 1975/1980, 1984/1985"1] | 324

7 Xiangjiaba Bl china Jinsha 6,448 20140121

8 Longtan Dam Bl china Hongshui 6,426 187013 2007/2009

9 Sayano-Shushenskaya B Russia Yenisei 6,400 26.8 1985/1989, 2010/20140"4 621

10 Krasnoyarsk B Russia Yenisei 6,000 15 1972 2,000

11 Nuozhadu El china Mekong 5,850 2014012

12 Robert-Bourassa §+0 Canada La Grande 56160161171 265 1979/1981 2,835

13 Churchill Falls I+1 Canada Churchill 5,42801¢1 35 1971/1974 6,088

14 Jinping-li [l china Yalong 4,800 2014

15 Bratsk B Russia Angara 4,500 226 1967 5,470

16 Laxiwa Dam El china Yellow 420009 10.2 2010

17 Xiaowan Dam Bl china Mekong 4,200E0 19 2010 190

18 Ust llimskaya mm Russia Angara 3,840 21.7 1980

19 Jinping-| Bl Cchina Yalong 3,600 2014

20 Tarbela Dam Pakistan Indus 3,478 13 1976 250

21 llha Solteira Dam E=3 Brazil Parana 3,444 17.9 1973

22 Ertan Dam Bl china Yalong 3,300 17 1999

23 Pubugou Dam Bl china Dadu 3,300 146 2009/2010

24 Macagua = Venezuela Caroni 3,167.5 152 1961/1996 47.4

25 Xingé Hydroelectrical Power Plant | B84 Brazil S#o Francisco | 3,162 18721 1994/1997

26 Yacyreta == Argentina Parana 3,100 20.09 1994/1998, 2011 1,600
= Paraguay

27 Nurek Dam == Tajikistan Vakhsh 3,015 1.2 1972/1979, 1988 98

28 Bath County PSP == United States | - 3,003 332 1085, 2004

29 Goupitan Dam Bl China Wu 3,000 967 2009/2011 94

30 Guanyinyan Dam Bl china Jinsha 3,000 13.62 2014/2016

31 Boguchany Dam mmm Russia Angara 2,097 176 2012/2014 2326

32 W. A. C. Bennett Dam i+l Canada Peace 2,876 131 1068, 2012

33 La Grande-4 I+1 Canada La Grande 2 779017 1986 765

34 Gezhouba Dam il China Yangize 2715 17.01 1088

35 Manic-5 and Manic-5-PA 1+l Canada Manicouagan | 2,65612% 1970/1971, 1989/1990 1,050




Rank - Name % Country % River ¢ | Installed capacity (MW) ¢ | Annual electricity production (TW-hour)] & Years of completion 4 | Area flooded (km?)

1 Three Gorges Dam Bl China Yangtze 22,500 98 _8lE] 2008

2 Itaipu Dam g g;i;uay Parana 14,000 9561 1984/1991, 200307 1,350

3 Xiluodu Bl China Jinsha 13,8600 20148

4 Guri Esm Venezuelz | Caroni 10,235 53.41 1978, 1986 4,250

5 Tucurui E=3 Brazil Tocantins 8,370 41.43 1084 3,014

6 Grand Coulee == United States | Columbia 6,809 2pl101 1942/1950, 1973, 1975/1980, 1984/1985"1] | 324

7 Xiangjiaba Bl china Jinsha 6,448 20140121

8 Longtan Dam Bl china Hongshui 6,426 187013 2007/2009

9 Sayano-Shushenskaya B Russia Yenisei 6,400 26.8 1985/1989, 2010/20140"4 621

10 Krasnoyarsk = Russia Yenisel 6,000 15 1972 2,000

11 Nuozhadu El china Mekong 5.850 2014012

12 Robert-Bourassa §+0 Canada La Grande 561611617 265 1979/1981 2,835

13 Churchill Falls 1+l Canada Churchill 5,428018] 35 1971/1974 6,988

14 Jinping-i Bl China Yalong 4,800 2014

15 Bratsk = Russia Angara 4,500 226 1967 5,470

16 Laxiwa Dam El china Yellow 420009 10.2 2010

17 Xiaowan Dam Bl china Mekong 4,200E0 19 2010 190

18 Ust llimskaya mm Russia Angara 3,840 21.7 1980

19 Jinping-| Bl Cchina Yalong 3,600 2014

20 Tarbela Dam Pakistan Indus 3,478 13 1976 250

21 llha Solteira Dam E=3 Brazil Parana 3,444 179 1073

22 Ertan Dam Bl china Yalong 3,300 17 1099

23 Pubugou Dam Bl china Dadu 3,300 146 2009/2010

24 Macagua = Venezuela Caroni 31675 152 1961/1996 47.4

25 Xingé Hydroelectrical Power Plant | B84 Brazil S#o Francisco | 3,162 18721 1994/1997

26 Yacyreta == Argentina Parana 3,100 20.09 1994/1998, 2011 1,600
= Paraguay

27 Nurek Dam =— Tajikistan akhsh 3,015 1.2 1972/1979, 1988 98

28 Bath County PSP == United States | - 3,003 332 1085, 2004

29 Goupitan Dam Bl china Wu 3,000 967 2009/2011 94

30 Guanyinyan Dam Bl China Jinsha 3,000 1362 2014/2016

31 Boguchany Dam mm Russia Angara 2997 176 2012/2014 2.326

32 W. A. C. Bennett Dam i+l Canada Peace 2,876 131 1068, 2012

33 La Grande-4 I+1 Canada La Grande 2 779017 1986 765

34 Gezhouba Dam Bl china Yangtze 2715 17.01 1088

35 Manic-5 and Manic-5-PA 1+l Canada Manicouagan | 2,65612% 1970/1971, 1989/1990 1,050




Power generation

Nameplate capacity 22,500 MW

Capacity factor 45%
Annual generation 87 TWh (310 PJ) (2015)

Turbines 32 % 700 MW
2 x 50 MW Francis-type
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Power station

Type
Hydraulic head
Turbines

Installed capacity

Annual generation

Conventional
118 m (387 ft)

20 x 700 MW
(940,000 hp) Francis-type

14 GW (19,000,000 hp)
89.5 TWh (322 PJ)

|




Usina Itaipu Trés Gargantas
Turbinas 20 32+2 (6 subterraneas)
Poténcia 700 MW 700 MW
nominal
Potencia 14.000 MW 22.500 MW (prevista)
instalada

Recorde de | g3 4 pilhges kWh/ano (2000) | 61,6 bilhdes kWh/ano (2007)
producdo anual
Concreto _ 2 _— 5
utilizado 12,57 milhdes m 27,94 milhdes m
Altura 196 metros 181 metros
Comprimento da
barragem 7.750 metros 4.149 metros
Vertedouro 62.200 m3/s 102.600 m3/s
Escavacoes 63,85 milhdes m?® 102,59 milhdes m?
Reservatorio Trés Gargantas
Extensdo 170 km 600 km
Area 1.350 km? 1.084 km?
Armazenamento 29 km?® 39 3 km?
Nivel normal de operacao 175 m
Numero de pessoas reassentadas 1,13 milhdo
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Hydroelectric Power Generation Potential in the World

Average continental height: 840m
y . Average annual pluviosity: 505-103 km3
W — mgAZ ¢ at sea: 398 -10° km?
¢ on land: 107 -103 km3

3 3 3
oien = D070 M 997K9 8™ g40m
' 365 x 24 x3600s m S

Wmc:x,’rheo =2/8TW

‘ Assuming that all in land
precipitation can be used

for power generation




Hydroelectric Power Generation Potential in the World

N World Energy Assessment:

Winaxunop = 3.84TW - i,

Wcons,2012 =221TW ﬁ

The potential growth of hydroelectric generation is
substantially limited, however...

RESERVOIR: Capacity of storing water for energy
generation

""""""""""""""""""""""""""""""""""" . COMPLEMENTARITY: Stabilization of supply in face of
fluctuations in generation conditions
(intermittencies) and also of the demand
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APPLICATION EXAMPLE:
optimized design and operation




HYDROELECTRIC POWER PLANTS OPTIMIZED OPERATION

Design Configuration '

100 m3/s

ﬂ(()w3;a;ce seasonal variations of the main river and tributaries
m3/s
N\

100

rannual averages

01/01 01/04 01/07 30/09 31/12



HYDROELECTRIC POWER PLANTS OPTIMIZED OPERATION

Design Configuration '

100 m3/s

Locus of design points
(maximum conversion

efficiency)
, - specific
. ) : rotation (rps)
N_. . geometric N
,min similarity SP,max (W / p)l/ 2

=N-
sp (gAH)5/4




HYDROELECTRIC POWER PLANTS OPTIMIZED OPERATION

Design Configuration '

100 m3/s

s> specific
rotation (rad)




HYDROELECTRIC POWER PLANTS OPTIMIZED OPERATION

100 m3/s 312rpm _ :
/ Q, = 3,14rad Design Configuration '

7 T 10 m3/s 298rpm
o | Q.= 3,14rad

20 m3/s 274rpm

“We chose
Kaplan turbines”

100 PR S NN N SN N S
f > . | : i L
% | AT - i i S
! : ey ! ! =
1 | | 1 1 1

s specific
rotation (rad)




HYDROELECTRIC POWER PLANTS OPTIMIZED OPERATION

100 m3/s 312rpm _ :
/ Q, = 3,14rad Design Configuration '

& 1 10 m3/s 298rpm
o | Q.= 3,14rad

20 m3/s 274rpm

TABLE 9.3. Operating ranges of hydraulic turbines

Pelton turbine Francis turbine Kaplan turbine
Specific speed (rad) 0.05-0.4 0.4-2.2 1.8-5.0
Head (m) 100-1770 20-900 6-70
Maximum power (MW) 500 800 300
Optimum efficiency, % 90 95 94
Regulation method Needle valve and Stagger angle of Stagger angle of rotor

deflector plate guide vanes blades




HYDROELECTRIC POWER PLANTS OPTIMIZED OPERATION

The design is based on nominal parameters (annual or
pluriannual averages) that result in an optimized
performance (maximum efficiency)

Operating parameters vary with respect to nominal
parameters (tributaries flow rates e.g.)

The problem: how to adjust the overall system operation,
acting on controllable variables, in order to optimize
performance ?

Max (q)sis’r ) = Max Z D, —» performance criterium
k

max ((Dsis’r ) =max H Dy — performance criterium
k




HYDROELECTRIC POWER PLANTS OPTIMIZED OPERATION

Given the (non controllable) variations of the tributaries flow
rates (A), how to adjust the reservoirs discharges (Q) to
optimize the total energy generation ?

lAk Vi

Maix (D) =Max > @,
k

Winst

Wmed




HYDROELECTRIC POWER PLANTS OPTIMIZED OPERATION

Given the (non controllable) variations of the tributaries flow
rates (A), how to adjust the reservoirs discharges (Q) to
optimize the total energy generation ?

lAk Vi

Subjected to the foillowing mass and energy conservation equations:

de To which the following performance characterization
gt = Qk—] + A — Qk equation apply

. Nk = nk(Nsp,k) Efficiency curves
W = pan QAH,

. AHK = fk(Vk) Water height at in function of the
Ek — IWK .dt accumulated volume
T




TRIBUTARIES FLOW RATES: STOCHASTIC MODELS

Average monthly streamflow

500 |- Hudson River at Hadley Observed
450 NLDAS Sim
GHCN Sim
— 400 NOHRSC Sim
@ 350
£
%’ 300
“—é 250
@ 200
o
s 150
100 |
501
| |
Jun-07 Dec-07 Jul-08 Jan-09 Aug-09 Mar-10  Sep-10 Apr-11 Oct-11 May-12  Nov-12
Time
Calibration Period Valid. Period
Average monthly streamflow
400 - Aroostook River at Washburn b ved
350 |- NLDAS Sim
— GHCN Sim
— 300+ NOHRSC Sim
=
_E, 250
3 200
E
E 150
o
& 100
50
| 1 | 1 1 |
Jun-07 Dec-07 Jul-08 Jan-09 Aug-09 Mar-10  Sep-10 Apr-11 Oct-11 May-12  Nov-12
Time
Calibration Period Valid. Period

Hydrology 2014, 1(1), 89-111; doi:10.3390/hydrology1010089



TRIBUTARIES FLOW RATES: STOCHASTIC MODELS

vazao

(m/s)

100

A =100+10-sin| 2%
365-24

N AP SN e A, =20-10-sin| 2%
; ; ; ; 365-24

0 365-24-1/4 365-24-2/4 365-24-3/4 365.24-4/4
=2190 horas =4380 horas =6750 horas =8760 horas

2 -1

10+10-sin( jse 0<t<2190

0 =

2-2190
/878 se t>2190




TURBINE PERFORMANCE EQUATIONS

design point

nénmcx-x-[c-x2+b-x+c]

Vv

X a=28 b=-68 c=4,7

Vv

N

N __ ' sp.min

+N

sp.Mmax




RESERVOIR CHARACTERIZATION EQUATIONS

2A+B




RESERVOIR CHARACTERIZATION EQUATIONS

Tglo) = ATH Tg(B) = %H

A =b-AH+2. 2AR

VoI .[b.aH4p. S-AM
3 2

V= AH -(b + A—Hj
3-Tg(a) Ta(B)

AH AH

— e Tola) =55 Tolp) =




RESERVOIR CHARACTERIZATION EQUATIONS

AH 50

- AH 50
L 5000

a 200

V= AR (b + A—Hj
3-Tg(a) Tg(B)

2
V = S0 .(100+5—O)-1o9

=0,01 To[B)= =0,25

Tg(a) =

3-0,01 0.25

V..., =0025km’

vB.Iv\on’re =29 km®

Viuos =19 km?

taupU



RESERVOIR CHARACTERIZATION EQUATIONS

V= AH -(b + A—HJ
3-Tg(a) To(B)

altura (m) — silting

60
\/ H""‘FFFFFF‘_F
55 L~

/-/-—

50
e

45 //

e

40 /

35

30 volume (km3)
0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04




FORMULATION OF THE OPTIMIZATION PROBLEM

« Maximum total energy generated in a period of time (1 year)

Maximum regularity of the generated energy (dispatchability)

Ay ()

\ Y ) \—"—l
Q e AH must be so that Nsp ~ 0,5 WhenQ T = AH {
to have MNmax andwhenA T = AH T
Q"2 . AH3/*~ cte Q-AH '~ cte

conflicting effects: trade-off solution




FORMULATION OF THE OPTIMIZATION PROBLEM

« Maximum total energy generated in a period of time (1 year)

Maximum regularity of the generated energy (dispatchability)

Ay ()

Defining an adequate target function combining two optimization

aspects (total energy generation and regularity)

Greater total generation
in the period

Q(1).Q, (1) e Qs(t) —>moxz Ninea

owi +0.1

\ Smaller dispersion around the
average value



FORMULATION OF THE OPTIMIZATION PROBLEM

CD(Q],QQ,Q;S)—mon Winedtk

Gwy + 0.1

Ay ()

Initialization

== > Random change in direction 1

Keep modification only if @ increases

Random change in direction 2

Q

é Keep modification only if @ increases “Bioinpired” search method
: Random change in direction N

Keep modification only if @ increases

Iterate

ndo€—

v

Q



FORMULATION OF THE OPTIMIZATION PROBLEM

D(Q,, Q. Q) moxz Winea i

owi +0.1

Ay ()

Initialization

== > Random change in direction 1

Keep modification only if @ increases

Random change in direction 2

Q

é Keep modification only if @ increases “Bioinpired” search method
: Random change in direction N

Keep modification only if @ increases

Iterate

v

Qi



FORMULATION OF THE OPTIMIZATION PROBLEM

D(Q,, Q. Q) moxz Winea i

owi +0.1

Ay ()

Initialization

== > Random change in direction 1

Keep modification only if @ increases

Random change in direction 2

Q

é Keep modification only if @ increases “Bioinpired” search method
: Random change in direction N

Keep modification only if @ increases

Iterate

v

Qi



FORMULATION OF THE OPTIMIZATION PROBLEM

D(Q,, Q. Q) moxz Winea i

owi +0.1

Ay ()

Initialization

== > Random change in direction 1

Keep modification only if @ increases

Random change in direction 2

é Keep modification only if @ increases “Bioinpired” search method

A
Q
Random change in direction N
Keep modification only if @ increases iso-®
Iterate

v

Qi



NUMERICAL SIMULATIONS
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SIMULACAQ E OTIMIZACAQ

Ro (ko/m3) ©)937 N L1355 # épocas 1| 500000
- -~ -~
g(mfs2) tlas dt(h) ii1
L 4
multi objetivo delta £l|0,1 counter |500001
J.

1
4000

Time

[
6000

1
8000

[
10000

1
4000

[ [ I
6000 8000 10000

Time

D(Q,, Q,,Q,) = MAx

File Edit View Project Operate Tools Window Help
||:"> |{§}| IEI | 13pt Application Font |~ ||ED' i ||$v || b | E
MOMINAIS RESERVATGRIOS E AFLUENTES fientss Vaatiag Fobigtivo | 40,240523
120 150 40,2405
R 8 N
A1 (m) v, 100 A2 (m) v, 100 A3 (m) J 100 . 40,2405
Bi(m) 200 B2 (m) +J|200 B3 (m) £)l200
% 4 =
L1m) Ll L2 (m) i[5 L3 (km) £)5 w u w
-'.| -'-| n'-| E E E 40 2404_
DH1 (m) +j|50 DH2 (m) -j|50 DH3 (m) |50 E E E%rm,f_
V1 (km3) 0,025000 V2 (km3) 0,025000 V3 (km3) |0,025000
Q1 (m3fs) )| 100 Q2 (m3fs) )| 110 Q3 (m3/s) +)|130
d, v, .
N1 (rpm) of| 312,441 N2 (rpm) %J| 293 N3 (rpm) £l 274
ol o o 1 1 1 1 1 1 1 1 1 1
. En . tp — 1000 2000 3000 4000 5000 6000 7000 8000 9000 1500016
4 - 2 Time Time Time
W1 (MW) 48,853 W2 (MW) | 53,7333 W3 (MW) 63,5089 | |
) _ _ volumes alturas Fobjetivas
DH1 ini {m) J 50 DH2 ini {m) J 50 DH3 ini {m) J 50 0,35- 1140 - 60-
V1ini (km3) |0,0250000 V2 ini (km3) |0,0250000 V3ini (km3) |0,0250000 0,3- 100 - ol
50 -
. - 45—
PARAMETROS DE OPERACAC - - u
=] = h=
2 2 =
A | A g g Ef
Nispmin J|0,2 N2sp min £0,2 M3spmin «}{0,2 < s =
v, v,
Nisp |0,5 M2sp |0,500166 M3sp |0,439947
Nisp max (0,8 MN2sp max |0,800332 M3sp max |0,799824
1 1 1 1 1 1 1 1 1 1 1 1 1 1
PARAMETROS DE DESEMPENHO 4000 000 3000 10000 1000 2000 3000 4000 5000 &000 7000 8000 9000 28501
Time Time
Wmed1 (M) |57,3388 Wmed2 (MW) | 57,7836 Wmed3 (MW) 65,8047 Rendimentos AmEE 11185172
sigmalli 1 (MW) |4,1308 sigmaz (M) |0,033684: sigmaly3 (M) |0,23144 100- Usina 1 [ 55,901739
E1{GWh) |502,753 E2 (Gwh) |508,242 E3 (GWh) |576,515 usn=2 [N 53,634659
80— : :
FObj1 |11,185172 FObj2 |55,901739 FObj3 |53,437187 usina 3 [N
4 4 60+
1 i 8 2
Wmedtotal (MW) | 180,977 Etotal (GWh) | 1585,54 5 £ retrieve last simulation
E E 4- pesos g

. b ( =
o2 41,00000 - -_...-*‘

-
G,
“11,00000
i
-
5,

4 1,00000
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SIESES
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NOMINAIS RESERVATORIOS E AFLUENTES Afluentes vazbes Fobjetivo | 43,77104
]
120 - 43,772~
g oy -
Al(m) -} 100 A2 (m) -} 100 A3(m) -f100 00 43,771~
Bi(m) -J|500 B2 (m) +J|500 B3 (m) +J|500 43,77
7, 7, 7,
L1gm) £l 15 L2 (km) £}l 15 L3 (m) £}l 15 u % u
£ = 2
DH1 (m) -} 50 DH2 (m) -1 50 DH3 (m) -1 50 =1 =1 =1
: : : & E &
V1 (km3) |0,150000 2 (km3) |0,150000 V3 (km3) |0,150000 40—
Q1 (m3/s) | 100 Q2 (m3/s) +J 110 Q3 (m3/s) o) 130 20—
o o o
N1 fpm) £ 312,441 N2 (rpm) © )| 298 N3 (pm) £ 274
A A A 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
i A A 1000 2000 3000 4000 5000 6000 7000 8000 9000 1000 2000 3000 4000 5000 6000 7000 8000 9000 1500011
Etalmax r}1 EtaZmax )1 Eta3max r}l1
o o 4 Time Time Time
W1 (MW) 148,853 W2 (M) |53,7383 W3 (MW) |63,5089 | |
L L L valumes alturas Fobjetivos
DH1 ini (m) £1 50 DH2 ini (m) £1 50 DH3 ini (m) £1 50 0,35- 110- 70—
7, 7, 7,
Vi ini (km3) |0, 150000 Y2 ini (km3) |0, 150000 V3 ini (km3) |0, 150000 0,3- 100 - 0-
" - 0,25~ a0- -
PARAMETROS DE OPERACAD i i w
= = 80- |
2 2 =
" =t =t [«'%
Nisp min = 10,2 ' Ly E0,15- E - £
S v MN2sp min ) 0,2 N3spmin ] 0,2 = - = < 0
=l A -
Misp /0,5 M2sp |0,500166 M3sp |0,499947 60~
ZD_
MNispmax 0,8 M2sp max |0,800332 M3sp max |0,799394 0,05~ 50~

10 -

40- | 1
1 1 1 1 1 1 1 1 1 1 1 1 1 1
PARAMETROS DE DESEMPENHO 4000 6000 8000 10000 0 1000 2000 3000 4000 5000 6000 7000 §000 9000 31558 32060
Time Time Time

Wmed1 (MW) | 52,5238 Wmed2 (MW) | 58,7057 Wmed3 (M) 64,4292 et poténdas 12,938828

sigmalii1 (M) |3,0594 sigmaliz (M) | 0,009366¢ sigmalfi3 (MW) |0,070062: 1— 100~ usina 1 | 58, 160883

E1{GWh) |460,161 E2 (GWh) |514,32 E3 (GWh) |564,464 0,85~ usra 2 R &0,213411

0,9- 80- : R 7
FObj1 |12,933828 FObj2 |58, 1650883 FObj3 |60,210668 Jna 3
0,85-
I o | e 4
1 1 2 0.8- 2
Wmedtotal (MW) | 175,659 Etotal (GWh) |1538,95 & | =4 retrieve last simulation
E 0,75 E pesos I*
SIMULAGAC E OTIMIZAGAQ 0,7- o A 00000 Q -
o - L e - o' 0,85- B :"I I
Ro (ka/m3) 7, 997 N 7, 365 # &pocas - | 500000 0.6- 4 1,00000
1 A 4 =
a {m/s2) o 9,8 dt (h) o 1 0,551 | | | | | | I | 1 1,00000
multi objetivo el 20 1 .. BT 0 2000 4000 6000 8000 4000 5000 8000 10000 ol
— 7, Time Time

LARGE VOLUME RESERVOIR D(Q,,Q,. Q) =max
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== [
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NOMIMNAIS RESERVATORIOS E AFLUENTES

Al(m) o) 100
2

Bi(m) £J|200
=

L1 gam) 25

A2 (m) o) 100
2

B2 (m) £J|200
=

L2 () 2

A3(m) oJ 100
¢

B3 (m) =200
o~

13 g} 25

DH1 {m) +] 50
J
V1 (km3) |0,025000
Q1 (m3fs) )| 100
J,
N1 (rpm) il 312,441
i
Etalmax ) 1
J,
W1 (M) 48,853
DH1 ini {m) &) 50
=

V1ini (km3) |0,0250000

DH2 (m) +] 50
J
V2 (km3) 0,025000
Q2 (m3/s) o 110
J,
M2 (rpm) =] 228
7,
Etazmax o) 1
J,
W2 (M) | 53,7383
DH2 ini (m) &} 50
=

V2ini (km3) |0,0250000

DH3 (m) +) 50
J
V3 km3) 0,025000
Q3 [m3/s) £} 130
J.
N3 (rpm) ) 274
7
Eta3max - 1
J.
W3 (MW) | 63,5089
DH3 ini (m) &} 50
o~

V3 ini (km3) |0,0250000

Mispmin £10,2
v,
Nisp |0,5

Misp max (0,8

PARAMETROS DE OPERACAO

M2sp min :j 0,2
J,
M2sp |0,500166

MN2sp max 0,800332

M3sp min :j 0,2
),
MN3sp |0,493347

M3sp max |0,799894

Wmed1 (MW) |55,2264
sigmaW1 (MW) | 1,3634
E1(Gwh) 483,333

FObj1 123,367316

PARAMETROS DE DESEMPENHO

Wmed2 (MW) 52,6615

sigmaW/2 (M) |0,027078¢
E2 (GWh) |461,367
FOhj2 |51,273089

SIMULACAD E OTIMIZACAO
Ro (kg/m3) ©1997 N £)365
. 5
a(mfs2) tl9,s dt(h) L1
2 4
multi objetivo -l delta :,: 0,01
J.

Wmed3 (MW) 62,0272
sigmall/3 (MW) |0,208152
E3 (GWh) | 543,426
FObj3 |51,339819

Wmedtotal (MW) | 169,916 Etotal (GWh) | 1488,63

# épocas .’-} 500000
J

counter 1500001

Afluentes

Amplitude

wolumes
0,35-

0,3+

0,25

(=]
[
|

Amplitude
=
s
|

[=]
-
|

Rendimentos

Amplitude

I I 1 I I 1 I I 1
1000 2000 3000 4000 5000 000 7000 8000 9000
Time

/—\/

1
4000

1 [ [
4000 6000 8000

1 1
6000 3000
Time

Time

[
10000

[
10000

vazdes

Amplitude

Amplitude

Amplitude

150

poténdas

100 -

[ [ I [ [ I [ [ i
1000 2000 3000 <4000 5000 6000 7000 3000 S000

Time

1
4000

[ [ 1 [ [ 1 [ [ 1
1000 2000 3000 4000 5000 6000 7000 2000 S000

Time

Time

Fobjetivo

Amplitude

Fobijetivos
35—

Usina 1 m
Usina 2 m
Usina 3 m

pesos
»h
=50 ‘
- V)
’
=
v
=

1 1,00000

-

# 1,00000

# 1,00000
&

1 1 I
6000 3000 10000

D(Q;,Q,, Qy) = MOX

Time

Time

2278,184419

1
98288

23,367316
51,273089
51,339819

retrieve last simulation
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3
NOMINAIS RESERVATORIOS E AFLUENTES Afluentes ErTeT Fobjetivo | 6640,429468
]
6640,44 -
Al(m) 100 A2 (m) £l 100 A3(m) o100
g g - 6640,42
B1(m) :1 500 B2 (m) 11500 B3 (m) ©J|500
o o o
L1 (km) L] 15 L2 (km) £l 15 L3 (km) L)l 15 % o u e
p p p 2 = 2
DH1 (m) |50 DH2 (m) |50 DH3 {m) +) 50 s F 100- ‘5 6640,38 -
: : : £ £ §
Vi (km3) |0,150000 V2 (km3) |0,150000 V3 (km3) | 0,150000 6640,36 -
Q1(m3fs) -} 100 Q2 (m3fs) o120 Q3 (m3/s) - 130 5540, 34—
M1 {rpm) J 312,491 M2 (rpm) J 298 N3 (rpm) J 274 . . . . . . . . . . . . . . . . . . 6540,32 -1 .
! A h 1000 2000 3000 4000 5000 6000 7000 8000 5000 1000 2000 3000 4000 5000 6000 7000 8000 %000 14590022 1500021
Etalmax )1 EtaZmax )1 Eta3max |1
& ¥ - Time Time Time
W1 (MW) 148,853 W2 (MW) | 53,7383 W3 (MW) | 63,5089 |l
- }I_ - )_ - )_ volumes alturas Fobjetivos
DH1 ini {m) J 50 DH2 ini (m) J 50 DH3 ini {m) J 50 0,35- 10— 64—
VLini (km3) |0,150000 V2ini (km3) |0, 150000 V3ini (km3) |0,150000 0,3- 100 - 62-
. - 0,25 90— &0 -
PARAMETROS DE OPERACAD - - Yo
o = - =
£ 2% E
o ) r Eu 15— % 5
Nispmin -}|0,2 N2sp min £10,2 M3sp min 0,2 < T < =
7, T,
Nisp |0,5 N2sp | 0,500166 N3sp |0,439947 =9
Nisp max 0,8 M2sp max |0,800332 N3sp max |0,799394 0,05- 52~
50 -

U_I 1 1 1 1 1 1 1 ] 1 1 ] 1 1 1 ! !
S AAMET RO DE S ERAD 0 4000 &000 8000 10000 0 1000 2000 3000 4000 5000 6000 7000 8000 9000 29509 30011
Time Time Time
Wmed1 (MW) 50,7597 Wmed2 (MW) | 58,5025 Wmed3 (MW) 66,2128 Remdimentns poténdas 50,258630
sigmal/'1 (M) |0,00995%¢ sigmawi2 (M) | 0.023417¢ sigma'3 (M) |0,06 1026 1— 100~ usina 1 57,163911
E1 (Gwh) | 444,708 E2 (GWh) |512,541 E3 (GWh) |580,09 0,95 sinz 2
- _ 62,406145
FObj1 | 50,258530 FObjz |57,153911 FObj3 |62,404495 0.2 Hsna 3
0,85-
4 3
a a 2 0.8- =]
Wmedtotal (MW) 175,475 Etotal (GWh) | 1537,34 &5 | £ retrieve last simulation
E 0,73 E pesos
SIMULACAO E OTIMIZACAC 0,7- A==
] ) y 0,65 7 -1 1,00000
p— ) . B! /85 4
Ro (kgfm3) v, 997 M v, 365 #€pocas - f| 500000 el 21| 1,00000
- - " . STOR
g {m/s2) oo, dt (h) o1 0,551 | ; | | | | | | ] 41,00000 -
i a0 1 . BT 0 4000 &000 8000 10000 4000 &000 8000 10000 =
- “ Time Time

LARGE VOLUME RESERVOIR D(Q;.Q,.Q;3) =max med.k
< Owy +0.1
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.
NOMIMAIS RESERVATORIOS E AFLUENTES Afliertes vnas Aottt |1ssus?,99ms |
120 136068 -
Al (m) | 100 A2 (m) ] 100 A3(m) 100
= - = - = - 100- 186068 -
Bi(m) C)l200 B2 (m) +J|200 B3 (m) +J|200
“ “ “ - 186068 -
Li s L2 s L3 = B w w
{km) - {km) - {km) - ¥ E ¥ 1s6067-
DH1 (m) 11150 DHZ (m) 1150 OH3 (m) 1150 F 60— = 5
- - - E E E 186067 -
Vi (km3) |0,025000 Y2 (km3) |0,025000 V3 (km3) |0,025000 40- 186057~
|’. |’. |’.
] oy 13
Q1(m3/s) J 100 Q2 (m3fs) J 110 Q3 (m3fs) J 130 —
£y iy i
M1 (rpm) .;.,- 312,441 N2 (rpm) .;.,- 298 M3 (rpm) .;.,- 274 | | | | | | | | ] 186067} ]
Emimax 201 Emomax 2l 1 Em3max 201 1000 2000 3000 4000 5000 6000 7000 8000 9000 1430004 1500003
o o 4 Time Time Time
W1 (MW) | 48,853 W2 (MW) 53,7333 W3 (M) |63,5089 |
) ) ) volumes alturas Fobjetivas
DH1ini (m) + )50 DH2 i (m) 11|50 DH3 ni m) + 1[50 0,35- 100 300000 -
o o o
VLini (km3) |0,0250000 V2ini (km3) |0,0250000 VZini (km3) |0,0250000 250000 -
80-

PARAMETROS DE OPERACAC - - & ZHIRE=
=} =}
= = £ d
£ : . EL E‘ S 150000
Mispmin -fi0,2 N2spmin £10,2 M3spmin ] 0,2 = =< =
“ - 100000 -
MNisp |0,5 M2sp | 0,500166 M3sp 0,499947
50000 -
Nisp max 0,8 N2sp max |0,800332 N3sp max |0,793854

0-

1 1 1 1 1 1 1 1 1 1 1 1 1 1
AR AMETHENS e DESEMPERRG 4000 6000 8000 10000 1000 2000 3000 4000 5000 6000 7000 8000 9000 40162 40666
Time Time Time
Wmed1 (MW) | 52,7175 Wmed2 (MW) 63,7581 Wmed3 (MW) | 71,2682 Pehimertas poténdas 9615,549187
i A A . : — Usina 1
sigmal/ 1 (M) | 14,2368 sigmaW/2 (M) |0,030025 sigmaiV3 (MW) |0,219668 100 = 251627,040833
E1(GWh) 451,859 EZ (GWh) |558,584 E3 (GWH) |624,381 usna 2 [N 296961,401220
80- ; [~} -
FObj1 |9515,5492 FObj2 |251627,04 FObj3 | 296787,53 Jsina 3
-+ 2 B0-
1 i 2 2
Wmedtotal (MW) 187,744 Etotal (GWh) | 1644,52 & & retrieve last simulation
] E E pesos
SIMULACAQ E OTIMIZACAOQ i 0 M
¥ . 5 ';-' =4 1,00000
ry - S 7 & 8 p
Ro (kg/m3) , 997 N . 365 #épocas - 500000 4 1,00000
ra' ra' . fra—
g, 2 / 0
g {m/s2) 3 EL dt (h) o/ 1 | | | | | | | | ] 41,00000 =1
it cbjetivo i 01 . ETTE 4000 6000 8000 10000 4000 000 000 10000 o
— 4 Time Time

(Wmed,k )3

~ oy +0.1

D(Q;,Q,, Qy) = MAX
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NOMINAIS RESERVATORIOS E AFLUENTES

A1 (m) J 100 A2 (m) J 100
B2 (m) +J|500
7,

L2 (km) £}|15

Bi(m) +J|500
7,

L1{km) £}|15

1100

o

B3 (m) +J|500
7,

L3 km) £]/15

A3 (m)

DH1 (m) 11150 DHZ (m) 1150
-~ -~

V1 (km3) |0,150000 Y2 (km3) |0, 150000

Q1 (m3fs) 1100 02 (m3fs) 110
v, v,

N1 (rpm) £ 312,441 N2 (rpm) | 298
7, 7,

Etalmax 11 Eta2max 11
-~

kS

W1 (MW) 48,853 W2 (MW) 53,7383

DHZini {m) 1150 DHZini (m) 1150
J, J,

V1ini (km3) |0,150000 V2ini (km3) |0,150000

DH3 (m) 1150
-~
V3 (km3) |0,150000
Q3 (m3fs) 1130
v,
N3 (rpm) L1274
v,
Eta3max 11
-~
W3 (MW) (63,5089
DH3ini (m) 1150
v,

V3 ini (km3) |0,150000

PARAMETROS DE OPERACAD
. Ry

MNisp min o a,2 M2spmin ) 0,2
o

Nisp (0,5 N2sp |0,500166

MNispmax 0,8 N2sp max |0,800332

M3sp min 10,2
A
N3sp |0,499947

M3sp max |0,799894

PARAMETROS DE DESEMPENHO
Wmed1 (MW) | 23,227 Wmed2 (MW) | 65,9343
sigmiai 1 (M)

E1(GWh) |203,492

13,2053 sigmaiy2 (M) | 0,029738:

E2 (GWh) |577,65

FObj1 1882,12355 FObj2 1 278360,21

Wmedtotal (MW) 157,543 Etotal (GwWh) | 1380,24

Wmed3 (MW) 63,3819

sigmaify3 (MW) | 0,069 166¢
E3 (GWh) |593,094
FObj3 | 299073,22

SIMULAGAQ E OTIMIZACAD

Ro (ka/m3) +1337 N £1365
e
a(mfs2) hs,8 di(h) £)|1
= =
multi objetive delta .’.j 0,1
o

% épocas )| 500000
-

counter (500001

LARGE VOLUME RESERVOIR

Afluentes

Amplitude

volumes
0,35-

Amplitude

Amplitude

I I I 1 1 1 I I I
1000 2000 3000 4000 5000 5000 7000 8000 S000
Time

[
4000

[
4000

Time

Time

[
6000

[
6000

1
2000

I
8000

i
10000

i
10000

vazies

Amplitude

alturas

Amplitude

poténcias

Amplitude

100 -

80—

Time

1 [ i i i 1 1 [ 1
1000 2000 3000 4000 5000 c000 70OOQ 8000 2000

I
4000

Time

Time

I 1 i
6000 8000 10000

D(Q;,Q,, Qy) = MAX

Fobjetivo

Amplitude

1430004
Time

Fobjetivos
300000 -

250000 —|

200000 -

150000 -

Amplitude

100000 -
50000 -

0

44253

Time

Usina 1 m
Usina 2 m
Usina 3 m

pesos

4 1,00000

P,

1,00000

R

1,00000

P,

&

| 192791,985568

i
1500003

1
44757

882,123647
278360,213275
299133,619782

retrieve last simulation

3
Wmed,k)

~ oy +0.1
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