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1 Introduction 

Since the late 19th century, hydropower has developed as a clean, safe, reliable and 

inexpensive source of power and energy service. Hydropower generation corresponds to 

about 12% of the European net electricity generation and 36% of electricity from renewable 

resources in Europe (EUROSTAT, 2019). Hydropower is technically mature and is usually 

economically competitive under liberalized market conditions.  It also provides significant 

benefits to the whole power system; in fact, the fast response capabilities provided by 

reservoirs and pumped storage plants provide critical energy to electricity networks, helping 

to match fluctuations in electricity demand and supply from intermittent and less flexible 

electricity sources. Moreover, since hydropower is situated at the crossroads of two major 

issues for development, water and energy, hydro reservoirs can often deliver services 

beyond electricity supply. Hydro storage capacity can mitigate freshwater scarcity by 

providing security during low flows and drought for drinking water supply, irrigation, flood 

control and navigation services. Multipurpose hydropower projects may have an enabling 

role beyond the electricity sector to secure freshwater availability. 

Hydropower is a controllable (or dispatchable) renewable energy source. This is in part due 

to control over the source through its storage capabilities, and the greater predictability of 

its generation in comparison to wind and solar power. Hydropower is, however, variable 

over longer time scales, as it depends on precipitation and water run-off. At a regional level, 

climate change may affect the potential for power generation (even if there is no clear 

pattern across Europe), but at the same time its role in water management using reservoirs 

can contribute to mitigating negative effects in term of water availability.  

Overall, hydropower has great potential to enable the transition towards a decarbonised 

economy in Europe (as it plays an important role in balancing the grid and mitigating the 

negative effects of intermittent generation from variable RES) and to mitigate the negative 

effects of climate change (by storing and supplying water). However, long legal proceedings, 

public opposition and unfavourable market conditions (e.g. low electricity prices, missing 

spreads). Environmental issues related to the impact on the flow regime upstream and 

downstream of dams and reservoirs, barriers to fish migration, loss of biodiversity and the 

alteration of river morphology are also a matter of concern. The hydropower industry has 

been making significant efforts to mitigate the negative effect on the environment of 

hydropower plant and considerable improvements have been implemented in recent years. 

Although significant progress has been made in addressing these issues, there is still a low 

level of awareness among the general public regarding these achievements. 

Over the past decades, hydropower equipment has been optimized to achieve high 

performance, availability and flexibility. Regarding hydropower infrastructure, innovative 

measures to mitigate environmental impacts have been developed. Moreover, significant 

improvements have been enabled by computer technologies in many areas, including design, 

construction, monitoring, diagnostics, protection and control. Investment into research and 



 WP4-DlRp-02: Hydropower Technologies Deliverable D4.3 

WP4_DlRp_02_D4_3_StatusHydroTech_v4_2_Final 10 March 2020 

development (R&D) is fundamental to meet advances in technology and to deal with market 

competition. Furthermore, to manage environmental and socioeconomic aspects at a 

regional level, there is a need to build links between industry, R&D and policy institutions.  

The scope of this document is to provide an overview of the state-of-the-art of hydropower 

technologies and techniques, in order to set a baseline reference to identify and prioritise 

future R&D actions. It first introduces the main components of hydropower plants, 

reservoirs and the related infrastructure. It then looks at recent technological innovations 

enabling enhanced flexibility in power generation and storage, higher efficiency of 

hydropower plants, improved resilience of electromechanical equipment and infrastructure 

and better operations and maintenance. Finally, there is a discussion of current techniques 

and technologies to mitigate the environmental impact of hydropower projects. 
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2 Types of hydropower plant 

2.1 Main components of a hydropower plant 

Hydropower is based on a very simple physical concept. Hydropower plants convert the 

potential or gravitational energy of water first into mechanical and then into electrical 

energy: the flow of water turns a turbine, which is connected to a generator. The electricity 

generated then flows to a substation, where the voltage is increased, and is then distributed 

to the end user or fed into the power grid. Hydropower is a renewable energy as it is based 

on the water cycle, which is an endless, constantly recharging system.  

Hydropower is a site-specific technology and needs to be tailored to the specific features of 

the local hydrology, topography and geology. However, while the design changes according 

to local conditions, the main components highlighted in Figure 2-1 are the basic elements of 

conventional hydropower plants. Gates are barriers that allow to regulate water release. 

They can take different forms, such as fixed wheel gates, sliding gates, radial gates, and 

caterpillar gates, and they are used for power intakes, bottom outlets, or river diversion 

works. Spillway gates are also used to control flood discharge in reservoirs.  

 

Figure 2-1 Electro-mechanical equipment in a hydro plant 
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When gates on the dam open, water flows down the penstock to the turbine, usually 

through a shut-off valve. The penstock is a conduit or pipe that conducts water from the 

intake to the powerhouse. Penstocks are usually made of steel and they must be able to 

withstand high pressures on the inside surface in the event of a sudden increase or decrease 

in the load - the so-called water hammer.  

If the powerhouse is located far from the dam and reservoir, water is transferred by open 

channels, tunnels under pressure, or pressure shafts, which depending upon the rock type 

can be unlined, lined with concrete or steel lined.  Sufficient water head should be available 

above the intake entrance to avoid the formation of vortices which may carry air into the 

penstock and result in problems with turbine operation.  

A surge tank is often introduced in the system between the water intake and the 

powerhouse to absorb any water surges caused in the penstock or pressure tunnel due to 

the sudden loading and unloading of the generator through opening and closing of the inlet 

valve and wicket gates. The wicket gates of the turbine allow regulation of the amount of 

water that flows into the turbine. 

The turbine is the machine that converts the kinetic/potential energy of water into 

mechanical energy. It is attached by way of a shaft to the generator, which transforms the 

mechanical energy of the turbine into electric energy. The turbine and the generator are at 

the heart of the hydroelectric power plant. Electricity is generated by the rotating magnetic 

field created by the spinning rotor, a series of large electromagnets, inside a tightly wound 

coil of copper wire, called the stator. The alternating current thus produced is transferred to 

the transformer, which converts it to a higher voltage. Finally, the high voltage electricity is 

transmitted to the power line. The water that passed the turbine flows through the draft 

tube into the tailrace channel and re-enters the river downstream. 

2.2 Classification of hydropower plants 

The amount of energy that a hydropower plant can generate is proportional to the product 

of the hydraulic head and the flow rate. The Hydraulic head is the difference in water levels 

between the intake and the discharge point of the installation. Water flow (or discharge) is 

the volume of water, expressed as cubic meters per second, passing a point in a given 

amount of time. The greater the hydraulic head and rate of water flow, the greater the 

potential energy that can be converted to electricity. Hydropower plants with low flows 

require high head, while plants with low head require high flows to generate the same 

amount of electrical energy. Due to the higher water pressure, higher heads also allow a 

higher flow rate through a smaller turbine thus reducing the cost of the equipment. 

Different types of turbine have been developed, such as Pelton, Francis and Kaplan to 

mention the most commonly used, in order to have the highest efficiency in power 

generation for different ranges of head and flow.  
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Hydropower plants are often classified in terms of operation and type of flow. According to 

this classification we can distinguish two main types of hydropower plant: 

¶ Installations equipped with a reservoir, which can be further divided into: 

o Storage power plants; 

o pumped-storage power plants; 

¶ run-of-river power plants, which have a short residence time. 

Additionally, it is also important to consider: 

¶ offshore and tidal power plants based on in-stream technologies; 

¶ hybrid power plants. 

Hydropower plants can also be classified according to their size, which varies consistently 

and spans from a few kilowatts to several gigawatts.  This classification has led to the 

ŘƛǎǘƛƴŎǘƛƻƴ ōŜǘǿŜŜƴ ΨƳƛƴƛ ƘȅŘǊƻΩΣ ΨǎƳŀƭƭ ƘȅŘǊƻΩ ŀƴŘ ΨƭŀǊƎŜ ƘȅŘǊƻΩΦ bŜǾŜǊǘƘŜƭŜǎǎΣ ǘƘŜǊŜ ƛǎ ƴƻ 

universally accepted definition of these categories: in fact, different countries have different 

legal definitions of size category that match their local energy and resource management 

ƴŜŜŘǎΦ Lƴ Ƴƻǎǘ ƻŦ ǘƘŜ ŎƻǳƴǘǊƛŜǎ ƛƴ 9ǳǊƻǇŜ ΨƳƛƴƛ ƘȅŘǊƻΩ ƛǎ ŎƻƴǎƛŘŜǊŜŘ ōŜƭƻǿ м a²Σ Ψǎmall 

ƘȅŘǊƻΩ ōŜƭƻǿ мл a² ŀƴŘ ΨƭŀǊƎŜ ƘȅŘǊƻΩ ŀōƻǾŜ мл a²Φ Lƴ ŀƴȅ ŎŀǎŜΣ ƛǘ ƛǎ ƛƳǇƻǊǘŀƴǘ ǘƻ 

highlight that the great variety in the size of power plants allows hydropower to meet both 

large centralized urban energy needs as well as decentralized rural needs. Although the 

main role of hydropower is to provide electricity to a centralized energy system, it also often 

operates in isolation (off-grid) in rural and remote areas to meet local energy demand.  

2.3 Storage power plant 

Storage power plants are based on impounding water behind a dam. To produce electricity, 

water is released from the reservoir and sent to the turbine. The generating stations can be 

located directly at the dam toe without diversion of water or further downstream with 

diversion of water from the river; in this case the stations are connected to the reservoir 

through channels, tunnels or penstocks.  Storage plants have the advantage that they are 

less dependent on the natural flow of water; in fact, according to their storage capacity, 

they can operate independently of the hydrological inflow by storing water during the wet 

season and using it during the dry season and even inter-annual. In other words, they can 

easily store potential energy to be converted into electrical energy when needed in a 

flexible way. For this reason, these plants are commonly used for intense load following and 

to meet peak demand, allowing the optimization of base-load power generation from other 

less flexible electricity sources. The larger the reservoir of a hydropower plant, the more 

storage it can provide.  

In mountain areas, high-altitude lakes can be used as a reservoir preserving the 

characteristics of the original lakes. In this case, the power plant is linked to the lake through 

pressure tunnels and shafts by an underwater piercing of the lake. The hydraulic head may 

reach up to two thousand meters. In other areas, an artificial lake is usually created by 
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inundating (river) valleys. A power plant can have tunnels connected to several reservoirs 

and can also be linked to neighbouring river basins. 

Hydropower plants with large reservoirs offer the best level of services. Such plants can 

store energy on a large-scale during periods of low demand and make it available in periods 

of peak demand on an hourly, weekly, monthly or even seasonal basis. Moreover, their fast 

response time enables them to meet sudden fluctuations in demand. Hydropower plants 

with a small reservoir are mainly designed to modulate generation on a daily or maximum 

weekly basis.  

 

2.4 Run-of-river (RoR) power plant 

Run-of-river hydropower plants use the natural 

flow of river water and do not involve any 

substantial storage. Therefore, these plants are 

less flexible than (pumped-)storage hydropower 

plants; in fact, run-of-river power plants operate 

under the constraint of precisely controlling the 

water level at the intake in accordance with the 

incoming river flow. The electricity output of run-

of-river power plants depends upon the 

availability of water in the river and, therefore, 

can vary considerably throughout the year. Run-

of-river hydropower plants typically provide 

baseload power, since the hydrological forecast is 

Figure 2-2 Overview of a storage 
hydropower plant (VSE-INFEL)with main 
elements starting from reservoir fed 
eventually by diversion tunnels from 
neighbouring catchment, arch dam, 
power intake, pressure tunnel, surge 
tank, pressure shaft, underground 
powerhouse, tailrace channel and 
switchyard.  

Figure 2-3 a) single stage 
hydropower development scheme; 
b) cascade or multistage 
hydropower system  
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sufficiently good for the timescales required in the 

electricity market. 

However, run-of-river plants may have some short-term storage possibilities (a few minutes 

dynamic cycle) and this allows for some adaptation to demand, especially for ancillary 

services such as frequency and voltage control. The design of run-of-river power plants 

varies significantly and can be optimized both for large flow rate with small head on a large 

river and small flow rate with a high head in mountain areas. In some cases, a portion of the 

river water might be diverted to a channel, tunnel or penstock to convey the water to a 

hydraulic turbine, which is connected to an electricity generator. Run-of-river plants can also 

be combined in a cascading or multistage scheme; in this case, two or more plants are 

located on the same river in sequence. Cascading schemes can produce during a few hours, 

peak energy by a simultaneous increase of production in all powerhouses. A storage power 

plant is often located in the upper catchment as it allows regulation of water flow to achieve 

constant energy output from the downstream run-of-river plants and to produce a few 

hours of peak energy in the whole cascade. Since the regulated river typically flows more 

evenly throughout the year, the combined cascade of dams and reservoirs allows 

optimisation of electricity generation and may also be used to absorb excess energy when 

reducing river flow.  

2.5 Pumped-storage power plant 

Pumped-storage hydropower plants operate with two reservoirs - a lower and an upper one. 

The two reservoirs are connected to each other through tunnels or penstocks. A pumped-

storage plant moves water between the two reservoirs. In production mode, the plant 

operates like a conventional hydroelectric plant: water is released from the upper reservoir 

through the turbines to generate electricity. In pumping mode, electrical energy from the 

grid is used to pump the water from the lower reservoir to the upper one (usually during 

off-peak periods using surplus electricity generated by base-load power plants). In this case, 

a motorςgenerator is used to work either as a generator in the production mode or as a 

motor in the pumping mode. With regards to the hydraulic system the choice is between 

reversible pump-turbines able to work in both directions (usually these turbines are of the 

Francis type) or separate pump and turbine, such as in ternary systems. Reversible pump-

turbines are more common for heads lower than 600 to 700 m.  In this configuration, the 

direction of rotation must be reversed when the pumping mode is switched to the 

production mode and vice versa. A ternary system brings additional flexibility, since the 

pump and the turbine are separated on the same shaft and no change of direction is 

necessary.  
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Figure 2-4 Functioning of PSH in pumping and turbining mode (Source: Voith)  

Pumped storage power plants are operated depending upon the production of variable RES 

on daily and weekly cycles (the duration time for operation at full capacity is determined by 

the storage capacity of the upper reservoir) and are designed to provide peak electricity 

during periods of high electricity demand. Pumped-storage hydropower facilities are 

currently the most efficient and large-scale energy storage systems, with typical overall 

efficiency (cycle efficiency) in the range of 70ς85%. 

Depending upon the site topography and hydrological conditions, existing reservoirs or lakes 

may be used; if no reservoirs are available new ones need to be created. In some cases, the 

lower reservoir is a river controlled by a weir or a run-of-river power plant. Other concepts 

foresee the use of underground reservoirs. The use of abandoned mines, caverns, and man-

made storage reservoirs has been investigated. Another option is the use of the sea as the 

lower or upper reservoir, but for the moment there is just one example of seawater pumped 

storage. Finally, small scale pumped-storage hydropower plants can be built within 

infrastructures, such as drinking water networks, navigation locks and artificial snow making 

infrastructures. This kind of plant are usually quite small in size and they provide distributed 

energy storage and distributed flexible electricity production. 

Pumped-storage hydropower plants are net energy consumers; the ratio of produced 

energy to consumed energy for pumping the water ranges between 70% and 85%. However, 

this drawback is compensated for by the flexibility provided by these plants. Indeed, 

pumped hydropower is currently the more mature, flexible and cost-efficient form of bulk 

energy storage. Therefore, the role of pumped storage hydropower plants is twofold: 

balancing the grid for demand-driven fluctuations and balancing generation-driven 

fluctuations. Like conventional reservoir-type hydropower plants, pumped storage power 

plants can provide the full range of grid-stabilizing services. 

2.6 In-stream technologies and offshore hydropower 

Finally, it is important to stress that hydropower generation does not necessarily imply 

considerable civil works. In-stream technology refers to the use of hydrokinetic turbines to 

harvest the energy of naturally flowing water, such as stream, tidal, or open ocean flows, 
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without impounding the water. This technology can be integrated into existing facilities like 

weirs, barrages, canals or falls to generate electricity. These facilities basically function like a 

run-of-river scheme.  

A significant development potential exists for in-stream technologies through offshore 

hydropower, which is a less established but growing group of technologies that use tidal 

currents or the power of waves to generate electricity from seawater. More details on this 

and tidal hydropower plants are discussed in chapter 12. 

2.7 Hybrid hydropower 

In addition to the four types of hydropower plant mentioned above, it is worth mentioning 

the concept of hybrid power plants. Hybrid power plants work with one or more different 

types of generation as an integrated unit and can occupy a single site or comprise a 

microgrid. Hybrid power plants may be connected to the grid or be far from the grid in 

remote areas, where they represent the main source of power. In hybrid power plants, 

hydropower can be combined with solar or wind power to increase the stability and 

reliability of electricity generation. The hybridization allows PV panels or wind turbines to 

produce energy when the sun or wind is available, while saving water for hydroelectricity to 

complement during intermittent times when the sun or wind go down. 

 
Figure 2-5 Example of a hybrid power plant combining seawater pumped storage, wind 
and/or solar power generation with a desalination plant (Source: Voith)  

When pumped storage is possible, it also allows storage of excess energy to cover peak 

demand. Another advantage of hybridisation is the possibility to use the same electrical 

infrastructure for both generators, thus lowering overall capex costs. Additional benefits 

may also be gained by the combination of hydropower with floating photovoltaic, as the 

installation of solar panels on dead water spaces maximises the use of resources (although 
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attention should be paid to the environmental impact of the floating structure and its 

anchors). Moreover, by covering a significant surface area on a body of water, these 

systems can reduce evaporation and algal bloom. 

The examples above describe some of many possible configurations for hybridisation, while 

other options are subject to further development. These are always tailored to the site-

specific demand for energy and/or water services. 
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3 Type of hydropower projects 

Hydropower plants require high upfront investments but have a lifetime typically longer 

than one hundred years. However, electromechanical equipment often has a shorter 

lifespan, but nevertheless still very long (40 years or more). Moreover, about 60 % of the 

economically viable hydropower potential in Europe has already been exploited. An increase 

in electricity generation from hydropower can be achieved not only by building new power 

plants (greenfield projects), but also by refurbishing, retrofitting and upgrading existing 

infrastructures.  

The main type of hydropower projects are: 

¶ Greenfield pure hydropower projects; 

¶ Renovation, modernisation and upgrading projects; 

¶ Multipurpose schemes. 

3.1 Greenfield pure hydropower projects 

Greenfield pure hydropower project development entails identifying a suitable location and 

designing a hydropower plant that can optimise electricity production according to the 

specific topographical characteristics of the site. It is essential to properly investigate the 

long-term history and variability of water resources in the area through hydrological 

modelling based on the best historical data combined with global warming projections. 

Climate effects do not necessarily imply reduced water availability. In some cases, the 

hydropower scheme may need to be able to accommodate and optimize the use of 

increased rainfall or inflow. Then, specialized investigation of the site geology, including 

seismic risk, material availability and sediment transport are crucial and can greatly impact 

cost, financing and scheme viability. However, engineering issues are only one part of the 

equation. It is also critical to consider the project stakeholders, the local communities and 

environmental issues from the earliest thoughts and discussions about a new hydropower 

development. This implies giving due consideration to social and environmental impacts 

throughout the project lifecycle (including those around changes in land use and ownership) 

and consulting and engaging with affected communities so that they receive a net benefit 

from the project. 

3.2 Renovation, modernisation and upgrading projects 

Renovation, modernisation and upgrading of old power plants is less costly, requires less 

time and usually has a smaller or even no additional environmental and social impact than 

developing a new power plant. These types of project usually consist of selectively replacing 

or repairing components in the powerhouse (such as runners, generator windings, 

governors or control panels). Normally, electromechanical equipment needs to be replaced 
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after 30-40 years, whilst the civil structures last longer before requiring renovation. The 

overall lifespan of a hydropower plant exceeds 100 years when properly maintained. 

Upgrading projects may lead to incremental increases in hydropower generation due to the 

use of more efficient turbines and generators. Moreover, retrofitting the power plant using 

generating equipment with improved performance often provides a solution to market 

demands for more flexible, peaking modes of operation. Furthermore, hydropower 

infrastructure such as intakes and waterway systems (tunnels, penstocks) may be optimized 

in order to reduce water and energy losses and thus increase energy production. 

3.3 Multipurpose schemes 

Multipurpose schemes refer to the use of reservoirs to provide other services beyond 

electricity generation. Hydropower projects present multiple opportunities to create 

environmental and socio-economic value for their host communities and regions. Through 

multipurpose schemes, hydropower reservoirs can contribute to appropriate water 

management, including water supply, flood and drought management, irrigation, navigation, 

fisheries, environmental services and recreational activities. Dams have often been built to 

serve only one of the above-mentioned purposes. However, due to the increasing demand 

for these services, their spatial and temporal overlaps, the increasing threat posed by 

climate change and national and international sustainability goals, construction and/or 

retrofitting of multipurpose dams has been favoured in recent years as they fulfil several 

purposes within a single facility. Multi-purpose water infrastructure encompasses all 

constructed water systems, including dams, dykes, reservoirs and associated irrigation 

canals and water supply networks. 

In a multipurpose project a distinction can be made between primary and secondary 

purposes. The primary purpose is the main reason to initiate planning and construction and 

it largely determines the financial arrangements of a multipurpose dam. Secondary uses are 

planned or attributed as additional functions to make a dam more profitable and have less 

priority regarding operational management of the reservoir. If hydroelectric power 

generation is the main purpose, several economic and social benefits can be yielded by 

adding other uses, including: 

¶ storing water during times of high rainfall, to compensate seasonal variation and 

meet the high water demand for irrigation all-year-long; 

¶ providing a reliable water supply for municipal and industrial water use; 

¶ using the storage reservoir to maintain a sufficient channel flow downstream to 

allow navigation whilst offsetting seasonal variations; 

¶ exploiting reservoirs for public recreational benefits, such as boating, swimming 

and fishing; 

¶ storing all or a portion of flood waters with controlled release over time to prevent 

flooding and drought. 
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However, power generation may not be the primary driver for a project. In this case, power 

generation infrastructure can be added to provide electricity within the constraints 

determined by the primary use. This is the case for existing non-powered dams and water 

management infrastructure. 

A multipurpose project can be a greenfield project or the result of the upgrading of existing 

infrastructure. In any case, whilst planning a multipurpose project, it is important to 

understand the project goals and their relative compatibilities; in fact, the more compatible 

these different uses are, and the longer and more in-depth the consultations are before 

commissioning, the easier the management of a reservoir becomes. Three types of conflict 

may arise from multipurpose projects:  

¶ conflict in space may occur if the available volume of the reservoir has to be divided 

for storing water for divergent objectives. Discussion between all water users will 

eventually create a consensus between the stakeholders. 

¶ conflict in time may arise when water use patterns vary depending upon the 

purpose, since water releases might be optimal for one purpose, but not for another. 

In this case prioritization is required.  

¶ conflict in discharge appears if the release of water is required for more than one 

purpose at the same time, and the amount stored is not sufficient for all of them. 

This is the case when the reservoir purposes are for power generation and other 

consumptive uses. Since releases for the different purposes may vary considerably 

during the day, small compensation basins downstream of the powerhouse are used 

to mitigate the fluctuations in releases to meet varying power demands and help 

secure water volume for the different consumptive uses. 

While multipurpose projects often generate larger economic benefits for the community 

than single purpose infrastructure, attracting private investors to finance multi-purpose 

projects is often difficult as they are less profitable for them. The reason for this lays mainly 

in the inherent complexity of dealing with multiple stakeholders. There is a need for 

sustainable business models for both financing, operation and maintenance and the 

emergence of unforeseen risks and negative externalities. 

3.4 Powering non-powered dams 

According to the ICOLD register, about 20% of large dams and reservoirs in the world are 

not used for hydropower generation (Voith, 2017). Powering existing infrastructure shows 

great potential to increase hydropower generation. Most of this infrastructure is relatively 

small in size and has low heads. Potential projects require low cost standardized solutions 

with minimal environmental impact and no need for extensive civil works. Small hydro 

turbines requiring minimal maintenance, low delivery times and ease of installation are a 

good options in this case. This technology consists of multiple identical Kaplan bulb turbines 

in an array facing the water flow. Their advantage is that individual turbines in the array may 
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be retrieved for repair or in case of imminent flood conditions. Also, depending upon the 

riǾŜǊΩǎ ŘƛǎŎƘŀǊƎŜ ŀǘ ŀƴȅ ƎƛǾŜƴ ƳƻƳŜƴǘΣ ŘƛŦŦŜǊŜƴǘ ƴǳƳōŜǊǎ ƻŦ ǘǳǊōƛƴŜǎ Ƴŀȅ ōŜ ǎǿƛǘŎƘŜŘ ƻƴΣ 

allowing the discharge through one to be at the optimal level (Hydro Equipment Association, 

2015). 
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4 Infrastructure 

4.1 Storage facilities and appurtenant structures 

4.1.1 Dam 

A dam is a structure designed to retain water from a river. There are two types of dam: 

¶ diversion dams, which use diversion systems to keep the water surface at a constant 

level and avoid changing the river regime. Diversion dams, also called weirs, are used 

for run-of-river plants, waterways, recreational activities, etc.  

¶ retention dams which create a barrier to store water in a reservoir, thus changing 

the river regime and keeping the water surface at a variable level. Retention dams 

can be built for two types of reservoirs: 

a. supply reservoirs, in which water is extracted from the river for other uses, 

such as irrigation, navigation, drinking water, industrial use. 

b. regulation reservoirs, whose primary function is to regulate water flow. In 

this case, the water is stored and released into the river for different reasons, 

such as irrigation, flood protection, drought prevention, compensation of 

irregular water releases of upstream plants or other uses. 

The dam structure is composed of a body lying on a foundation built on the riverbed and the 

banks of the valley. The dam slopes are called upstream and downstream faces, whilst the 

crest is the part in-between. There are two main families of dams according to the 

construction materials used, namely embankment and concrete dams. Embankment dams 

are made of earth or rockfill or a combination of earth and rockfill, while concrete dams are 

built from conventional concrete or from roller compacted concrete (RCC). 

Embankment dams are designed by considering different functions, such as water tightness, 

stability, drainage, protection to erosion and aging, filtration (for embankments), safety 

including surveillance systems and minimization of environmental impacts. Moreover, the 

dam design should ensure the capability to withstand accidental loading cases (due to 

damaged water tightness or ineffective drainage) and extreme loading cases (due to floods 

or earthquakes of extremely long return periods). Since embankment dams are composed 

of either earth fill or a combination of earth and rock fill, they are generally built on soft 

foundations in areas where large amount of earth or rocks are available. They represent 

75% of all dams in the world. When the dam is built it is protected from the river by one or 

two cofferdams. A grouted curtain or diaphragm wall under the core or under the upstream 

facing is often required to ensure that the foundations are watertight, and it is often 

combined with a downstream drainage curtain or carpet (Figure 4-1). Waterproofing is 

often provided by a central part made of compacted earth called a core; in the absence of 

earth, the core is replaced by an upstream concrete facing (CFRD), upstream bituminous 

concrete or by a central bituminous wall. The core is surrounded by one or more filter layers 
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to prevent internal erosion. Stability is ensured by shoulders, on either side of the core, 

made of rockfill, gravel or more resistant earth. A rockfill layer on the upstream facing, 

called riprap, protects against wave action. Surveillance systems and operating procedures 

ensure safety. Pore pressure cells, displacement benchmarks and water flow rate weirs are 

regularly monitored. 

 

Figure 4-1 Grand Maison dam (EDF) embankment with a core of impervious material  

eArch dams are concrete dams that curve upstream towards the flow of water. They are 

generally built in narrow valleys, where the arch can transfer the water force onto the valley 

sides. Arch dams require much less concrete than gravity dams of the same length, but they 

do require a solid rock foundation to support the loads. At the base of the dam, a grout 

curtain reduces the seepage, whilst a drainage curtain reduces the pore pressures and uplift 

forces. This type of dam is very resistant to hydrostatic and seismic loadings. However, it 

faces an increasing issue: the ageing of concrete, which cause cracks. A challenge for the 

coming decades is therefore demonstration of its resilience. 

 

 

Figure 4-2 Tignes arch dam (left) (Photo EDF) and a typical arch dam section (right) 
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Gravity dams rely entirely on their own weight to resist the tremendous force of the stored 

water. In earlier times, some of these dams were constructed from masonry blocks or with 

buttresses, to save volume. Today, it is cheaper to construct gravity dams by mass concrete, 

roller compacted concrete (RCC) or Hardfill and cemented soils dams (CSD).  

 

 
 

Figure 4-3 Villerest gravity dam (left) (photo EDF) and a typical gravity dam section (right) 

Run-of-river mobile dams are gravity dams built within the river channel specifically for 

hydropower, taking into consideration navigation needs. They include fixed structures and 

mobile hydro-mechanical equipment. The structure is a raft that supports concrete piers in 

the riverbed and abutments on the banks, covered by a manoeuvring bridge. The moving 

parts are gates located in-between the concrete piers.  

Dams are equipped with appurtenant structures that allow reservoir water, floods and fish 

to pass through. These include: 

¶ diversion structures (channel, tunnels or culverts) for river diversion during 

construction in the river channel; 

¶ intakes structures for conveying water to the power plant; 

¶ bottom outlets for reservoir emptying in case of problems; 

¶ spillway structures to control the reservoir level during floods, in order to prevent 

overtopping and potential failure of the structure; 

¶ fish passages or elevators to aid fish migration. 

4.1.2 Diversion structures  

During construction, the river needs to be diverted to allow construction of the dam in the 

riverbed. An alternative waterway is built in order to by-pass the dam site and to prevent 

any damage to the structures under construction in case of a flood. There are two main 

types of structure: diversion tunnels or channels (aqueducts). Although the structures are 

temporary, a part of them can be used during operation. At the end of construction, they 
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are permanently closed with stop logs or a concrete plug, integrated into the bottom outlet 

or used as the water intake of the plant. 

A diversion tunnel has three parts: the water intake, the tunnel and the outlet. The water 

intake is a concrete structure designed to yield a smooth flow transition from the river into 

the tunnel and to impede future clogging. The diversion tunnel or channel is constructed on 

one bank of the river in order to bypass the dam site.  The outlet is either connected to the 

river or to a stilling basin provided to dissipate excess kinetic energy.  

4.1.3 Bottom outlets 

Bottom outlets generally perform the following functions:  

¶ controlling the rise of the water body during the first reservoir filling, before the 

spillway sill level is reached; 

¶ lowering the reservoir level to allow the structure to be inspected and maintained;  

¶ flushing out sediments from the bottom of the reservoir; 

¶ spilling part of large floods as an auxiliary spillway. 

Bottom outlets generally consist of one or more steel or concrete pipes crossing through the 

dam or galleries bypassing the dam through the rocks.  They are closed upstream by a guard 

valve and downstream by a control valve allowing the flow rate to be varied. Downstream, 

the flow is released into the river via an energy dissipating structure or equipment. 

4.1.4 Spillway structures 

A spillway is a safety structure, designed to control the reservoir level and to release any 

excess water in a controlled way. The spillway allows flood flows to pass over or around a 

dam without the structure or its foundations being damaged by submersion or scour, and 

without the level of the reservoir during flood periods exceeding predetermined levels 

known as the maximum water level. A spillway essentially has one or two sections: (1) an 

inlet to guide the flow, and (2) a chute in an open-air channel or a gallery to release the flow 

(in the case of arch dams, this part does not exist).  

The main types of inlet structures are: 

¶ frontal type, whose overflow across a weir is parallel to the river flow, is the 

standard and simplest structure, providing a direct connection from the reservoir to 

the tailwater. It is often used on gravity and arch dams.  

¶ side channel, whose overflow across a weir is perpendicular to the river flow, is 

justified at locations where a frontal weir is not feasible, for example on earthfill 

dams. 

¶ shaft type, whose overflow is radial, could be economical, provided the diversion 

tunnel is used as the tailrace structure of the shaft. It requires aeration to inhibit 

vibration, cavitation and air backflow. It could be vulnerable to clogging by debris 

and trees. 
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¶ orifice type, used for emptying the reservoir. 

¶ labyrinth type, of which the width of free surface flow is 3-5 times the width of 

spillway, has the advantage of an increased flow capacity compared to a frontal weir 

for a given reservoir level. 

The chutes could be: 

¶ a long and smooth spillway (along embankment dams or on abutments), conveying 

flow with high velocity. Particular attention has to be paid to cavitation due to the 

very high flow velocity that may generate negative pressures below the water 

vapour pressure.  

¶ a cascade spillway (on the downstream face of gravity dams), dissipating energy on 

concrete steps. 

¶ absent, the inlet is the outlet on the crest of an arch dam, inducing a falling nape into 

a dissipating basin or into the tailwater. 

Spillways can be classified according to flow type (free flow or pressurized flow), position 

(placed on the dam or separated) and flow control (with or without gates).  

The gates have two functions; in normal operation, the water level is generally maintained 

at the highest possible level in order to maximize the water head. In flood conditions, the 

open flow section must be as large as possible. The gates are usually located on the spillway 

crest for regulation of the reservoir level. The gates are made of welded sheet metal and 

either mechanically or hydraulically operated. Three types of gates are currently used: 

¶ radial gates are the most frequently used on large structures because they are 

relatively easy to move; 

¶ vertical gates require heavy lifting devices and large and resistant mounting slots; 

¶ flap gates are used for small heads and a large spilling length. They can be added on 

the top of radial gates for the fine control of the reservoir level and for the release of 

well oxygenated surface water. 

Gate opening may be a problem in extreme flood conditions, mainly due to jamming with 

debris, power breakdown or mechanical incident. Consequently, gates must be especially 

secured against possible failure, ideally operating in a simple and reliable way with power 

supply backed-up, regularly tested and easy to maintain. The advantages of gated spillways 

are the fine control of reservoir level, large discharge capacity, higher storage level and 

higher head on the turbines. The disadvantages are loss of reliability compared to the free 

weir and additional costs for construction and maintenance. In conclusion, gates are mainly 

used for large dams, controlling large floods and require larger maintenance teams.  

A combination of un-gated and gated spillways, adding the advantages of both, can be 

achieved through the use of fuse gates. A fuse gate is a concrete or steel component (block, 

plate, flap) located on the crest dam, which becomes unstable and is flushed away solely by 

gravity if the reservoir reaches a threshold level. The fuse gate does not rely on a power 

supply or human action and can be regarded as a very reliable flood control system. 
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However, fuse gates can generate a significant and sudden increase of the discharge, and 

they will need to be replaced after the flood. 

4.1.5  Dissipation structures 

Flow energy is almost always dissipated by a sudden slowing down of the flow and an 

associated change from super-critical to sub-critical conditions. This is achieved in one of 

two ways. The whole distance over which flow is super-critical may be canalized, and the 

change to the sub-critical condition achieved through a structure, such as a stilling basin, 

where a hydraulic jump will occur.  The design of such systems can be undertaken in theory 

and tested by physical or numerical models.  

Alternatively, the turbulent flow may be thrown up into the air above the river channel as a 

jet or nappe. The change in flow condition occurs in the scour hole or plunge pool that the 

jet falls into. A scour hole is suitable if it forms naturally with the first spilling and therefore 

grows slowly enough so as not to endanger the stability of the dam or the nearby valley. 

4.1.6 Fish passage technologies 

There is a wide variety of fish species, but in terms of their natural mobility they can be 

separated into three main categories:  

¶ fish that do not leave the river; 

¶ fish that live in the ocean and swim up river to breed; and 

¶ fish that live in rivers and swim down to the oceans to breed.  

Structures for fish migration concern upstream migrating fish (such as salmon). There are 

four types of them:  

¶ fish ladders, for low head dams, comprising an artificial river section with a very 

slight slope (3 to 5%) are more effective than the older lateral channel design where 

the water is slowed by transverse walls.  

¶ fish elevators for high head dams comprises a tank equipped with a mechanical 

lifting system that moves fish from downstream to upstream. Fish are attracted to 

the tank by the filling current created by the tank. 

¶ fish passes for medium head dams (<30-46m) comprise a succession of pools 

connected by overflow weirs, vertical slots or submerged orifices, which distribute 

the head over successive drops of 10 to 40 cm. 

¶ fish locks have two chambers connected by an inclined gallery. Fish move up from 

the downstream chamber to the upstream chamber by closing the downstream 

valve.  

This topic is further expanded in Section 11.1. 
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4.2 Water conveyance systems 

Figure 4-4 provides a schematic overview of a water conveyance system for hydropower 

generation (Schleiss Anton 2015). 

 

Figure 4-4 Water conveyance system for hydropower 

 

4.2.1 Water intakes 

Water intake structures are designed to take water from a river or reservoir to supply the 

turbines of the power plant, while removing, as far as possible, any solids carried by the 

water. River intakes generally have three main parts: (1) an inlet designed for maximizing 

the flow rate, (2) a gate for controlling the flow rate and (3) solids disposal facilities for 

removing any trash and releasing sediments back into the river. The inlet consists of a 

concrete structure that directs flow from a sill to the headrace channel or tunnel or 

penstocks. Water intakes are usually equipped with vertical gates or vertical stop logs used 

to isolate the system for maintenance. Among the three types currently used, radial gates 

are the most frequent on large structures as they are easy to move; vertical gates require 

heavy lifting devices and large and resistant slots, whilst flaps gates are used for small heads 

and large spilling length. The solids disposal facilities are designed to remove suspended 

loads (clay and silt), bed loads (gravel and sand) and debris. Debris, such as floating wood, is 

stopped by log booms and screens. A log boom is a floating cable, stretched across the river, 

upstream of the water intake. A large mesh screen is located at the entrance to the 

diversion channel or run-of-river plant. The spacing of the bars is a compromise between 

protecting fish and limiting head losses. Cleaning of the screens is ensured either by an 
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automatic trash rack cleaner for small bodies or by mechanical shovels equipped with grabs. 

A gravel basin located just upstream from the reservoir is a basin for catching any gravel.  

The gravel is cleared annually or after each large flood by a mechanical shovel.  A gravel trap 

is a channel placed laterally at the weir upstream toe, into which any gravel falls. The gravel 

is discharged by opening a gate that flushes it out. The sand is removed in settling chambers 

or sand passes. The settling chamber consists of a basin with a flow cross-section 

significantly greater than that of the headrace channel so that the water velocity drops low 

enough for the suspended grains to settle to the bottom of the sand pass. The grains 

deposited at the bottom of the chamber are periodically released into the riverbed through 

a flushing gallery, by operating a gated orifice. To prevent sedimentation and retention of 

gravel in a reservoir, a small dam can be built at the reservoir upstream end. The dam will 

be submerged under flood and sand and gravel will settle behind this dam.  A tunnel by-

passing the reservoir can be used to transport the sediments downstream of the main dam. 

4.2.2  Supply works, headrace and tailrace  

Supply works connect a water intake to the penstock inlet of a hydroelectric plant. They can 

be free surface flow in a channel or gallery, or pressurized flow in a gallery excavated within 

the rock or built of reinforced concrete in the open air.  

If the power plant performs a frequency or power setting function, it must be able to 

instantly modify the power it supplies, and this is only possible with a pressurized flow in 

gallery. On the contrary, if the plant follows a predetermined production program, it can be 

supplied by free surface flow channels. Flow variations are possible in channel by operating 

the channel feed valves, but they are not instantaneous. 

The tailrace tunnels or the tailrace channel connect the turbine outlet to the riverbed. It is 

either outdoor for outdoor plants or in galleries for underground cavern plants. In most 

cases it is free flowing. The length of the tailrace works depends upon the type of 

hydropower scheme. For plants located in the riverbed or at the foot of the dam, the length 

is short, whilst for low head installations whose plant is within a diversion channel, the 

length of the release channel can be of the same order of magnitude as that of the inlet 

channel. 

The channels have a trapezoidal shape. They are often made in backfill and sometimes they 

are excavated in the ground. The slopes of the channels depend upon the mechanical 

characteristics of the materials. The velocity of the water in the channel is designed so as 

not to cause erosion of the surface material. Reinforced concrete slabs or bituminous 

concrete pavement improve the strength of the facing and the admissible flow velocity 

inside the channel.  

The galleries can be circular to minimize cuttings or horseshoe shaped to facilitate 

excavation work. Depending upon the roughness, strength and permeability of the rock, the 

gallery can be uncoated, covered with shotcrete, ordinary concrete or reinforced concrete. 

The invert is almost always covered with concrete. If the gallery is very deep, the ground 
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external pressure can become considerable and heavy support is required before concreting 

the lining. In many cases, the contact between the concrete liner and the surrounding rock 

is filled with injected cement. 

4.2.3 Penstocks, pressure shafts and surge chambers 

Penstocks or pressure shafts are pipes connecting the end of the headrace channel/tunnel 

to the turbines or pumps of a hydropower plant. They experience a pressure close to the 

drop height. They are made of steel pipes, reinforced concrete and sometimes of plastic or 

composites. The connection between intake structures and penstocks/pressure tunnels is 

either made with a surge chimney or by a surge chamber if the intake channel is free flow, 

to help reduce overpressure due to water hammer in the penstock and in the headrace 

tunnel, caused by sudden load (flow) changes. The surge chimney is generally a vertical 

cylindrical tank excavated into the rock.   

At the downstream toe of the penstock, just upstream of the powerhouse, the manifold is 

the pipe that divides the flow into as many penstocks as turbines. Every penstock arriving at 

the powerhouse is equipped with a butterfly valve or a spherical valve to shut off the flow. 

4.3 Powerhouse  

A powerhouse essentially includes: 

¶ an erection bay used for assembling the turbines and generators before installation;  

¶ an engine room (or machine hall) in which all turbines and generators are installed; 

¶ a basement room hosting turbines and draft tubes, in case of vertical axis units; 

¶ a control room hosting the SCADA (Supervisory Control and Data Acquisition) system, 

as well as (part of) control, monitoring and signalling equipment; 

¶ a transformer room or bay; and 

¶ ancillary rooms (electrical rooms, drainage gallery, cooling systems, etc.). 

The main equipment in the powerhouse, except the turbines, is the overhead crane used to 

erect and dismantle the units. The dimensions of the room are determined by the size of the 

largest piece of equipment to move. Sometimes, the powerhouse height can be reduced by 

replacing the overhead crane with an open-air gantry crane that operates turbines either 

outdoor (outdoor plant) or after removal from the plant's mobile roof. When the 

topography, the geology or the hydraulic conditions are not suitable to install an open-air 

powerhouse and penstocks on the valley slope, the powerhouse is built within a cavern. 
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5 Electromechanical equipment 

Hydromechanical equipment manufacturers are under strong and growing pressure to 

ƛƴƴƻǾŀǘŜΦ Lƴ 9ǳǊƻǇŜΣ ǘƘŜ 9¦Ωǎ ŘŜŎŀǊōƻƴƛȊŀǘƛƻƴ ŀƎŜƴŘŀ is requiring the improvement of hydro 

equipment, while abroad other manufacturers are threatening to take market share from a 

sector that is a valuable source of export earnings for the European economy. 

The market for large hydropower plants is dominated by a few manufacturers of large 

equipment and a number of suppliers of auxiliary components and systems. Over the past 

decades, no major breakthroughs but continuous developments have occurred with the 

basic machinery; computer technology and digitalization have led to significant 

improvements in many areas, such as monitoring, diagnostics, protection and control. 

Operators, manufacturers and suppliers need to invest significant resources into research 

and development (R&D) to meet advances in operation and technology and to deal with 

market competition. Also, large hydropower plants may have a considerable impact on 

environmental and socioeconomic aspects at the regional level. Therefore, the link between 

industry, R&D and policy institutions is important to the development of this energy sector. 

Unlike large plants, small-scale hydropower installations comprise a huge variety of designs, 

layouts, equipment and materials. Therefore, state-of-the-art technologies, knowledge and 

design experience are key to fully exploiting local resources at competitive costs and 

without significant adverse environmental impact. 

Upgrading offers a way to maximize the energy produced from existing hydropower plants 

and may offer a less expensive opportunity to increase hydropower production. Gains of 

between 5%-10% in production and even more in peak capacity are realistic, cost-effective 

targets for most hydropower plants. Potential gains could also be higher at locations where 

non-generating dams are available. Investment in repowering projects, however, involves 

risks, both technical and legal (e.g. risks associated with the re-licensing of existing 

installations, often designed several decades ago, with only limited records of technical 

documentation). As a result, significaƴǘ ǇƻǘŜƴǘƛŀƭ ƛǎ ƭŜŦǘ ǳƴǘŀǇǇŜŘΦ IƻǿŜǾŜǊΣ ǘƻŘŀȅΩǎ 

technologies allow for a more accurate analysis of geology and hydrology, as well as precise 

assessments of potential gains. 

5.1 Turbines 

Hydropower machine, water turbine or hydro turbine are the designations used for a 

machine that directly converts the hydraulic power in a water flow to mechanical power on 

the machine shaft. This power conversion involves losses that arise partly in the machine 

itself and partly in the water conduits to and from the machine. 

The specific type of turbine to be used in a power plant is not selected until all operational 

studies and cost estimates are complete. The turbine selection largely depends upon the 

site conditions, like water flow and hydraulic head. There is a considerable variety of 
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designs, which are suitable for different applications. Turbine selection should also include a 

comparison of the relative efficiency of turbine types and their operation under all 

conditions, especially under reduced flow. Turbines can be divided by their principle of 

operation: 

¶ Impulse turbines are driven by a high-velocity jet (or multiple jets) of water. There 

are three main types of impulse turbine in use: the Pelton, the Turgo, and the 

Crossflow turbine. 

¶ Reaction turbines have a rotor which 

is fully immersed in water and is 

enclosed in a pressure casing. The 

runner blades are profiled so that 

pressure differences across them 

impose lift forces, just as on aircraft 

wings, which cause the runner to 

rotate faster than is possible with a jet. 

The two main types of reaction turbine 

are the Francis turbine (the most 

common) and the Propeller turbine 

with its variants Kaplan (most 

common), Bulb, Straflo and Tube type. 

Another type of reaction turbine is the 

hydrokinetic or free-flow turbine 

without any pressure casing and draft 

tube. 

¶ Gravity turbines are simply driven by the weight of water entering the top of the 

turbine and falling to the bottom, where it is released ς for example, an overshot 

waterwheel or an Archimedes screw. These are inherently slow-running machines. 

The approximate range of head, flow and power applicable to the different turbine types 

are summarised in Figure 5-1 and Table 5-1. These are overlapping and only indicative since 

in practice this depends upon the precise design of each manufacturer as well as site 

specific details. 

 

 

 

 

 

Figure 5-1 Use of turbine types by 
head, discharge and capacity 
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Head 

classification 
Impulse Reaction Gravity 

High  
(>50 m) 

¶ Pelton 

¶ Turgo 

¶ Francis  

Medium  
(10-50 m) 

¶ Crossflow 

¶ Turgo 

¶ Multi -jet Pelton 

¶ Francis  

Low  
(<10 m) 

¶ Crossflow 

¶ Undershot 

waterwheel 

¶ Alden 

¶ Propeller 

¶ Kaplan 

¶ Francis 

¶ Bulb 

¶ Straflo 

¶ Free-flow 

¶ Overshot 

waterwheel 

¶ Pitchback 

Waterwheel 

¶ Breastshot 

Waterwheel 

¶ Archimedes screw 

Table 5-1 Classification of turbines 

A water turbine running at a certain speed will draw a particular flow. If there is not 

sufficient flow in the river to meet this demand, the turbine could start to drain the river 

and its performance rapidly degrades. Therefore, it either has to shut down, or it has to 

change its internal geometry ς a process known as regulation. Regulated turbines can move 

their inlet guide vanes and/or runner blades in order to increase or reduce the amount of 

flow they draw. The efficiency of the different turbines will inevitably reduce as they draw 

less flow. 

A significant factor in the comparison of 

different turbine types is their relative 

efficiencies both at their design point and at 

reduced flows (see Figure 5-2). For example, 

Pelton and Kaplan turbines retain very high 

efficiencies when running below design flow, 

whereas the efficiency of Crossflow and 

Francis turbines falls away more rapidly if run 

at below half their normal flow. Over the last 

century, huge progress was made in turbine 

development. There has been a trend towards 

bigger turbine units, higher peak efficiencies 

and hydraulic performance (better efficiency 

over the whole operating range 

(head/discharge)). 

Figure 5-2 Evolution of turbine peak 
efficiency over the years (source: Eurelectric 

/ VGB PowerTech, Hydropower Fact Sheets, 
2018) 
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5.1.1 Impulse turbines 

The impulse turbine generally uses the velocity of the water to move the runner and 

discharges to atmospheric pressure. The water stream hits each bucket on the runner. 

There is no suction on the downside of the turbine, and the water flows out the bottom of 

the turbine housing after hitting the runner. An impulse turbine is generally suitable for high 

head, low flow applications. 

 

Pelton Turbines 

The Pelton wheel is an impulse type 

water turbine, extracting energy from 

the impulse of the moving water. The 

water is directed with high speed 

through nozzles against the buckets, 

arranged around the circumferential 

rim of a drive wheel ς the runner. The 

shaft design can be either in horizontal 

position in combination with one or 

two nozzles per runner, or in vertical 

position with up to six nozzles per 

runner. Pelton turbines are the 

solution for high heads up to 1,800 m. 

Units with outputs up  

to 800 MW and runner diameters up to 5 m have been successfully implemented. 

The flow simulation of Pelton turbines is by far the most complex and difficult of all 

hydraulic turbo-machinery simulations. Pelton turbines involve a number of special flow 

characteristics which are extremely difficult to simulate. The jet-bucket-interaction is fully 

transient and depends on the moving geometry of the buckets. Even more challenging is the 

multiphase system of air and water that governs the formation of the free jet and the flow 

through the buckets. In the past, developing a flow simulation that would allow a realistic 

analysis of these phenomena seemed to be an impossible task. 

A Pelton wheel can have one or more free jets discharging water into an aerated space and 

impinging on the buckets of a runner. Draft tubes are not required for impulse turbine since 

the runner must be located above the maximum tailwater to allow operation at 

atmospheric pressure. 

 

 

 

 

Figure 5-3 Pelton turbine (Source: GE) 
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Figure 5-4 Turgo turbine (source: 

Wasserkraft Volk AG) 

Turgo Turbines 

The Turgo turbine is a variation on the 

Pelton turbine, where water does not 

change pressure but changes direction as it 

moves through the turbine blades. The 

water's potential energy is converted to 

kinetic energy with a penstock and nozzle. 

The Turgo turbine is similar to the Pelton but 

the jet strikes the plane of the runner at an 

angle (typically 20° to 25°) so that the water 

enters the runner on one side and exits on 

the other. Therefore, the flow rate is not 

limited by the discharged fluid interfering 

with the incoming jet (as is the case with 

Pelton turbines). Consequently, a Turgo 

turbine can have a smaller diameter runner 

and rotate faster than a Pelton for an 

equivalent flow rate. Turgo turbines are the 

preferred turbine for hydropower when the 

available water source has a relatively high 

hydraulic head at low flow rates. These 

turbines achieve operational efficiencies of 

up to 87% (less than the Pelton). 

 

The runner is less expensive to make than a Pelton wheel and it does not need an airtight 

housing like the Francis turbines. Moreover, the Turgo has higher specific speeds and at the 

same time can handle greater quantum of flows than a Pelton wheel of a similar diameter, 

leading to reduced generator and installation cost. Turgo turbines operate in a head range 

where the Francis and Pelton overlap. Turgo installations are usually preferred for small 

hydro schemes where low cost is very important. 

Cross-Flow Turbines 

A cross-flow turbine is drum-shaped and uses an elongated, rectangular-section nozzle 

directed against curved vanes on a cylindrically shaped runner. It resembles a "squirrel 

cage" blower. The cross-flow turbine allows the water to flow through the blades twice. The 

first pass is when the water flows from the outside of the blades to the inside; the second 

pass is from the inside back out. A guide vane at the entrance to the turbine directs the flow 

to a limited portion of the runner. The cross-flow was developed to accommodate larger 

water flows and lower heads than the Pelton. The Crossflow Turbine is made for heads of 

between 2.5 and 200 meters and it is available with outputs of up to 5 megawatts. 
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The Crossflow Turbine already starts 

producing energy with a very small quantity 

of water and deals outstandingly with 

varying flows. This can be achieved with two 

cells inside the turbine working 

independently of each other. Only 5% of the 

design flow is needed for the smaller cell to 

start the turbine. Crossflow Turbines are in 

operation almost all year round, and even 

when other turbine types have already 

stopped. 

 

5.1.2 Reaction turbines 

A reaction turbine generates power from the combined action of pressure and moving 

water. The runner is placed directly in the water stream with water flowing over the blades, 

rather than striking each individually. Reaction turbines are generally used for sites with 

lower head and higher flows as compared with impulse turbines. 

Propeller Turbines 

A propeller turbine generally has a runner with three to six blades and the water is 

constantly in contact with all of the blades. The pressure is constant through the pipe; if it 

isn't, the runner would be out of balance. The pitch of the blades may be fixed or adjustable. 

The major components, besides the runner, are a scroll case, wicket gates, and a draft tube. 

There are several different types of propeller turbine: 

¶ Alden turbines 

¶ Bulb turbines 

¶ Kaplan turbines 

 

Alden Turbines 

One of the newest improvements to fish passage technology 

comes from the development of an innovative runner concept 

by Alden Research Laboratory. The Alden Turbine features a 

slower rotational speed and only three blades, in order to 

reduce fish mortality due to blade strike. 

The blade shapes are specifically designed to improve the fish 

passage environment through the turbines by minimizing 

shear, pressure change rates and minimum pressures within 

the water passage. Depending on the species, full-scale fish 

survival rates are expected to range from 98% to 100%.  

Figure 5-5 Cross-flow turbine (source: 

Ossberger) 

Figure 5-6 Alden turbine 
(source: Voith) 
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Key benefits of Alden turbines include a reduced strike probability by optimizing the number 

of turbine blades, wicket gates and stay vanes as well as improving the hydraulic profile of 

the turbine components and the rotational speed. The turbine also features optimized 

water passage geometries to meet specified fish passage criteria. 

Bulb Turbines  

Bulb turbines are suitable solutions for very low 

head and low output; they have a runner 

diameter of up to 8.5 m, an output of up to 80 

MW and a head range from 0.5 m up to 30 m. 

The turbine and generator are a sealed unit 

placed directly in the water stream (see Figure 

5-7). The term "Bulb" describes the shape of the 

upstream watertight casing which contains a 

generator on a horizontal axis. The generator is 

ƛƴ ŀ ǿŀǘŜǊǘƛƎƘǘ ƘƻǳǎƛƴƎ ŎŀƭƭŜŘ ǘƘŜ άōǳƭōέΦ 

The application of bulb and pit turbine units has 

unique advantages. Their design provides good accessibility to various components and 

assures reliability and a long service life. The most important feature of a bulb turbine is the 

horizontal positioning of the shaft, in the direction of the flow, which results in reduced size 

and construction costs compared to a vertical shaft arrangement. 

After the intake, the water passes through the moveable wicket gates, which are another 

device besides the runner for adjusting the water discharge and, as a result, the turbine 

output. Levers and links connect the wicket gates to the regulating ring, which is moved by 

two double acting servomotors. After passing the runner, the water exits from the turbine 

through the draft tube. 

Higher full-load efficiency and higher flow capacities of bulb and pit turbines can offer many 

advantages over vertical Kaplan turbines. In the overall assessment of a low head project of 

up to 30m, the application of bulb/pit turbines results in higher annual energy and lower 

relative construction costs. Moreover, with some special design provisions, Bulb units can 

be operated in pump mode, when rotation is reversed. 

Kaplan Turbines 

Kaplan turbines are used primarily for lower heads up to 90 m and a unit output of up to 

more than 230 MW. The degree of efficiency is very high at more than 95 %. The runner 

diameters can reach up to 10m. 

The Kaplan turbine is an outward reaction turbine, resulting in a changed water pressure as 

the water moves through the turbine and gives up its energy. The runner consists of 

stainless-steel runner blades mounted on the runner hub and the runner  

cap at the lower side of the hub, thus enhancing the optimized hydraulic shape. The runner 

blades are moveable, allowing adjustment of the water discharge and turbine output (see 

Figure 5-7 Bulb turbine  (source: GE) 


































































































