
Besides the considerable amount of energy to 

be generated, and the significant improve-

ment on life quality for the inhabitants of the 

Project surrounding areas, the Madeira 

Project can bring about several collateral 

benefits, among others the following:
Connection of the North region to the Brazilian 

interconnected transmission System, increa-

sing its stability and reliability by taking 

advantage of the hydrological regimen diver-

sity all over the Country,
» Navigation on over 4,000 km through the 

Madeira, Mamoré, Gaporé, Beni, Madre de 

Dios and Orthon rivers,
» Opportunity for infra-structure joint projects 

involving Peru, Bolivia and Brazil, contributing 

to South America Integration.
3. Design Directives And Solutions
Any Project on the Amazon region needs to be 

guided by environmental conscience, which 

shall be taken into account along with all 

technical and/or economical aspects.
The inventory as well as the feasibility studies 

of the Brazilian Power Plants of Santo Antônio 

and Jirau were developed bounded by rigid 

Construtora Norberto Odebrecht, a world wide 

construction firm, and Furnas Centrais Elétri-

cas S.A., a state owned energy supplier that 

provides the service for almost 50% of the 

Brazilian population.
2. Why the Madeira River
In the search for new opportunities the com-

panies have chosen the Madeira River as an 

interesting investment based on the following 

aspects:
-  Most of the hydroelectric potential of rivers 

on the south and southeast regions of the 

Country are either being exploited or have 

already been studied, mainly because that's 

where most of the country population and 

industries are  and, consequently the greater 

energy consumption,
-  The Brazilian hydroelectric potential have 

been evaluated in about 260,000 MW (ref. 7), 

52% of which located on the Amazon region, 

as shown on figure 2,  where, at the end of the 

millennium only about 5% of its available 

hydroelectric potential was being exploited;
-  Presently the region energy supply is 

provided by several isolated systems, 

detached from the Brazilian interconnect 

transmission system, and based mainly  on 

diesel thermoelectric generation;
-  The Madeira river has quite a particular 

hydrological regimen, once both the 

defrosting on the Andes and the rain on the 

Amazon region, contribute to its discharge, 

resulting in the following characteristics:
»The Madeira River has a seasonal water level 

variation that reaches values of up to 15m, as 

can be seen on figure 3, where an average 

hydrological year and the average of the 

monthly minimum and maximum water levels 

are presented.
»The Madeira river presents one of the best 

flow duration curves of the Amazon region, as 

depicted on figure 4, along with the curves of 

two other major rivers on the same area, 

where equivalent discharge values are plotted 

Introduction
The Madeira Hydroelectric Complex, takes 

part in a much broader context such as the 

Initiative for the Integration of the Regional 

Infrastructure of South America (IIRSA), 

which congregates efforts of the South-

American Governments. The Complex encom-

passes four hydroelectric power plants, two of 

them in Brazil, one on the Brazil/Bolivia border 

and one in Bolivia, as well as a 4.200 km long 

waterway.
Nowadays, the existence of several rapids on 

the Madeira River does not allow boat traffic 

upstream from Porto Velho. The construction 

of lock gates on all four of the Madeira  Com-

plex power plants shall enable the navigation 

from the outskirts of the Andes, on Peru and 

Bolivia, to the Atlantic Ocean and, in associa-

tion with roadways and/or railways, will also 

provide an alternative route for Brazilian and 

Bolivian products to the Pacific Ocean.
The present paper intends to discuss the 

project concepts, developed studies and 

actions taken to achieve the Complex 

construction which, by means of increasing 

the local energy offer and integrating trans-

portation and energy infrastructures, shall 

improve the government presence and action 

on the region, organizing regional develop-

ment, and establishing solid bases for its 

sustainable development. The Brazilian Plants 

of Santo Antônio and Jirau, feasibility studies 

of which have just been concluded, represent 

the first step towards this Project, and shall 

increase the Brazilian power supply offer in 

6.45 GW. The necessary authorizations for the 

international plants  inventories are on its 

final negotiation stages, and the studies are 

expected to begin soon.
Today, the state of Rondônia electrical 

generation capability can offer about 800 MW, 

more than half of it based on diesel thermo-

electric power plants, not connected to the 

integrated Brazilian energy transmission 

system. The construction of the Santo Antônio 

and Jirau power plants will increase in 9 times 

the local energy offer. Transmission lines to 

the states of Acre, Amazonas, and western 

Mato Grosso, shall spread such offer 

throughout an area presently deprived of it. 

Additionally, the connection to the integrated 

Brazilian energy transmission system will 

during rainy season. Therefore, the engine-

ering solution adopted was that of low head 

power plants, respectively 13.90m (Santo 

Antônio) and 15.2m (Jirau), making use of 

Bulb Type Turbines which do not require large 

reservoirs but rather large water volumes and 

speed, also yielding several advantages rela-

ted some specificities of the Madeira project.
1. Madeira Project
The Madeira Project, besides its enormous 

technical and environmental challenge, repre-

sents an attempt to integrate the Amazon 

region to the rest of the country, adding its 

resources to the Nation's assets, improving 

the government presence and action on the 

region and, by means of increasing the local 

energy offer and integrating transportation 

and energy infrastructures, achieving an 

organized regional development as well as 

establishing solid bases for its sustainable 

development.
The Project encompasses the construction of 

four hydroelectric power plants on which, the 

addition of lock gates shall create a 4,225 km 

long waterway, enabling navigation on the 

Madeira, Mamoré, Gaporé, Beni, Madre de 

Dios and Orthon rivers. The Complex power 

plants are briefly described bellow and its 

location shown on figure 1:Brazil: Santo 

Antônio Hydroelectric Power Plant on the Ma-

deira river, with a installed power  of 3,150MW 

and Jirau Hydroelectric Power Plant on the 

Madeira river, with a installed power  of 3,300 

MW, Brazil / Bolivia:   Bi-national Hydroelec-

tric Power Plant on the Madeira river at the 

Brazil / Bolivia border, with an appraised no-

minal power  of 3,000MW,
Bolivia:  Hydroelectric Power Plant on the Beni 

river at Cachuela Esperanza, with an apprai-

sed nominal power  of 600MW.
Presently the feasibility studies of the 

Brazilian power plants, Santo Antônio e Jirau, 

have been concluded and are undergoing 

evaluation for approval by ANNEL, the Go-

vernment Agency responsible for the 

electrical energy concessions in Brazil, and its 

environmental impact report is being evalua-

ted by IBAMA the Brazilian Federal Environ-

ment Agency.
The inventory studies of the other power 

plants shall soon begin, once the multi-

national processes to obtain the necessary 

licenses are on their final stages.
Up until now the studies have been carried out 

by a private-public partnership between CNO - 

Table 1 presented on figure 8 shows a 

comparison among several Brazilian power 

plants on the Amazon region, where the ratio 

between the reservoir flooded area and the 

plants nominal power reflects the cost / 

benefit of each plant, demonstrating that the 

guidelines adopted for the Santo Antônio and 

Jirau power plants have paid of.

4. The Bulb Type Units
The choice of low head power plants led to the 

use of Bulb Type Turbines which do not require 

large reservoirs, but rather large water 

volume and speed, what the Madeira river can 

easily provide. Hydro generation in 

Brazil was first developed on the 

south-central region of the country, 

where moderately high, mid and mid-

low head sites are available, and to 

which Francis and vertical-shaft 

Kaplan turbines are better suited. 

Therefore bulb type units are not 

common on major power plants 

(>30MW) in Brazil, up until now the 

Brazilian experience with such type of 

turbine is limited to 3 plants with 

characteristics presented on figure 9

Canoas I Hydroelectric Power Plant:
Nominal head: 16,3 m

Plant Installed power: 85 MW 
Number of Turbines: 3 Bulb Turbines

Nominal unit generation power: 27,5 MW

Canoas II Hydroelectric Power Plant:
Nominal head: 14,5 m

Plant Installed power: 72 MW 
Number of Turbines: 3 Bulb Turbines

against their duration;-  Although running 

through flat lands, the Madeira River peculiar 

design directives, aiming to create a paradigm 

for Projects on the Amazon Region. The main 

principles to which the design concepts had to 

abide are listed bellow
» Non interference with the river vocation
» Navigation route promoting regional 

integration,
» Hydroelectric energy generation
-  Minimum environmental impact:
» Restrict, as much as possible, the 

reservoir areas to the ones already 

flooded during the summer season,
» Avoid any interference with inter-

national territory,
» Develop civil engineering solutions 

and equipments to achieve the lesser 

environmental impact.The Madeira 

River has an historical vocation for 

navigation that goes way back to the 

first Portuguese incursions in the 

area. Nowadays its 1,056 km long 

waterway represents an important 

route for regional integration, transporting 

people and goods from the city of Porto Velho 

to the river estuary on the Amazon River, as 

depicted on figure 5.
In order to avoid any interference with the 

river navigation, lock gates were added to 

both power plants, what resulted in an 

additional benefit once the presence of the 

reservoir will eliminate the natural obstacles, 

that emerge during the dry season on the 

stretch, adding 230 km to the existing 

waterway,.
A river of such magnitude (average discharge 

of 18,000 m3/s), even running through flat 

land, has an enormous hydroelectric potential 

that could not be wasted.
Complying to the established design criteria 

an alternative with two low head power plants, 

as shown on figure 6, was developed, 

discarding the one on a single power plant, 

more attractive from the economic point of 

view, which is presented on figure 7.
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enable it to benefit from the different 

hydrological regimens all over the 

country. The Engineering studies were 

carried out aiming to achieve the 

smallest possible environmental impact 

arising from the construction of the 

power plants. In order to do so it has 

been sought to disturb the river regimen 

the least and restrict the reservoirs 

areas virtually to those already flooded 

Furnas Centrais Elétricas S.A.

Fig. 1. Madeira Project Location.

Fig. 4. Madeira River Flow Duration Curve.

Fig. 6. Alternative On Low Head Power Plants

Fig. 7. Discarded Alternative On A Single Power Plant.

Fig. 3. Madeira River Water Levels
Porto Velho  1967/2004

Fig. 2. Brazilian Hydroelectric Potential.

Fig. 5. Madeira River Water Way Today.

Fig. 8 Reservoir Area / Nominal Power.

POWER PLANTS ON THE
AMAZON REGION(reservoir
water level<EL 300m)

Reservoir
Flooded

Area 
(km2)

Reservoir
Area Nominal

Power 
(km2/MW)

Reservoir
Maximum

Water Level
(m)

Plant
Nominal
Power 
(MW)

BALBINA

SAMUEL

CURUÁ-UNÁ

MANSO

LUIZ EDUARDO MAGALHÃES

TUCURUÍ PHASE1

TUCURUÍ PHASE2

COROACY NUNES

JIRAU

SANTO ANTONIO

2,360

584

78

387

626

23,3

258

140(*)

271

110(*)

250

217

30

210

850

4,000

8,000

67

9,44

2,69

2,60

1,84

0,74

0,61

0,30

0,35

0,08

0,04

0,09

0,03

50

87

68

287

212

120

90

70

2414 72

3,3

3,150

(*) Discouting river area
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yields low environmental impact once  

presents  low probability of damage to fishes .
 5. Plants Characteristics
Both plants lay-out and river diversion have 

been conceived to enable power generation 

during their construction. The first 6 units of 

each plant shall start generating 44 months 

after the plant construction begins, and from 

them on, every month an additional unit shall 

reach operational status.

The Power Plants of Jirau and Santo Antônio 

have similar lay-outs, whose main characte-

ristics are detailed on the table  presented on

Figure 12, consisting of 21 spans spillways, 

water intakes and power houses for 44 

turbines, all structures on reinforced concrete 

and located on the river margins, which shall 

be built without diverting the river from its 

natural bed.
When most of the concrete structures are 

concluded, the construction of rock fill 

cofferdams will take place on the river main 

channel, diverting the water to the power 

house and spillway. The cofferdams later will 

be incorporate to the main earth and rock fill 

dam.
Design optimizations to reduce excavation 

volumes resulted on the addition, along the 

river right margin, of a rolled concrete dam to
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Igarapava Hydroelectric Power Plant:
Nominal head: 17 m

Plant Installed power: 210 MW
Number of Turbines: 5 double regulation 

bulb turbines
Nominal unit generation power: 43.6MW 

Rotation speed : 112,5 rpm
Runner Diameter: 6,0m

A bulb type unit consists basically of a 

horizontal shaft Kaplan-type turbine runner 

coupled to a horizontal shaft electric gene-

rator. The shaft arrangement may vary some-

what and it may be also slightly slanted. Both 

turbine and generator are housed within a 

leak proof steel housing completely immersed 

in the water flow.
The turbine runner blades diameter estimated 

for the  Jirau and Santo Antônio bulb units  are  

respectively, 7.94 and 8.15 meters.

The bulb technology, since 1935 when first 

used in Poland, has been in use throughout 

the world with excellent results, and the fore-

seen characteristics for the Madeira Power 

plants turbines are quite similar to many 

others presently in operation as can be seen 

on table 2 presented on figure 11.

The choice of Bulb Type Turbines yields several 

advantages related to some specificities of the 

Madeira project, among others the following:
-  Each plant will be equipped with 44 units, 

and such huge number of units will require a 

careful assembling plan to guaranty the pro-

ject feasibility. Several are the aspects where 

the choice of bulb type turbines can contribute 

to make this huge assembling task easier, 

among others:
» Even with the need of special devices,  it is 

possible to achieve greater erection speed 

with Bulb Type
Turbines than vertical axis units.
» The erection of turbine and 

generator can be done in 

parallel, once the access to 

turbine and generator recess are 

independent
» It is possible and usual to pre-

assembly many parts at the 

shop, or even at the erection 

yard, what enhances the perfor-

mance of the equipment assem-

bly inside the power house.
-  The horizontal axial flux allows 

a hydraulic circuit simpler and 

shorter than the one of an equi-

valent vertical axis unit, what 

leads to the following advantage
» Reduction of energy losses, 

what for a low head plant is of 

paramount importance;
» The simpler and 

shorter Hydraulic circuit 

results also in less 

excavation and faster 

construction.

-  The Madeira river has 

an average flow of 

18,000 m3/s, diverting a 

river of such magnitude 

is no easy task. The 

plant layout was concei-

ved to allow the cons-

truction of the power 

house and spillway 

without disturbing signi-ficantly the river flow, 

to later divert it to the concluded spillway and 

power house while the dam is built on the river 

bed. In such case Bulb Type Turbines suited 

very well once, besides the smaller excava-

tion, they present reduced width if compared 

to vertical axis units, resulting in a 

power house only 972 m long.

-  The Madeira river carries a 

considerable amount of sediments, 

therefore the bulb turbine capacity 

to operate as a bottom outlet, at no 

load up to 70% of nominal flux, 

enables the discard of sediments 

accumulated near the powerhouse 

water intake if necessary.
-  The use as bottom outlet possibili-ty for 

Bulb Type Turbines also increa-ses the dam 

safety, by adding an additional discharge to 

the spillway capacity, the latter defined for a 

flood with 10,000 years recurrence.
-  At last the choice of Bulb Type Turbines 

-  Supply of reliable low cost energy to the 

region,
-  Substitution of the diesel based thermoele-

ctric generation by hydroelectric generation,
-  Replacement of truck transportation by boat 

transportation,
-  Use of the Itacoatiara port instead of ports 

on the south and southeast regions,
-  Reduction of floating timbers on the Madeira 

River, increasing navigation safety.
-  Connection of the region electrical systems 

to the Brazilian Interconnected Transmission 

System,
-  Royalties yearly paid to States and cities for 

the use of the water resource.
The Madeira Project, besides the direct 

benefits above listed, by providing substan-

tial amount of reliable energy and transporta-

tion, both at low costs, shall bring about 

several indirect benefits, such as:
-  Growth and diversification of productive 

activities to supply the local demand,
-  Decrease of the destructive exploitation 

activities,
-  Development of new productive chains,
-  Value aggregation to farming and cattle 

raising activities,
-  Reduction of freight costs (use of  boat 

transportation),
-  Increase of the region participation on 

business as well as on national and 

interna-tional products supply,
-  National and continental integration,
-  Strengthening of Public Institutions 

on Peru, Bolivia and Brazil,
-  P reservat ion ,  cont ro l  and 

sustainable use of the natural 

resources.
9. Local, Regional and International
Discussions
To validate an initiative of such proportions as 

the Madeira Complex with its multitude of 

effects and vast influence area, it was neces-

sary to bring the society to the debate. The 

project had undergone public evaluation on 

several forums, from meetings with the local 

society to presentations on international 

Symposiums and Conferences.
The debates have greatly contributed to 

better evaluate its benefits and expected 

impacts, enhancing the design comprehen-

sion and earning public credibility especially 

before the local and regional population as 

well as respect from the South American 

community.

10. Conclusion
Environmental conscience 

with technical responsibility 

can provide innovative 

s o l u t i o n s  t o  r e d u c e  

environmental  impacts 

allowing deve-lopment to 

reach the regions where 

nature rules.
The Madeira Project proposes 

a  n e w  a p p r o a c h  f o r  

construction of hydroelectric 

power plants on sensible 

areas, bringing energy, transportation and 

sus ta inab le  deve lopment ,  w i thout  

c omp rom i s i n g  t h e  env i r o nmen t a l  

preservation and contributing to control and 

prevention practices.
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1 The HYDROMATRIX  Technology
1.1 General
Hydropower is the best developed and by far 

the mo st important form of renewable ener-

gy.  It plays a major role in the achievement of 

the Kyoto targets and the requirements 

contained in the European Union's  "Renewa-

ble Energy" directive.
All countries within the  European Union are 

pushed to increase the share of renewable 

energy in their total mix of energy production. 

In contrast to other renewable sources of 

electricity, hydropower can supply greater 

portion of the electricity needs. Hydroelectric 

power plants and facilities can also respond 

instantaneously to the changing electricity 

demand while helping to minimize emissions 

of greenhouse gases and other pollutants. 

Traditionally thought of as a cheap and clean 

source of electricity, most large hydro-electric 

schemes being planned today are coming up 

against a great deal of opposition from envi-

ronmental groups and native people.
However,  legal  requirements,  high  costs 

and  regional  environmental  issues  restrict  

new  dam  and  weir construction. 
VA TECH HYDRO was looking for low cost and 

environmentally friendly methods to generate 

hydroelectric power in an economically 

feasible way.
Worldwide there  are many locations  with low 

head dams  and weirs  built just for irrigation 

purposes or for securing navigation and where 

no power stations are part of these structures.
The HYDROMATRIX  concept makes use of 

these existing dams  and weir structures with 

no need for additional civil works and without 

disturbing their primary purpose.
With  the  HYDROMATRIX  technology  power  

plant  operators  are  enabled  to  tap  the  

unused  hydropower potential of numerous 

rivers to develop a valuable renewable energy 

resource.
This new concept combines the benefits of 

conventional hydropower technologies with 

the advantage of low investment and quick 

installation in existing weir structures.
1.2 The HYDROMATRIX principle
The   HYDROMATRIX  technology  is  based  

on  an  invention  by  an  American  engineer  

which  has  been systematically  improved  by
 VA  TECH  HYDRO  during  the  recent  years .  

This   opens  up  a  new  range  of applications 

with prove turbine and generator technologies
The construction is well adaptable and can be 

realized in a comparatively short time period. 

There is no need of a powerhouse, which often 

re quires expensive foundation solutions at 

geologically difficult grounds.

The civil costs normally take a significant part 

of the total costs of a hydro power station. 

They are quite small in case of implementing a   

HYDROMATRIX system and therefore in many 

cases  hydro  generation  becomes economi-

cally justifiable.
These essential advantages of HYDROMATRIX 

technology enable the owner to realize ecolo-

gically beneficial hydroelectric power projects 

at extreme low costs .
1.3 Application ranges
Generally, the HYDROMATRIX System may be 

economically applied within the following 

criteria ranges:
»Discharge more than appro ximately 60 m³/s
»Head from 3 m to 30 m
»Draft t ube exit submergence of about 1.5m
»Utility grid connection in relatively close 

proximity
»Structure available and suitable for 

HYDROMATRIX modules

      A new concept of VA TECH HYDRO allows to 

discharge water into the open air without any draft 

tube exit submergence. Naturally, the efficiency for 

such applications would be as low as  50-60%. 

However, even with this concept applications can be 

economically viable. For economic reasons the head 

for applications without draft tube exit submergence 

should be more than about ten meters .

1.4 Components of a HYDROMATRIX
 system
1.4.1 Module
The HYDROMATRIX system basically consists 

of a compact arrangement of  TG-units  inclu-

ding trash racks, draft tubes, space for 

hydraulic power unit , electric switchgear and 

control systems.
The HYDROMATRIX-turbine system repre-

sents the innovative  utilization of a proven 

technology. It is based on a modular system, 

by which a number of small, identical  TG-

units  are installed in a common frame  (mo-

dule) in a matrix arrangement.
Each HYDROMATRIX module consists of 

identical TG-units  where the number of the 

units is optimized, and of a fabricated steel 

structure, in most cases designed in accor-

dance with the requirements of the dam 

owner.The module  also  includes  draft  tubes  

optimized for achieving high efficiencies with  

integrated  control  gates. Depending on the 

dimensions of the existing civil structure, 

several modules form the complete  hydroele 

ctric power plant.
1.4.2 Turbine-generator unit (TG-unit)
The design of the  TG-units  is derived from VA 

TECH HYDRO's classic concepts for small, 

compact hydro turbines and was further 

developed to address the need for high reliabi-

lity, low maintenance and standardization. Of 

the classic concept more than 250 units have 

been delivered and successfully put in opera-

tion by VA  TECH HYDRO in the last 25 years.
With the ongoing developments and the 

specific needs for each application VA TECH 

HYDRO has created three types of TG-units :
1.4.2.1 Asynchronous  type
The used type of turbine is a simplified 

compact-axial turbine.  Each TG-unit  consists 

of a stay ring with fixed stay vanes, a fixed 

blade propeller type runner made of  

aluminum-bronze, and a generator directly 

connected to the turbine runner.
Two or three bearings  are  situated within the 

bulb to support the generator rotor, shaft, and 

runner rotating assembly. The guide bearing 

as well as the combined guide-thrust bearing 

at the tail waterside are designed as oil 

lubricated roller type bearings.
The shaft seal is of the mechanical face seal 

type and is located within the generator 

housing. The shaft seal is situated  at  the  tail  

water side and is designed as maintenance-

free face type seal to sustain  all operating 

conditions.
Asynchronous generators are known as 

proven technology for decades and thus con-

nected with very low risk. The stator is 

designed as a watertight casing box and 

bolted to the distributor. The rotor has con-

ventional winding.

The distributor with fixed guide vanes forms  

an integral part of the watertight generator 

housing. It provides for optimum inflow to the 

unregulated runner and simultaneously 

allows for the fixation of the generator in the 

guiding rails of the draft tube.
To ensure high efficiency, the hydraulic 

contour for the runner, the distributor and the 

draft tube has been developed at the hydraulic 

lab at VA TECH HYDRO.

Fig.1: Application range for the HYDROMATRIX

Fig.2: HYDROMATRIX TG-unit
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