Case Study
HPP Teles Pires, Brazil

Credits: EPE (2010)
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Adapted from EPE (2010)

Teles Pires River Basin
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Hidrological
data

Adapted from EPE (2010)
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» Principal rating
curve

e Jusante foz do
Peixoto Gauge

Water level (m)

Q = 319,34763(h — 3,25)1*4%
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e Criteria for the selection of

the statistical regressions
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Adapted from EPE (2010)

—~—— llunkh- ¥6/n0U

£6/N0U

z6/nou

T6/A0U

_ 06/A0U

S b b = - - - L e mw\>oc

8g/Aou

—— Observed Runoff --== Simulated Runoff

L8/Nou

9g8/nou

llﬂw|| gg/nou

¥g/nou

. Rainfall

£8/n0u

¢g/nou

T8/A0U

08/nou

6./N0OU

8//nou

LL/Nou

e Methodologies Panel

9//nou

G//nou

500
450
400

350

(s/ew) youny

e Rainfall Runoff Modelling

metod.6b 31-06

-+- 0bs.76-06
* = metod.6b 76-06

= = = metod.5 76-06
= metod.5 31-06

Adapted from EPE (2010)

—>— metod.2 76-06
— = metod.2 31-06

100%

90%

80%

70%

60%

50%

Cumulative Probabilities

40%

30%

20%

10%

10.000
1.000

(s/ew) mol4

0%

100




100 -

Hydrologic Data Regionalization

)
=
=
[ J [ J g
eFlow transference information to the s
. T
H P P S I te ‘% ° ¢ SantaRosa
o3
2 PY Jusante Foz Peixoto de Azevedo
Indeco
4.000
10 .
30.000 300.000
Catchment Area (km2)
3.500
Adapted from EPE (2010)
n
% 3.000
5
N
0 y = 0,02997x - 428,70899
CLE, 2-500 R2=0,99991
=
o
L
o
©  2.000
2
<
1.500
1.000
50.000 60.000 70.000 80.000 90.000 100.000 110.000 120.000 130.000 140.000
"Catchment Area (km2)
4 Gauges ® HPP Teles Pires —— Linear Regression Adapted from EPE (201 O)




HPP Teles Pires
Streamflow Monthly Serie

e Core information to the
HPP design

Adapted from EPE (2010)

10.000

ano Jan few | mar | abr | mai | jun Jul ago set out | nov | dez
1931 2,949 | 2,873 | 4589 | 2,2RS | 2,009 | 1,562 | 1,775 288 | 777 1,483 | 1,385 | 2,770
1932 2,507 | 3,189 | 4,825 | 2,073 | 1,792 | 1 3683 L°2T 1,0727 @ Rl11 <26 1051 114
1933 5999 | 3872 | 20HK | 7,578 | 1 GRD | 17450 1 955 [P K] LAY 57 11784 | 5 1R
1934 3,259 | 3,404 | 3BGU | 2,642 [ 1,882 [ 146¢ | 1,202 W8 1180 1102 | 147& | 3413
1935 /534 | 2,562 | 5960 | 2,754 | 2,080 | 1544 1204 384 b0 1,137 | 1,23k | Z.358%
1936 2,038 | 7405|2172 (1,871 | 1,519 |1 1€€ | B3 603 | 530 443 | 66 | T2
1937 2789 | 1,616 | 4,426 | 2,655 | 1,642 |1 2€1 | 1,022 731 | 654 632 | 974 | 5707
1938 7.232 | 3,000 | 2,486 | 1,987 | 1,674 |1 2€€ | 939 670 | 507 26563 1,751 | 2757
1929 2,214 | 3432 | 2409 | 1,910 | 1,633 | 1,31 | 1,'02 204 TJE3 fR? | 754 | 3387
1940 5915 | 6,325 | rJ7b | 3,994 | 2470 | 18514 11476 1,105 @ 805 42 L5683 | 1703
1941 5,202 | 4,850 | 6,708 | 2,230 | 1,872 | 1428 1076 1,085 940 2500  1E3C | 1580
1942 5,575 3,867 (3582 | 1,771 | 2,279 | 1663 11,284 948 | 923 1,699 2706 | 155€
1943 7,813 | 3,199 | 1,087 | 3,160 | 1,942 | 1488 ' 1,224 814 & 801 2,785  Z,5C8 | 4 11§
1944 1925 3,384 (3,106 | 1,865 | 1,501 | 1 1€€ | 836 603 @ 512  §11 | 2,258 | 1560
1945 £495 | 5529 [ 6510 | 1,588 [ 2,339 | 1L&0S | 1373 1,072 | R7Z 1,009 | 7A€ | 3771
1946 7,794 | 7,204 | 4,145 | 2,195 | 2537 [ 1 70 1Ry 1,0%1 0 T £a0 | 70542 | 7 A0
1947 7,351 | 4,356 | SB87 [ 2,729 (2244 | 1636 | 1246 920 | 731 1230 | 1,529 | 3831
1948 2,503 | 4,132 | 3020 | 2,086 | 1,648 | 1246 | 1,047 760 | 907 1044 | 2,348 | 10662
1949 5,570 | 5839 | 3,85/ | 2,199 | 2,029 (1667 1 1,262 936 | B6ED 2,172 | 1,207 | 5337
1950 7.295| 3,713 | 5692 | 2,351 | 1,827 | 1285 1,038 750 @ 520 §67 | 1,703 | 5238
1951 ¢,383 | 4,017 (9,212 | 2,355 | 2,252 | 1,757 | 1,335 1,003 | 8E6 769 | 1,501 | 1.7¢¢
1982 2,215 | 2,997 | 2800 | 2,406 | 165" | 1,74 | 823 RS7 4587 4R9 96 | 3,064
1953 2,655 | 3,640 | 5696 | L9AR | 1,642 | 1,747 @ 916 RS54 TS5 1271 L1 | 2508
1954 5,333 | 5,151 | 6445 | 2,188 | 1,77 13%% 1044 /57 705 J82 | 1588 | 1371
1955 6,033 | 2,230 | 6,52 | 2,182 | 1,882 [ 1472 | 1,205 804 @ 5585 571 | 645 | 4 38€
1956 2,203 | 3,793 (2147 2,892 | 1,968 | 1687 1 1,284 990 1,051 1,022 | 5,348 | #4020
1957 3,534 | 5497 (3,461 | 2,473 | 1,520 [ 1 54€ | 1,266 936 1,108 1,099 1,567 | 3.89C
1958 4055 | 2,687 | 3525 | 2,815 | 1,926 | 1 487 | 1I,'R2 AGR Tz fah | 7,208 | £ 535
1959  R,251 | 3713|6791 [ 2499 (204" [ 1@ | 1,252 942 | 622 67 | LA01 | £1%
1960 5,345 | 5228 | 3004 | 2,566 (1920 [ 1260 | 1092 798 | 558 07 | 14e8 | 33512
1961 5,535 | 3,106 | 5,267 | 2,188 | 1,936 | 1 865 | 1,224 955 | 703 E11 | 130€ | £212
1962 6,295 | 1,818 (2,093 | 2,623 | 1,706 |1 31€ | 977 741 | 977 1,035 10€C | 5757
1963 2,150 | 5462 | 3,026 | 2,160 | 1,722 | 1300 | 964 693 | 530 565 2,003 | 1354
1964 <543 | 1,719 | 2,556 | 1,536 | 1,335 | 993 | 72% 501 | 328 1581 3,755 2457
19658 =272 | 4,087 | 4857 | 2,451 | 1,926 | 1,47¢ 1,08 208 B4R 2429 | 3562 | 2511
1966 =774 | /091 | 2950 | 2,227 | 1BR6 | 1,471 | 10R: 772 RE1 2141 | 1,169 | 1457
1967 1,955 | 2,230 | 2556 | 2,286 | 1,536 | 1 185 | B/ 616 453 1,041 13321 5224
1968 1,722 | 2,814 | 2629 | 1,389 | 1,042 | 753 | 523 510 | 535 &40 1,015 318§
1969 5,233 | 1,810 (2243 | 1,760 | 1,434 |1 08€ | 792 552 @ 482 €86 | 1,56C | “ 5S¢
1970 <784 | 2,875 (2195 (2,000 | 1,677 | 1271 93¢ 673 | 478 1,153 | 1,084 | 1028
1971 2,351 3,004 | 2629 | 1,495 | 1,284 | 961 | 785 581 | 6%% 655 | 1,263 | 13¢€7
1972 1,457 | 3,927 | 999 | 1,539 | 1,27 | 967 AR S6GR 43R M9 | 2527 | 5198
1973 25783 | 2,000 | 2470 | 1,773 | 1425 |1 130 BLU 019 530 BOL 5250 | £ okt
1974 0,839 | 26460 | 3542 ) 23483 (2079 (1546 1,262 472 792 98 96 | 3 EE2
1975 4,430 | 3454 | 1463 | 2,105 | 1,66 | 1,223 1003 725 504 c70 935 1732
1976 2,273 13110 | 4,309 | 3,256 | 2,222 [ 1,367 | B6E 650 | 583 615 | 1.2€7 | 2.583
1977 3376 | 4742 | 2055 | 2738 | 2055 1,50 | 975 710 615 43 | 1524 | 2,551
1978 5396 | 4272 | EOT7 | 5220 | 3,322 @ 1,874 | 1279  LOE3 | 93C 1,231 | L364 | 2,636
1979 | an7r | S0=1 | 445/ | 4234 | ZHEYT CLEMG | 1,04A0 0 k46 | 9k | gan | 1w | 0
1980 | 2,30 | SR | Las | 4s3a | 208 1804 [ ks | KA | oA | 1,00 | 20y
1981 | 4,099 A0 | 4 s | anm | 24A00 | 1, uN | Wl /s G A= | yesa | 204
1982 | A G0 | Lons | anaa | 4w e [ amMe 0 k2a | HBe | Ses | none | 04
1983 | 4111 | SARd | ama | 426 | 1,651 0 1,09 | B4 ar B A3 | 1,054 | 2
1984 | 2,708 | 2639 | 3645 | 4762 | 2,Ti7 | 1444 | 855 538 67¢ 320 | 1,202 | 1947
1985 3,518 | 4611 | 3947 | 4138 | 2,737 1384 | 1006 778 716 342 1273 | 1,538
1986 3,872 | 4703 | 4395 | 3558 | 2434 @ 1,338 | 911 726 T3 a0 | 1353 | 1633
1987 | 2,339  357C | 3892 | 3176 | 2031 1176 | 76D £19 573 571 1,035 | 2,432
1988 3,525 | 3951 | 5355 | 4403 | 2,707 | 1,577 994 700 577 711 1265 | 2,731
1989 3095  A8EC | 5145 | 4,278 | 29531 @ 1,500 | 1.099 E%0 70 790 1,202 | 2,933
1990 4502 | 4766 | 5805 | 3102 | 2,538 | 171D | 1046 E13 537 e L1353 | L735
1991 3777 | 5130 | 1,935 | 4576 | L735 | 1,300 | 1134 1017 | 1,044 | L1100 | 1,655 | 2,102
1992 | 2,387 | 4333 | 3905 | 3505 | L9371 & 1,361 | 1,043 ' 506 | 1000 | 1,101 | 1385 | 2,300
1993 | 24w | 3./53 | 4360 | 3020 | Lbod | LI | 8B /42 s 42U | LU/ | Lbol
1994 | 4284 4124 | 5150 | 4120 | 2082 0 1,362 | 1LU8 | Bl4 fe d2> | LUbJ | LbBa8
1995 | 4359 L0644 | S0 | 4/ | 3,7 L0 | 12480 L1D e $8b | L1872 | 4327
1996 | LU | 3354 | 2545 | 3534 | 2459 0 1435 | Mb /38 b e 1,425 | LBuUZ
1997 | 3,38 | 42171 | 483 | 431° | 2831 | 1,67 [ 1074 | 797 | 727 | M7 | R4 | 1445
1998 1,070 | 2679 | 3853 | 234° | 1437 917 (Fan T4 nar n5é 1,1F4 | 2116
1999 | 3035 26571 | 3677 | 2332 [ 1951 [ 14,m1 | TR A0 | sie | e | 1,141 | 4,997
2000 | 4086 | 4710 | na6% | 2854 | 2047 (1217 | asd | T | T | 711 | 1am | 253
2001 3090 | 30n? | 3858 | 3734 | 1,731 LR | &0 mns G 74 1,257 | 3,279
2002 5,185 4558 | 4205 | 3733 | L7330 1,158 8756 729 T8 7T 1,147 | 1651
2003 3,371 | 4819 | 4823 | 5212 | 2,812  1,78¢ | 1141 E39 75¢ Lall | 1,615 | 2,205
2001 3,262 | 5708 | 732 | 4739 | 2834  1,7if | 1235 B30 847 953 | 1,435 | 1756
2005 | 2,338 4254 | 5361 | 4159 | 2546 0 1471 | 10190 7L T 395 | 1,097 | 3,438
2006 5768 | 4570 | 5032 | 60492 | 3,002 | 1,606 | 1163 520 83 L2 L7731 | 2,732
2007 3,769 | 6005 | 5423 | 3,115 | 2,082 | 1,350 | 1001 E2 751 822 L1233 | 2,709
2008 | 3.316 | 57E7 | 5735 | 4,702 | 2903 @ 1,652 | 1124 E32 745 €0 1,373 | 2,909
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Monthly StreamFlow Duration Curve

X
Inflows Duration Curve at HPP Teles Pires F(x) = Z f(x) /\ x
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The curve’s slope gives some clues regarding the power generation marginal benefits
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Inflows at HPP Teles Pires
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It is economic unaffordable designing the plant’s discharge for the complete hydrologic regime



Power preliminary Assessment

Cumulative Frequency

(run-of-river approach)

Inflows Duration Curve at HPP Teles Pires
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Elevation (m)

Given a prospective head of 60m and an overall
efficiency* of approx. 88%, the tentative capacity
installed would be:

P = ynQOh = 9800 X 0.88 X 3.505 X 60 = 1.814MW

* Turbines: 92% / Electric Generator: 98% / Conveyance system
(friction head loss): 98%

Q20 = on average, 20% of the time the plant'’s
discharge would be the maximum (there

An initial tip for the hpp’s final discharge would be also overflow through the spillway)

20 — 3505m3/5

80% of the time the plant’s generation would
be lower than its full capacity



Adapted from EPE (2010)

Hydraulic Studies

(Backwater effect)

Assessment of these im
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pacts, among others:
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Hydraulic Studies 0= ), Vididw,
(Hydraulics of the Tail Race)
(HPP’s downstream head)

In situ measurements

Level (m) Flow (m3/s) ' Area (m2) " Width (m) Velocity (m/s) ' Depth (m) Vi = mean of vzlocities at
536 2331 1759 208.0 1,325 8,46 0.2 and 0.8 depth
581 2539 1946 212.4 1,305 9,16
899 5392 5563 431,8 0,969 12,88
813 4121 5053 4323 0,816 11,69
571 2351 4867 4163 0,483 11,69
519 2253 4662 416.8 0,483 11,19
485 2055 4465 404,7 0,460 11,03
401 1409 3551 370,6 0,397 9,53 . ,

256 1015 1400 188,7 0,732 7.42 In situ measurements (With no backwater effect)
237 032 1364 188.6 0,683 7.23 1200
170 768 1282 178.0 0,600 7.20
204 858 1335 180.0 0,642 7.42
170 691 1218 168,5 0,567 7,23 1200 -
220 889 1290 179.4 0,690 7.19
190 817 1267 175,7 0,645 721 1000 -
248 1012 1342 184.0 0,754 7.29
653 2853 4602 418.4 0,620 11,00 .

E
Adapted from EPE (2010) 5

E 600 -

Ll

400 -
200 -
Final results: Linear Regression :
( O /inomia / a rOaC h ) 0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
p p p Flow (m3/s)
Intercept 1st Degree 2nd Degree 3rd Degree 4th Degree o Measured data —_— Rating Curve - -10%interval - - - +10% interval
1,6080002E+02 9.6652773E-04 4,7208084E-08 -7.3370752E-12 2.5575308E-16

Adapted from EPE (2010)



Hydraulic Studies

(Hydraulics of the Reservoir)
(HPP’s upstream head)

Elevation (m)

Area (km2)
120 100 80 60 40
230 I ! | I /
220 d— —
210 - =
- _
200 - <200 ¢
\. c
190 - \ | 100 .2
' ©
\ >
- @
180 - |t 180 [
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Adapted from EPE (2010)

Final results: Linear Regression
(polinomial approach)
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Intercept 1st Degree 2nd Degree 3rd Degree 4th Degree
PLV 1,9522802E+02 1,0134648E-01 | -1,9647091E-04 1,8358500E-07 -6,2522850E-11
| PLA | 6,0165770E+04 | -1,3492049E+03 | 1,1318202E+01 -4,2098450E-02 5,8587099E-05




Hydraulic Studies

(Turbines)
Type Francis
Unit Power (MW) 309,5
Quantity 6

""""""" Designnethead ) 5170
"""" Maximum nethead (m) 6191
"""" Minimum nethead (m) 4481
""""" Average Ffficiency %) 935
Maximum Efficiency %) 953
"""" Design Discharge (m¥s) 653

Adapted from EPE (2010)

Hydraulic Studies

(Head loss within the conveyance system)

It strongly relies on the conveyance geometry
and on its hydraulic efficiency design

Average Head Loss (m) 1,4

Adapted from EPE (2010)



Other Parameters

(Water other consumptive uses within the river basin)

* For the HPP Teles Pires, they were considered negligible Other Parameters

(Generation Units Availability indexes)

Unit Power (MW) Uncontrolled (pu) | Controlled (pu)
Until 29 0,02333 0,06861
30 — 59 0,01672 0,05403
60 — 199 0,02533 0,08091
200 — 500 0,02917 0,12122
Other Parameters 501 — 699 0,06000 0,08000
(Reservoir water net evaporation) =00 — 1300 0.00210 0.10000

Month

Jan

Feb

Mar

Apr

May

Jun

Jul

Aug

Sep

Oct

Nov

Dec

Net Evaporation
(mm)

40 35 44 6 6 9 15 30 39 6 40 57

Adapted from EPE (2010)

Other Parameters

(Hydraulic and Environmental constraints)

e Maximum Reservoir Level (Upstream Inundated Area): 220,0m



, : : :
HPP’s Operational Simulation Optimization Problem

maxF V =1,...T 1=1,.,1

Three main goals v
S.I.
eReservoir levels (max and min) setting
e Total Capacity Installed and Units design Hydraulic Balance - Vyp 1 = Vi dyi F Z Ui+ Wem = Ui = Wi = € Vein Vepr) = T
meM,
e Hydraulic Available Heads Reservoir Constraint v, <V,

Turbine discharge Constraint U ; < U

Power Constraint U ; X P; X ht,i < P; X9,

Net Hydraulic Head Equation ht,i — pl,i(vt,i’ Vt+1,i) — pz,i(ut,b Wt+1,i) — hl(t,i)

|
Firm Energy Constraint F X 5t < Z U ; X P X ht,i
i=1



HPP Teles Pires

HPP’s Operational Simulation

HPP Sao Manoel

Teles Pires River

Maximum Reservoir Level ~_

e 220m = Environmental Constraint \
Minimum Reservoir Level HPP Chacorao
(Local Storage + Downstream) gains vs. Local Head Loss Tapajos River HPP Jatoba

Max. Level \V/ /
A 920
l Gross HPP S.L. Tapajos
. 910
Min. Level Head TN
..................... 000
Downstream
S 890
level 2 ¢
v v ~
3 880 *—0
5 2 e
O b - -~
v 870 “x“\
QC;E 0 - —
860 § 0 2 4 6 8 10 12 14 16 18 20
2
850 e 2
L
£
840 93 4
0 2 4 6 8 10 12 14 16 18 20 é
Reservoir Minimum Level Decrease § £
®)
—4==HPP Teles Pires + Cascade HPP Teles Pires a;,
& -8
£ i o ' Adapted from EPE (2010)
Run-ot-river Regime! 10

Reservoir Minimum Level Decrease

—a—Downstream HPPs HPP Teles Pires



HPP’s Operational Simulation s

40
Capacity Installed >
30
(EPE, 2010) Currency: $1/5,4BRL =
$ 25
% 20
Economic Parameters 15
10
ERE (Energy Reference Cost) = $23,64/MWh :
O&M = $0,45/MWh 0
Annual Interest Rate: 10% 1700 1819,8 1900 2000 2100
Interest Throughout the Construction: 14% Capacity Installed (MW)
Useful life: 50 years —8—Cost(C) —@—Benefit (B)
930 20 Q 0,180
%o o0 19 ‘\\ 0,170
.g. 930 - \Q\\\\ 0,160
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% 920 = 16 \\ e 0.150
= < N\
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—&—Firm Energy —&— Marginal Energy (MWavg) —@—dE/dC
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HPP’s Turblnes SeleCtlon . HPP Teles Pires’ ﬂmated Hill Curve//
/ 7
- - ﬂ”,f‘
Inflows Duration Curve at HPP Teles Pires %4 /’//’,_____-—/
| -"'—___—‘—— ___,’4 a
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Adapted from EPE (2010)



HPP Teles Pires’” Layout Optimization
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HPP Teles Pires’ Layout Optimization (Option 1)
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HPP Teles Pires’ Layout Optimization (Option 4)
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Project Design and Cost Estimate
1,000
=
@
x
2
=
2
9§
Eao
n W
2 S100
O«
Or
S 2
(3]
6 $ = 1861H, %2 for7.55 < H, < 249
2
o
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MAXIMUM NET HEAD - H, (m)
ROCKFILL DAMS

700
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E
& 500
g Concrete Faced Rockfill Dam
- 400 $ = 0.0288H,,,,°+0.7704H,,.4+12.556 for //
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& 20 /4/
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Cepel (200

COST OF TURBINE - $ (1,000 R$)
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5
o

COST OF LAND DEVELOPMENT - § (R$/MW)

2
8

:

:

:

$=1,565 + (772,973+P) for 30MW < P < 1,450MW

*

*

400 600 800
INSTALLED CAPACITY OF THE PLANT - P (MW)
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