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ENERGIA HIDRICA

Qual a energia potencial

gravitica num volume de agua?

dE, =(dm)gh=(pAdh)

E, = hfolEp dh :hjopAgh dh
0 0

h.* h
— pAd -2 = o(Ah. )g 2
PRI ol 0)92

e.g. Alqueva
Area 250 km?

Diferenga cota maxima - minima = 13m

Capacidade armazenamento 5 GWh




ENERGIA HIDRICA

Qual a poténcia mecanica de um

curso de agua?

I:)m:nghO
3
o332
m- S S

Qual a poténcia eléctrica produzida por de um curso de agua?

eficiéncia da turbina (80%) x eficiéncia gerador (98%)



ENERGIA HIDRICA

Densidade de poténcia: muito variavel de 0.05 a 5 W/m?2
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ENERGIA HIDRICA
Curva (média) de duracao de caudais (médios diarios)

Na realidade o caudal nao é constante.
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ENERGIA HIDRICA
Curva (média) de duracao de caudais (médios diarios)

Na realidade o caudal nao é constante.
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ENERGIA HIDRICA

Curva (média) de duracao de caudais (médios diarios)

Na realidade o caudal nao é constante.

QIQmed (pu)
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Adimensionalizacao:

Caudal “por unidade”
Tempo medido em percentagem

Caudal médio (modular) = 1,5 m3/s
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TIPOS DE APROVEITAMENTO HIDROELECTRICOS

Fio de agua ou

Albufeira, reversivel ou nao.



A

barrage

/

— turbine

(a) low head

Source: Ramage (1996, Renewable Energy, Power for a Sustainable Future, Oxford University Press, 183-226 ) 14/,




reservoir

dam

turbine

penstock

(b) medium head

| Source: Ramage (1996, Renewable Energy, Power for a Sustainable Future, Oxford University Press, 183-226 ) 15 |
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high reservoir

dam

turbine

penstock

(c) high head

~ Source: Ramage (1996, Renewable Energy, Power for a Sustainable Future, Oxford University Press, 183-226 )




TIPOS DE TURBINA

Adjustable blades (Kaplan)

Four runner designs used in hydroelectric turbines: (a) propeller type, with either fixed blades or adjustable
blades (the Kaplan turbine), (b) Francis type, (c) Pelton wheel type, and (d) cross-flow type

Source: Ramage (1996, Renewable Energy, Power for a Sustainable Future, Oxford University Press, 183-226 )



Turbina Kaplan

Portalkran

Oberwasserbereich Unterwasserbereich
(Stauraum).
Rechenreinigungsanlage _ Kraftwerkshalle
Dammbalkenkran

Stauziel 240,00m

MW 229,20m

Portalkran
Oberwasserbereich Unterwasserbereich
(Stauraum)
Kraftwerkshalle
Rechenreinigungsanlage / Betriebsbriicke
Stauziel 264,20m = _ 7 Dammbalkenkran
258,40
SRl

MW 253,53m
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Turbina Francis
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Turbina Francis
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Turbina Pelton P




Turbina Banki (cross flow)

1 Gehiduse

2 Leitapparat

3 Laufrad

4 Haupllager

5 Eckkasten

6 Bellftungsventil
7 Saugrohr

8 Obergangsstick




TIPOS DE TURBINA
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Source: Ramage (1996, Renewable Energy, Power for a Sustainable Future, Oxford University Press, 183-226 ) 23
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TIPOS DE TURBINA
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Source: Paish (2002, Renewable and Sustainable Energy Reviews 6, 537-556)
http://www.sciencedirect.com/science/journal/13640321)



TIPOS DE TURBINA

Limites de exploracao das turbinas

Turbina — o = S
Q,, Q,,
Pelton 0.15 1,15
Francis 0,356 1,15
Kaplan com dupla regulacio 0.25 1.25
Kaplan com rotor regulado 0.4 1.0
Hélice 0,75 1.0




ENERGIA PRODUZIDA POR UMA CENTRAL HIDRICA
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Hydropower generation, 2023

Annual hydropower generation is measured in terawatt-hours (TWh).

0TWh 20 TWh 100 TWh 500 TWh

No data 10TWh 50 TWh 200 TWh 1,000 TWh
I I I I

Data source: Ember (2024); Energy Institute - Statistical Review of World Energy (2024) OurWorldinData.org/renewable-energy | CC BY



Hydropower generation by region
Hydropower generation is measured in terawatt-hours (TWh).

5,000 TWh

~  Middle East (EI)
~ Africa (El)

4,000 TWh
=CISED

Europe (EI)

3,000 TWh
— North America (EIl)

~ South and Central

2,000 TWh America (El)

1,000 TWh — Asia Pacific (El)

0 TWh

1965 1970 1980 1990 2000 2010 2023

Data source: Energy Institute - Statistical Review of World Energy (2024) OurWorldinData.org/renewable-energy | CC BY

Note: CIS (Commonwealth of Independent States) is an organization of ten post-Soviet republics in Eurasia following break-up of the Soviet
Union.



World hydropower map

China 356.40 United States 102.75 (anada 81.39 India 50.07 Japan 49.91

Russia 49.86

Norway 32.67

Turkey 28.50

1308..

Italy 22.59
total hydropower

GIObaI installed capacity _—] France 25.56
hydropower e T spain2odn
° Switzerland 16.86
installed Vietnam 16.76
M Sweden 16.48

capacity \_
N Austria 14.54
\‘\\\\ Iran 12.17

Mexico 12.13




Share of electricity production from hydropower, 2023

Measured as a percentage of total electricity.
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Data source: Ember (2024); Energy Institute - Statistical Review of World Energy (2024) OurWorldinData.org/energy | CC BY



POTENCIAL HIDROELECTRICO
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Bombagem: diferentes configuracoes

OPEN-LOOP PUMPED STORAGE HYDROPOWER CLOSED-LOOP PUMPED STORAGE HYDROPOWER

Projects that are continuously connected Projects that are not continuously connected
to a naturally flowing water feature to a naturally flowing water feature

Lower Reservoir




Bombagem: o armazenamento mais barato?

usD 18,000
UsD 16,000
UsD 14,000

usD 12,000

usD 10,000
usD 8,000
usD 6,000
usD 4,000 . . l

usD 2,000 B I

usb 0

PSH Li-Ion Battery Lead Acid Vanadium  Compressed Air Hydrogen

™ Average power CAPEX (USD/kW) m Effective CAPEX over 80 years with 6% discount rate (USD/kW)

Figure 5. Comparison of effective lifetime costs of energy storage technologies
over 80 years (10-hour duration, 2020)
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| PSH Capacity | PSH Energy Storage | PSH National Target |

i Operational Status
Hydropower Pumped Storage - Capacity B Anrounce d
(Update: 27 June 2022) M Operational
- | Planned
W under Construction

Capacity (MW)

4% View on Tableau Public O C HDe-y | B
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Figure 4: 12
New installed
PSH capacity ,,

o8]

. New installed PSH capacity

. Five-year rolling average of new installed PSH capacity

2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023
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Bombagem: barato mas com pouco crescimento

Global energy storage capacity outlook, 2015 - 2030

[l Pumped Storage [ Battery Storage [l Thermal Energy Storage Electro-Mechanical Storage

1.56TW
90.14GW —
1.2TW
308.21GW
152.9GW 286w
242GW
189GW

2016 2018 2020 2022 2024 2026 2028 2030

Chart: Jackie Park  Source: GlobalData  Created with Datawrapper



Bombagem: flexibilidade no sistema elétrico
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O potencial das mini-hidricas para a eletrificacdo remota

Legend

|:| National Administrative Boundaries
Sub-Saharan Africa Mini Hydro
Power MW
e 01-10
Sub-Saharan Africa Small Hydro
Power MW
e 1.1-100
Sub-Saharan Africa M/S Hydro Per Country
Power MW
| lo1-s0
[ s1-2m0
[ 251500
[ =01 - 1000
[ 1001-3000
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CUSTOS INVESTIMENTO

« Pequena hidrica, $1000-3000/kW, paises em desenvolvimento
« Pequena hidrica, $2000-9000/kW, paises desenvolvidos
« Grande hidrica (incluindo barragem e albufeira), $2000-8000/kW

Source: Paish (2002, Renewable and Sustainable Energy Reviews 6, 537-556,
http://www.sciencedirect.com/science/journal/13640321)



CUSTOS INVESTIMENTO
Pequena hidrica (<10MW)

Depende da queda de agua e poténcia, e do factor de utilizacao

Tabela 3: Investimento unitario (€/KW) em CMH (final de 2002) [ESTIR]

€KW Minimo Maximo Medio
TMW-10MW 600 2000 1300
S00KW-1MW 1300 4500 25900
100KW-500KW 1500 6000 3750
<100kW 1500 6000 3750

Energy Scientific & Technological Indicators and References (ESTIR), Area:
Electricity Generation, Sector: Hydropower (1ncl. small), Community Re-
search & Development Information Service (CORDIS), 2002.



CUSTOS INVESTIMENTO
Pequena hidrica (<10MW)

Depende da queda de agua e poténcia, e do factor de utilizacao

CENARIO CENARIO .
SECO HUMIDO 7%

200

25 anos
150-\ — 20/0 It
Q
§ e \ Tarifario verde
* mewww 80€/MWh

—— 25 anos
50 — 101 = 1300 €W

0

3 APENAS VIAVEL PARA CUSTOS INFERIORES A 2000€/KW.
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IMPACTOS POSITIVOS

Impactos econdmicos & energéticos

Custo da energia

Seguranca energética (fonte enddgena, ou quase)

Valorizacao recurso edlico (PNBEPH: 1MW de bombeagem/ 3.5MW de edlico)

Aproveitamento agua para consumo das populacoes e/ou irrigacao



IMPACTOS NEGATIVOS

Impactos sociais
« Deslocamento populacao

» Reservatorio pode promover desenvolvimento vectores

transmissao doencas

e (Acidentes: Bangiao, 170000 mortos em 1975)



P MUNDO EUROPA AMERICA AFRICA ASIA MEDIO ORIENTE OCEANIA MAIS v

AFRICA

Rebentamento de barragem faz pelo
menos 42 mortos no Quénia

O acidente desta madrugada fez subir para 140 o numero de vitimas mortais
resultantes das chuvas torrenciais e das inundacoes registadas desde o més passado.

Reuters
29 de Abril de 2024, 12:30
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Fossil fuels are the deadliest way to produce electricity

Deaths from accidents and air pollution per terawatt-hour (TWh) of electricity produced

Coal | 24.62

Oil | 18.43
Biomass | 4.63
Gas | 2.82
Hydropower | 1.3
Wind | 0.04
Nuclear | 0.03
Solar | 0.02

Chart: Canary Media Source: Our World in Data



IMPACTOS NEGATIVOS

Impactos ambientais

« Maior area de superficie = maiores perdas evaporacao

« Sedimentacao antes da barragem (= custos manutencao)

« Menos sedimentacao depois da barragem (= erosao costeira)
« Fragmentacao ecosistema fluvial (efeito na biodiversidade)

« Alteracao paisagem

» Desflorestacao

» EmissOoes metano



IMPACTOS NEGATIVOS
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Emissdes associadas ao alagamento

Tino de Estimativa de
P Emissoes (g Fonte

Barragem Localizagao Regido
9 COzeq/kWh)

Fearnside, P. M.

Balbina Brasil Tropical 130-150 (2002).
Environmental
Science & Policy

Almeida et al.
(2019). Science
Advances

Belo Monte Brasil Tropical 100

Chen et al. (2016).

LlisS China Temperado 25-35 Journal of
Gorges Hydrology

Faria et al. (2015).

Alqueva Portugal  Mediterraneo <10 Nature Climate
Change

Santos et al.

Itaipu Brasil- g\ btropical 7-10 (2006). Climatic
Paraguai Change




PORTUGAL
Grande hidrica

hidroeléctrica instalada por bacia hidrografica =Sl ot
Afluéncias | Capacidade util | Capacidade util Rotéﬁﬁgg’f‘
Bacia hidrografica | anuais actuais | das albufeiras | das albufeiras em |~ hidroeléctrica LEGENDA
(hm?) (hm?) % das afluéncias /| “1 I (MW) S ¢ caomconce or
e 000 395 2% AJEE e Suix
Cavado 2300 1142 50% ), / = -
Douro 18 500 380 2% WS 22000 &5 e
Vouga 2 000 0 0% {1 L0 M:Im
Mondego 3350 361 1% JOUE ZBag
Tejo 12 000 2 355 20% Aﬁj‘ B e
Guadiana 4500 3244 72% Bz
Sado 1460 444 30% 4) /; TNE i b
Mira 330 240 73% NE S i
Ribeiras Algarve 400 341 85% i) |
Total 47 800 8 862 19%
Figura 1.2.13 - Grandes

aproveitamentos hidraulices‘@xistentes



Ricobayo

PT

Rio Témega

. Rio Sabor
Alto Tamega

Portugal

450 Mm3 . Castro
Gouvaes Rio Tua
Montante Almendra
Picote
Bemposta
Friddo
Torrdo Foz Tua Volume Util
Crestuma Carrapatelo Régua ' <100 hm?
Rio Douro Valeira Pocinho
| 100 - 250 hm?
PT1 SP
Varosa Vilar Tabuaco
Rio Paiva I
Rio Varosa Rio Tavora > 250 hm?
Rio Céa
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PORTUGAT. “
(Nova) grande hidrica g{é_
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Principais caracteristicas dos aproveitamentos seleccionados para o PNBEPH
aerovermauento | BA9A | o | o | HDROGRAFICA |DAALBUFERA| INSTALADA | PRODUZIDA
HIDROGRAFICA
(km?) (hm?) (MW) (GWhiano)
Foz Tua Douro Tua Reversivel 3822 310 234 340
|Fridao Douro Tamega - 2 630 195 163 299
Padroselos Douro Bega/Tamega | Reversivel 315 147 113 102
Gouvaes Douro Torno/Tamega | Reversivel 100 13 112 153
...|Daivoes Douro Tamega Reversivel 1984 66 109 148
Alto Tamega (Vidago) Douro Tamega Reversivel 1557 96 90 114
Almourol Tejo Tejo 67 323 20 78 209
Pinhosdo Vouga Vouga Reversivel 401 68 77 106
Girabolhos Mondego Mondego Reversivel 980 143 72 99
Alvito Tejo Ocreza 968 209 48 62
2

Figura 7.1 — Localiza¢io dos aproveitamentos seleccionados para o PNBEPH
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