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RESUMO 
A recuperação de energia hídrica em sistemas urbanos de águas é atualmente um tema de interesse 

no sector da água. A geração de energia hidroelétrica em infraestruturas existentes permite não só 

diminuir os custos operacionais associados ao consumo de energia da rede elétrica, se gerada para 

autoconsumo, como melhorar o desempenho ambiental da entidade gestora, pela diminuição do 

consumo de energia produzida a partir de fontes não renováveis. A presente tese incide no 

estabelecimento e aplicação de uma metodologia para a análise e comparação de soluções de 

recuperação de energia hídrica em sistemas urbanos de água. Inicia-se com um levantamento do 

estado atual da energia hidroelétrica a nível mundial e em Portugal, apresentam-se as soluções 

tecnológicas atualmente disponíveis, assim como as principais etapas para a realização de um estudo 

prévio de viabilidade económica. Descreve-se a metodologia desenvolvida para estimar a energia 

produzida em função do caudal e da queda disponíveis e comparar as diferentes soluções tecnológicas 

para a recuperação de energia. A metodologia é aplicada a um caso de estudo, a ETAR de Alcântara, 

e é analisada a viabilidade da instalação de três soluções diferentes: uma turbina Kaplan, um parafuso 

de Arquimedes invertido e uma turbina Crossflow. Para selecionar a melhor alternativa foi realizada 

uma análise económica considerando vários parâmetros, nomeadamente, o valor atual líquido e o 

período de retorno do investimento. Embora as a três soluções analisadas sejam tecnicamente viáveis, 

a melhor solução em termos económicos é a instalação de uma turbina Kaplan de eixo vertical. 

Palavras chaves: Energia hidroelétrica, turbinas hidráulicas, sistemas urbanos de água, estação de 

tratamento de águas residuais, análise económica. 
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ABSTRACT 
 

The recovery of energy in urban water systems is currently an issue of major interest in the water sector. 

The generation of hydroelectric power in existing infrastructures not only reduces the operational costs 

associated with the energy consumption (when generated electricity is used for self-consumption), but 

also it improves the environmental performance of the utility, by reducing the consumption of energy 

produced from non-renewable sources. The current thesis aims at the development and application of 

a methodology for the analysis and comparison of water recovery solutions in urban water systems. It 

begins with an overview of the current state of hydroelectric energy worldwide and in Portugal, describes 

the technological solutions currently available and the main steps in technical and economic feasibility 

studies of these projects. The developed methodology to estimate the amount of energy produced as a 

function of the flow rate and head available and to evaluate the best technological solution for energy 

recovery is presented. The methodology is applied to a case study, the Alcântara WWTP (waste water 

treatment plant), and the feasibility of installing three different solutions is analysed: the Kaplan turbine, 

the inverted Archimedes screw and the Crossflow turbine. To select the best alternative, an economic 

analysis was carried out considering several parameters, namely, the net present value and the payback 

period. The three analysed solutions were considered technically viable, being economically better the 

installation of a vertical axis Kaplan turbine. 

Keywords: Hydropower, hydro turbines, urban water systems, wastewater treatment plant, economic 

analysis. 
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INTRODUCTION 
In this chapter a brief introduction to the topic of the dissertation is presented, which provides the reader 

with a better understanding of the context of the study. The aim of the thesis, the adopted methodology 

and the document outline are presented.   
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1.1. MOTIVATION 

In the last century, there has been a six-time increase of energy consumption worldwide. This is a direct 

result of the population growth, which has been steadily growing since the industrial revolution. It is 

expected that fossil fuels will continue to be, in the medium term, the predominant source of energy. 

However, the global paradigm of energy dependence on fossil fuels and associated environmental 

problems are a challenge to world sustainability. There is a need of investment in alternative and low 

carbon energy technologies and in diversification of energy sources.  

Renewable energies are now recognised around the world as important sources of energy. A rapid 

growth, especially in the power section, has been driven by several factors such as: the improving cost-

competitiveness of renewable technologies, new policy initiatives, better access to financing, energy 

security and environmental concerns, growing demand for energy in developing and emerging 

economies, and the need for access to modern energy generation solutions. Hydropower is the most 

important renewable energy for electrical power production, providing 16.6% of the world’s electricity in 

2016 [1]. It is likely that water continues to be explored as a response to the world’s increasing demand 

of energy. A special attention should be given to small and micro hydro schemes regarding future 

hydropower developments as, in Europe, for instance, a high percentage of the large schemes capacity 

has been already exploited or might be considered environmentally inacceptable [2].  

In the past years, there has been further research to increase energy efficiency and sustainability in 

water supply and wastewater sector. The supply and treatment of water requires a high amount of 

energy. About 2-3% of the world energy is consumed in water supply systems (WSS) and wastewater 

systems (WWS) [3]. This results in high costs and a large amount of greenhouse gas emissions. There 

is a need to reduce the cost of energy used in the treatment of water and wastewater as well as to 

reduce associated carbon emissions.  Recent studies have raised some questions such as: “How can 

optimize existing systems and what adaptations are needed?” [4] or “How much potential is there in 

water and wastewater system for hydroenergy recovery?” [3]. 

There has also been a focus on innovation in wastewater to be used as a resource for potable water, 

materials and energy [5]. In the past years, wastewater started to be seen as a resource instead of a 

waste [6]. Water Environment Federation1 stated that waste water treatment plants are “resource 

recovery facilities that produce clean water, recover nutrients and have the potential to reduce the 

nation’s dependence upon fossil fuels through the production and use of renewable energy” [7].  

                                                      

 

1   Water Environment Federation (WEF). (Site: https://news.wef.org/changing-the-terms/, last visited May 2018) 
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The concept of water energy nexus establishes the relationship between the use of water for energy 

production and the energy needed to collect, treat and transport water. This requires a detailed review 

and research on the existing technologies that have to be cost effective and suitable for each location. 

The use of hydropower turbines within WSS and WWS has a major potential to be a viable option for 

electricity generation. The use of hydraulic turbines in energy recovery in the drinking water sector, 

quantifying their potential and environmental impact as well as developing new turbine designs have 

been reported [5] [8] .Yet, there has been a limited focus on the use of hydropower turbines in the 

wastewater sector. Despite a major potential of these solutions having been recognised in literature, 

only a limited number of implemented solutions have taken place in the water industry [5] [8] [9]. It is 

predicted that the increase of energy costs will probably have a positive economic impact on small 

hydropower.  

1.2. AIM AND METHODOLOGY 

This thesis aims at the development and application of an enhanced methodology for assessing the 

energy recovery potential in urban water systems and determining the most adequate hydropower 

solution. The methodology used is based on the estimation of the energy recovery potential considering 

historical data of head and flow rate and on the cost-benefit evaluation of the micro-hydropower project.   

The adopted methodology for approaching this topic is composed of the following steps: 

i) State of the art review on the evolution and present status of hydropower applications 

worldwide and on the available technologies used in hydropower production particularly 

adequate for WSS and WWS. 

ii) Development of an enhanced methodology to assesses the potential of energy recovery in 

WSS and WWS. 

iii) Application of developed methodology to a case study, Alcântara wastewater treatment plant. 

iv) Establishment of conclusions and recommendations for future research. 

1.3. DOCUMENT OUTLINE 

The thesis is organized in six chapters. The current chapter presents the introduction to the subject, the 

thesis aim and the adopted methodology. Chapter 2 presents the state-of-the-art review on hydropower 

technologies and application in urban water systems, including existing methodologies for micro-

hydropower design and economic feasibility evaluation. Chapter 3 describes the proposed methodology 

and the prototype model developed in Microsoft Excel. Chapter 4 describes the case study main 

characteristics and specification and presents the application of the methodology to the case study, 

Alcântara WWTP, in order to choose the best technical-economical solution. Finally, Chapter 5 

summarises the main conclusions of the thesis and presents suggestions for future works.  
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STATE-OF-THE-ART 
A brief state-of-the-art review on hydropower technology evolution, available hydropower technologies, 

the costs on hydropower projects and the use of energy recovery in urban WSS and WWS is described. 

The main knowledge gaps concerning the application of hydropower technology in WSS and WWS are 

identified.  
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2.1. HYDROPOWER  

THE HYDROPOWER  

Hydropower stands for “the power of water”. Man found out the possibility of transforming the movement 

of water into kinetic energy, that can be converted into mechanical energy and, eventually, generate 

electrical energy. It is described by the hydraulic power, P =  Q H, being , the specific weight of the 

fluid, Q, the flow rate and H, the available head. 

Hydropower has a significant importance worldwide as a source of electrical energy and compared to 

fossil and nuclear fuel, hydro resources are widely distributed [10]. Hydropower plays a significant role, 

greater than any other renewable energy technology in generating electricity. Water also plays a vital 

role on thermal power-plants as they require a large amount of this resource to cool down recirculating 

fluids and to achieve efficient thermodynamic cycles. At the same time, there is a substantial amount of 

energy consumed in water supply systems, to ensure a safe, reliable and environmental-friendly water 

supply. Hydropower has proven to be a cost-effective technology with long lifetime and reduced 

maintenance compared to other “green” generation technologies [11]. Table 1 presents detailed 

information on strengths and weakness of hydropower.  

Table 1 Strengths and weaknesses of hydropower (adapted from [10]).  

Advantages Disadvantages 

Economic aspects 

• Low operation and maintenance cost • High associated capital costs 

• Long-lasting and robust technology • Requires multidisciplinary involvement 

• Reliable source of energy • Depends on the precipitation 

• Promotion of the regional development  

• Technology with high efficiency  

• Creation of employment opportunities  

Social aspects 

• Improves living standard • May lead to resettlement 

• Leaves water available for other uses 
• The power lines can change the land 

scape 

• Frequently provides flood protection 
• Management of competing water uses is 

needed 

• Enhances accessibility of the territory and its 
resources 

• Damming of large area reduce public 
access to some areas. This affects outdoor 
recreation activities 

Environmental aspects 

• No waste is produced 
• Barriers for fish migration and fish 

entrainment 

• Avoids depleting non-renewable fuel 
resources 

• Involve modification of aquatic habitats 

• Creates new freshwater ecosystems with 
increased productivity 

• Requires management of water quality 

• Slow down climate change 
• Damming areas rich in biodiverse flora 

results in carbon emissions 
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EVOLUTION OF HYDROPOWER 

Hydropower started with the wooden waterwheel more than 2 000 years ago. It was used in many parts 

of Europe and Asia mostly to milling grain transforming kinetic energy into mechanical energy. This 

technology has evolved along the years and, by the time of the Industrial Revolution, some developed 

waterwheels already had an efficiency of 70%. 

During the 19th century, with the improvement of engineering skills and the need to develop smaller and 

higher speed devices to generate energy, waterwheels were gradually replaced for modern turbines. 

Hydropower started to gain importance as governments started to focus on how it would be possible to 

exploit hydropower for large-scale supply of electricity. It is believed that the first hydropower turbine 

was designed in France in the 1820’s by Benoît Fourneyron who called his invention a “hydraulic motor”.  

On the first half of the 20th century, hydropower evolved very rapid and immensely. However, oil also 

started to achieve a major importance and took over as the dominant force in energy provision. In Europe 

and North America, dams and hydropower plants were being built exploiting 50% of the technically 

available potential. On the second half of the 20th century, while large hydropower plants were able to 

maintain their business on export markets, small hydro industries witnessed a decline in the 1960’s. 

However, since 2004, as it can be seen in Fig.  1, there has been a rebirth of hydropower development, 

especially in emerging markets and in underdeveloped countries, as they started to recognise its 

benefits. Asia (particularly in China), Latin America and Africa have significantly improved their 

hydropower generation as it offered an opportunity to supply electricity to under-served populations and 

to growing industrial base, while at the same time providing a range of complementary benefits 

associated with multi-purpose projects [2] [12].  

 

Fig.  1 Historical growth of hydropower since 1980 [12]. 
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HYDROPOWER PRESENT STATUS WORLDWIDE 

In the past years, there has been an unprecedented change in the consumption of energy resources. In 

2016, renewables energies accounted for 23.7% of the world’s power generation. Hydropower is still 

the leading source of renewable energies worldwide, representing, in 2016 16.6% of the world’s energy 

source, as it can be seen in Fig.  2 [12] [1]. Currently, there are more than 25 countries in the world that 

depend on hydropower for 90% of their electricity supply, namely Norway where this value reaches 

99.3% [13]. 

 

Fig.  2 Estimated renewable energy share of global electricity production in 2016 [1]. 

In recent years hydropower has witnessed a major development. There has been a growth of 39% of 

the total installed capacity from 2005 to 2015, with an average rate of nearly 4% per year [12]. It is likely 

that this renewable resource continues to be exploited as a response for the increasing demand for 

energy [14]. By the end of 2015, China accounted for 27.9% of the global hydropower installed, proving 

to be far ahead of other leading countries such as, Brazil (8.6%), the United States (7.5%), Canada 

(7.4%), the Russian Federation (4.5%) and India (4.4%) [1]. Fig.  3 shows the installed hydropower 

capacity worldwide in 2016.  

 

Fig.  3 Installed hydropower capacity worldwide in 2016 (adapted from [15]). 

Renewable energy represented 29.6% of the European energy in 2016, from which 10.7% came from 

hydropower. The European top six countries with installed hydropower capacity in 2016 were: Norway, 

France, Italy, Spain, Switzerland and Sweden. Portugal came in 11th position with a total on 6 293 MW 

installed hydropower capacity [15]. 
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EUROPEAN UNION RENEWABLE ENERGY DIRECTIVE 

The European Union (EU) released a Renewable Energy Directive in 2009. This directive establishes 

an overall policy for the production and promotion of energy from renewable sources in the EU, the 

objective is that 20% of overall energy needs of each member state of the EU comes from renewable 

energies sources by 2020. EU also established that all countries must ensure that, at least 10% of their 

transport fuels, come from renewable sources by 2020. In 2016, the European commission published a 

revised Renewable Energy Directive aiming that the EU becomes the global leader in renewable energy 

and setting the target of the minimum of 27% energy in the EU comes from renewable sources by 2030. 

National renewable energies target is specified in the directive for each country, considering the starting 

point of each country and the overall potential for renewable energy. These targets range from a 

minimum of 10% in Malta to at least a maximum of 48% in Sweden. [16] 

The directive has an important role regarding the reduction of greenhouse gas emissions established 

by the Kyoto Protocol.2 The Directive also recognises the importance of small scale generation to 

achieve the targets established. 

SMALL HYDROPOWER PRESENT STATUS WORLDWIDE 

The classification of hydropower plants according to its power is a thematic without a worldwide 

consensus. A. Williams et al. [14] proposed the following general classification for hydropower plants 

according to the power, P, installed: large (P>100 MW); medium (P=10 MW -100 MW); small (P=1 MW 

-100 MW); mini (P=100 kW-1 MW); micro (P=5 kW - 100 kW); and pico (P< 5 kW). The main potential 

of energy recovery in water supply and irrigation systems is in the range of micro hydropower schemes, 

which is with power between 5 kW and 100 kW. This issue will be further discussed in 2.2. 

The last years ware extremely profitable for the global small hydropower plants (with capacity under 10 

MW). Besides being eco-friendly, small hydropower plants can provide a clean source of renewable 

energy and still be the cheapest renewable technology available in the market today. It is expected that 

small hydropower markets will have a considerable growth between 2015 and 2023 [17]. 

Small, mini and micro-hydro plants play a key role on the rural electrification in many countries and they 

have greater capacity than all other renewable energy sources to make instant impact on the 

replacement of fossil fuels [10]. Small hydropower plants can operate as auxiliary installations into 

                                                      

 

2 “The Kyoto Protocol is an international treaty which extends the 1992 United Nations Framework Convention on 

Climate Change (UNFCCC) that commits State Parties to reduce greenhouse gas emissions, based on 
the consensus that (a) global warming is occurring and (b) it is extremely likely that human-
made CO2 emissions have predominantly caused it. The Kyoto Protocol was adopted in Kyoto, Japan, on 
December 11, 1997 and entered into force on February 16, 2005. There are currently 192 parties (Canada withdrew 
effective December 2012) to the Protocol” (Site: www.wikipedia.com, last visited May 2018). 
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municipal and agricultural water systems, hydraulic structures, power plants, desalination plants, 

heating or cooling systems, while guarantying their primary functions [18].  

Many countries (148) and regions worldwide have small hydropower plants. The global installed capacity 

in small hydropower is estimated to be 78GW in 2016; this represents an increase of 4% in comparison 

with 2013. Small hydropower plants represent a total of 7% of total renewable energy capacity (see Fig.  

4 (a)). Large hydropower has the highest installed capacity, followed by wind. Fig.  4 (b) shows the 

installed small hydropower capacity by region. China is still the leading country to dominate the small 

hydropower installed capacity, representing 51% of the world total installed capacity. Largely due to 

China dominance in the small hydropower sector, Asia has the highest share of installed capacity, 

representing 65% of the total. Nevertheless, Europe has registered the highest small hydropower 

development rate, with nearly 48% of the overall potential already installed [17]. 

  
  (a) (b) 

Fig.  4 (a) Global share of renewable energy (b) Installed small hydro power capacity by region [17]. 

HYDROPOWER PRESENT STATUS IN PORTUGAL 

Portugal imports part of necessary energy resources, as there are no fossil fuels available in the country. 

This dependence has been reduced in the past years, mostly due to the increasing of hydropower and 

wind power installed capacity and production [17].  

In Portugal, hydro, wind, solar, geothermal and biomass are responsible for producing, annually, 54% 

of the national electricity. This allows Portugal an estimated saving of 750 M€/year of import of fossil 

fuels. It should also be pointed out that the renewable energy sector in Portugal is responsible for more 

than 56 thousand of jobs (directly and indirectly) according to APREN, the Portuguese Renewable 

Energy Association3. In 2015, Portugal, Spain, Sweden, Germany and Denmark were the countries with 

the highest capacity for non-hydro renewable power capacity, among the world’s top 20 countries [12]. 

In 2016, Portugal accomplished a new milestone. For 107 hours (more than four successive days), 

                                                      

 

3 Associação portuguesa de energias renováveis (APREN). (Site: http://www.apren.pt/, last visited May 2018) 
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energy consumption in the country was fully covered by solar, wind and hydropower. A total of 521 GWh 

was produced in this period, while national electricity consumption was 408 GWh according to APREN3. 

In 2017, a small reduction on renewable energy production was observed. This was mainly because 

2017 was an extremely dry and hot year. Renewable energy sources accounted for 44.3% of the total 

consumption of mainland Portugal. Wind power generation was the major renewable energy sources in 

Portugal mainland, 23.1%, followed by hydroelectricity, 14.2%. When compared to 2016, there was a 

significant drop in hydroelectricity generation in 2017 [19]. Nevertheless, during the first four months of 

2018, renewable energy accounted for 66.7% of the total production of energy, from which 32.3% came 

from hydropower and 28.4% from wind generation3.  Fig.  5 illustrates the production of electricity by 

source in the last two years in Portugal. It can be noticed that in the past years, there has been an 

attempt to rise energy production using renewable energy sources. 

 

Fig.  5 Production of electricity by source in the last two years in Portugal (APREN3). 

2.2. HYDROPOWER PLANTS CLASSIFICATION 

There are different ways to classify hydropower plants, not existing an international consensus on the 

adopted classification. A classification is presented herein according to the facility type and the range of 

installed power. 

CLASSIFICATION BASED ON THE HYDROPOWER SCHEME TYPE 

Hydropower schemes are usually classified as run-of-river schemes, storage schemes or pump storage 

schemes, as explained in the following paragraphs.  

In run-of-river schemes, electricity is generated diverting water towards a power house. This means that 

power generated will depend on weather conditions and seasonal flow variations, resulting in variable 

power generation. Most of run-of-river have no storage or limited storage capacity. This will limit peak 
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power operation to a few hours. After generating electricity, water is discharge back to the streams. 

These schemes are usually used in high heads and low head discharge schemes.  

In storage schemes, water is stored during high flow periods behind the dam creating a reservoir. Water 

is consumed for energy production during low-peck periods. The water storage to generate energy 

allows to create some flexibility in respect to natural fluctuations in water availability caused by weather 

and seasonal variations. The level of flow regulation is determined by the reservoir size.  

In a pump storage scheme, water is stored by pumping it from a lower reservoir or a river to a higher 

reservoir. Water will be pumped during off-pick hours by reversing turbine operation which allows more 

water to be available to generate electricity during peak demand periods.  

Concerning electricity production, while storage schemes can provide peak energy at planned/required 

time, run-of-river schemes are only able to generate electricity when water is available.  

Power plants can also be installed in the water distribution network. It is similar to the run-of-river type 

but does not require water to be diverted. Instead, water is directly used to produce energy. The 

distribution network is used to take advantage of available pressure or kinetic energy, depending on the 

system characteristics [20] [13] [21] [22]. 

CLASSIFICATION BASED ON THE HEAD 

In terms of the available head, difference between the upper and down streams of water level, the 

hydropower plants can usually be classified in: low head (2 to 30 m); medium head (30 to 100m) and 

high head (greater than 100 meters) according to ESHA 2004 [23].  

CLASSIFICATION BASED ON THE INSTALLED POWER 

Hydropower plants can be classified based on their installed power capacity. However, there is no 

worldwide definition of what a small hydro-power system is. Mainly because of different development 

policies in different countries. Definition of categories are established by government agencies to match 

local energy and resource management needs [24]. Table 2 illustrates small scale classification 

according to different countries.   

Table 2 Small hydropower classification according to different countries [25]. 

Country Small hydropower definition (MW) 

Brazil ≤30 

Canada ≤50 

China ≤50 

European Union ≤20 

India ≤10 

Norway ≤1,5 

United States 5-100 
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In Portugal, small hydropower is characterized by installed capacities lower than 10 MW [26]. A typical 

classification table is presented in Table 3 [14]. 

Table 3 Hydropower classification [14]. 

Classification Power Output 

Large >100 MW 

Medium 10 – 100 MW 

Small 1 – 10 MW 

Mini 100 kW – 10 MW 

Micro 5 – 100 kW 

Pico < 5kW 

2.3. TYPE OF HYDRAULICS TURBINES   

Hydraulics turbines are mechanical devices that can convert the potential energy stored in water into 

rotational mechanical power [27]. One of the main key decisions when developing a hydropower site is 

which type of turbine to use. The selection of the best turbine for a hydropower site depends mainly on 

available head and flow rate. Hydraulic turbines can be classified according to the system in which they 

are installed (pressurized or open channels) as shown in Fig.  6.  

 

Fig.  6 Hydraulic turbines classification according to the system in which they are installed [20]. 

In open channels, depending on the type of energy used, potential, pressure or kinetic, the turbines are 

classified as gravitational, hydrostatic or kinetic. Gravitational turbines like the archimedes screw turbine 

or the waterwheel, are driven by gravity as the weight of water that enters the top of the turbine will fall 

to the bottom where it is released. Hydrostatic turbines, like the hydrostatic pressure wheel, use the 
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difference of hydrostatic pressure on both sides of the blade. A kinetic turbine, like helical turbine or 

overshot wheel, uses the velocity of the flow to move the axis of the turbine. 

In a pressurized water system, hydropower turbines are classified in reaction, action (or impulse) and 

adapted machines. A reaction turbine generates power from the combine action of pressure and moving 

water. They use the water flow to generate hydrodynamic lift forces that propel the runner blades. All 

reaction turbines are composed of: a spiral case that transforms the pressure energy into kinetic energy; 

a guide vain that guides the inlet of the flow into the runner, deliver it uniformly and controls the turbine 

discharge; a runner, that can be radial or axial with or without movable blades and a draft tube from 

where the water comes, and it decelerates reducing static pressure below the runner, and increases 

effective head. Action turbines use the water velocity to move the runner. The flow stakes the turbine as 

a jet in open environment generating kinetic energy which produces the power. The water flows out of 

the turbine housing at atmospheric pressure. Adapted turbines are turbines that can work either as 

pumps or turbines [20], [22], [23], [26]. 

Reaction turbines are usually preferred to action turbines for low heads and high flow rates. The main 

advantages of these turbines are: they need lesser installation space, as the runners are smaller; they 

provide a great net head and a better protection against downstream high flood level (they can run 

submerged); they can have a greater runner speed and they can achieve higher efficiencies for higher 

power values [26] [28]. 

Action turbines are characterized for having a simple design and are inexpensive. They are more 

efficient for high heads and low flow site. Examples of action turbines are Turgo, Pelton and Cross Flow 

turbines. The main advantage of these turbines are: they can easily adapted to power variations 

maintaining almost constant efficiency; it is easy to control the runner overspeed and the turbines have 

an easier maintenance, as they are free of cavitation [26] [28].  

LOW HEAD TECHNOLOGIES 

A brief description of some of low head hydraulic turbines, which operate in head up to 30 m, will be 

presented in the next section. There will be a focus on the hydraulic turbines, despite each solution 

installation including as well the gearbox and the generator to produce energy. 

CROSSFLOW TURBINE  

Crossflow turbines (CFT), also known as Banki-Michell turbine or Ossberger turbine, can be used for a 

wide range of heads, from 3 to 200 m. Crossflow turbines are typically installed in sets of two or three 

turbines, in parallel, with different capacities sharing the same shaft. The turbine runners have the same 

diameter but have different lengths to handle different volumes at the same pressure. When installed in 

sets of three, they can operate with 1/3, 2/3 or 100% of the flow rate. CFT turbine can achieve peak 

efficiencies of 87% when partially loaded (see Fig.  7 (a)). The CFT is shaped like a drum and uses a 

rectangular-section nozzle directed against curved vanes on a cylindrically shaped runner (see Fig.  7 
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(b)). Water enters in the turbine through one or more guide vanes which direct the flow to the runner. In 

a CFT, water flows through the blades twice. First from the outside of the blades to the inside and then 

from the inside to the outside. It is possible to use these types of turbines in horizontal and vertical 

installations.  The CFT requires a larger space than other turbines to be installed but a less complex 

structure [23], [28]–[30]. 

 

 

 

(a) (b) 

Fig.  7 (a) Crossflow turbine efficiencies [31]. (b) Crossflow turbine [29]. 

FRANCIS TURBINE 

Francis turbines have fixed runner blades and adjustable guide vanes. The admission is radial or 

semiradial. These turbines are typically used for heads from 25 to 350 m. The water enters the turbine 

through a spiral volute, that diminish in size while at the same time coiling inwards (see Fig.  8). It is 

designed so that the tangential velocity is constant along the consecutive section and to distribute it 

peripherally to the runner. Once the water crosses the curved runner blades, it is deflected sideways. 

The runner blades are pushed into the direction they are travelling due to the force of water that is 

deflected. This allows energy to be sent into the runner and keep the rotation going [2], [23], [28], [30]. 

 

Fig.  8 Francis turbine [28]. 
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PROPELLER TURBINE  

Propeller turbines are axial-flow reaction turbines, used when the flow and head remain relatively 

constant. They are typically used for large available flow rates and are designed to provide a large flow 

area while allowing the turbine machine to run at low speeds. They are usually more suitable for low 

heads from 2 to 40 m. There are several different types of machines: classical axial-flow, Kaplan, Bulb 

turbine, Straflo and Tube turbine. Classical propeller machines have fixed blades and typically operate 

for a constant flow rate. Kaplan turbines have adjustable blades allowing to achieve high efficiencies 

under a wide range of flow rates; the efficiencies of Kaplan turbine are over 90% for flow rates between 

40-100% maximum flow rate. Bulb turbine, Straflo and Tube turbine are compact solutions ready for 

easy and fast installation, incorporating the generator. 

In classical propeller machines, water typically enters the blades in an axial direction, and leaves the 

other side allowing a large volume of water to pass through the runner (see Fig.  9). Fixed guide vanes 

are used, mounted upstream of the runner, and as in the Francis turbine, a spiral hell sousing for the 

runner its used, in which the water enters tangentially and is forced to spiral in to the runner. There is 

also the need to install a draft tube after the turbine from which water runs out [2], [10], [23], [30]. 

 

Fig.  9 Kaplan turbine [23]. 

SCREW TYPE TURBINE (ARCHIMEDEAN SCREW TURBINE) 

The Archimedean screw was originally used to lift water from a low point to a high-level section. Recently 

they have been used in reverse mode, as turbines – Archimedean screw turbines (AST) – to generate 

energy for very low-head. In this case, water enters the AST at the top and moves the helical blades, 

raped around the axis, allowing water to fall down along the system, causing the screw to rotate (see 

Fig.  10). An electrical generator enables the rotation energy to be converted into electrical energy. The 

screw’s diameter (up to 4 m) is determined by the flow rate (maximum 10 m3/s). The length of the screw 

and the angle (best efficiency 22º to 24º with the horizontal) are determined as a function of the head. 

This means that the AST has a huge dimension and requires a major space to be installed [32]. 
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Fig.  10 Archimedean screw turbine [29]. 

WATERWHEEL TURBINE 

Waterwheel turbines are the oldest hydropower turbines. They are designed to operate at low head and 

discharge. Waterwheels have, in general, a high efficiency, around 80%, for flow rates between 20 to 

120% of the design flow. These turbines can be classified (see Fig.  11) in undershot, breastshot and 

overshot, depending on the point of water loading. Overshot wheels have low capacity per blade, which 

leads to larger diameter wheels, though these are the most t efficient ones. On the other hand, undershot 

have a higher capacity per blade which enables them to work with higher discharges [6], [29]. 

 

 

 

 
 

(a) (b) (c) 

Fig.  11 Types of waterwheel turbines: (a) undershot wheel, (b) breastshot wheel and (c) overshot wheel [29]. 

2.4. TURBINE SELECTION  

The selection of a turbine to be used on particular site strongly depends on available head and flow rate 

and their variation along time. Turbine type, dimensions and design are usually determined by the net 

head, the variation of flow rate, the rotation speed and the total installation cost. In general, action 

turbines are more suitable for high heads sites, whereas reaction turbines are used for low head sites. 

Once known the net head and the flow rate, it is possible to use charts supplied by the manufactures 

(turbine application charts, see example in Fig.  12) to select the most adequate turbines. It is common 

to have more than one turbine type. The selection of the turbine to install, requires the calculation of 

produced electricity output as well the capital costs. It should be highlighted that the domains of 
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application of each solution vary from manufacturer to manufacturer and they should only be used as a 

guide [23] [28]. 

 

Fig.  12 Example of a turbine selection chart based on head and flow [33]. 

The specific speed at which a turbine will operate, Ns, is a parameter that can also be used for a turbine 

selection in an early design stage. It can be calculated using eq. 2.1. [26] or using charts like the one in 

Fig.  13 (a), that shows the variation of Ns with the net head [34]. Once the specific speed is estimated, 

Fig.  13 (b), or similar chart supplied by manufacturers, may be used to determine the type of a turbine 

to be used [26]. When using the Ns, special attention should be given to different unit: Ns (m. CV) = 1.17 

Ns (m, kW) = 4.45 Ns (ft, HP). 

being Ns, the specific speed (r.p.m); n, the nominal rotational speed of the turbine (r.p.m); P, the turbine 

power output (kW); and H, the net head (m)  

  

(a) (b) 

Fig.  13 (a) Variation of Ns with the net head [34]. (b) Example of turbine selection charts based on Ns [26]. 

 

𝑁𝑠 = 𝑛 ×
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 (eq. 2.1) 
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When comparing different types of turbines, their efficiency is a relevant factor to take into account. An 

example of the efficiency curves of different types of turbines is shown in Fig.  14. This figure illustrates 

the variation of efficiency of different turbines operating within different flow rates, as a function of the 

design flow rate. When the flow rates deviate from the nominal value, the efficiency of the hydraulic 

turbine decreases accordingly. If the flow rates falls below the minimum level, the power plant must shut 

down to avoid damaging the turbine due to heavy vibrations [23][35].  For instance, the Francis turbine 

is one of the most efficient turbines as long as it is always running at the design flow rate. On the other 

hand, the Kaplan turbine is able to maintain a good efficiency through a large range of flow rates. 

 

Fig.  14 Typical efficiency curve of different types of turbines [36]. 

2.5. HYDROPOWER ECONOMICS AND COSTS 

When analysing a hydropower solution, a major step is to understand and to determine its capital and 

operation and maintenance (O&M) costs as well as the expected benefits. Capital costs of an 

hydropower solution depend on the site characteristics, the design choices and the cost of labour and 

materials. A typical cost structure of hydropower plants and the expected cost range is presented herein. 

Fig.  15 illustrates the hydropower total cost ranges by country. Table 4 summarises the typical 

investment costs and O&M, according to the hydropower scheme type, as well as the unit costs of 

electricity. Costs for small hydropower plants are slightly higher than those for larger plants, as they lack 

economies of scale 4 [13]. 

                                                      

 

4 Economies of scale refer to reduced costs per unit that arise from increased total output of a product (Site: 

www.investopedia.com  last visited May 2018). 

http://www.investopedia.com/
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Fig.  15 The hydropower total cost ranges by country [13]. 

Table 4 Typical investment costs, O&M, and levelized costs of electricity (adapted from [13]). 

 
Installed costs 

(US$/kW) 

O&M 

(% year of installed costs) 

Unit costs of electricity 

(2010 US$/kWh) 

Large hydro 1 050 – 7 650 2 – 2.5 0.02 – 0.19 

Small hydro 1 300 – 8 000 1 - 4 0.02 – 0.27 

Capital costs can be divided into four main items: i) civil works, ii) turbine and generator, iii) electric 

regulation and control equipment and iv) engineering and management. Fig.  16 (a), shows a typical 

distribution of the capital costs. The cost of electro-mechanical equipment (Cem), including the turbine, 

generator and electric regulation and control equipment, plays a key-role in the total cost of low head 

micro-hydro plants, representing a high percentage of a small-hydropower plant cost. The same applies 

to the civil works costs. It should be noticed that these values are significantly different for each site [13], 

[37]. 

 Fig.  16 (b), shows a more detailed distribution of capital costs as a percentage of the total investment 

costs. These values were determined for sites without infrastructures. Therefore, it is probable that civil 

works costs will be lower and electro-mechanical equipment represent a larger percentage of the total 

investment costs of the project when installing a hydropower turbine in a site where infrastructures are 

built or where there is no need to build a dam/reservoir. O&M costs are associated with all activities 

needed to run the hydropower plant, except the construction of new facilities. These costs include salary, 

labour, insurance, tax, duties, landscape, and consumable materials [13], [22]. 
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(a) (b) 

Fig.  16 Cost distribution. (a) typical distribution of investment costs [37]. (b) Detailed distribution of capital costs 
as a percentage of the total investment costs [22]. 

In small and micro hydropower plants, two benefits can be considered. The tangible benefits refer to the 

sale or savings on the electricity cost. The intangible benefits are related to the environmental effects, 

to flood control, agriculture and irrigation. [38]. The methodology that will be presented herein does not 

consider the intangible benefits.  

COSTS ESTIMATION USING EMPIRICAL FORMULAS. 

Several studies have analysed the costs of hydropower projects and electro-mechanical equipment as 

a function of the plant size. Several regression formulas have been developed describing the 

relationship between the capital cost and the available power or head.  These formulas were developed 

based on statistical analysis of hydropower projects and cost data obtained from a wide range of turbine 

manufactures. 

One of the first study was carried out by Gordon and Penman (in 1979), to determine the cost of 

hydropower plants of up to 5 MW at existing dams. They established a relationship focusing on basic 

parameters such as: water flow level, hydraulic head and requirement of a pent stock. In later studies, 

1982, Gordon proposed that the project cost per unit of installed capacity decreases as capacity 

increases, and that the powerhouse costs decrease as head increases. However, his study was 

developed considering only historical data and did not include any adjustment to specific site 

characteristics. Therefore, it did not provide a reliable estimation. To use his developed equations, it 

was necessary an adjustment regarding a specific site location condition as well as the inflation rate if 

the project construction took more than one year. In 1986 Gordon and Noel develop another empirical 

formula to estimate the cost of small scale hydropower, based only on North-America low head cost 

data from heads down to 3 m. It was shown that the relationship (kW/H0.3) established for medium and 

large-scale hydro powers was also valid for small hydropower. To consider differences in location which 

include the difference in labour costs, costs of materials and the costs of engineering and administration 

between an average hydro site in North America and a hydro site on any other location, a site location 

factor L, was added [39]. 

In later studies, Papantonis (2000), published new empirical formulas to estimate the cost of different 

components of hydropower plants, such as costs of electro-mechanical equipment (turbine, speed 

controls, generator), costs of different types of turbines (Kaplan, Francis and Pelton), costs of 
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generators, speed controls, dams and intakes as functions of hydraulic characteristics of a hydro site 

such as head and flow or head and capacity, based on European data available at the time.  

A recent study carried out by Aggidis et al. (in 2008), based on statistic data from the Salford Report5 

and on more recent data from global manufacturers companies, developed new formulas for small hydro 

scale. When comparing the results from Papontonis and Aggidis et al., the costs are higher in 

Papontonis’s equations. This is more noticeable for low heads sites. This is a consequence of the fact 

that the data used by Papantonis was mainly for high heads, therefore, when used to low heads they 

have significant deviations from reality. Another reason that can explain the differences between both 

methods is that the cost of electrical-mechanical equipment has decreased due to the increased number 

of small scale hydro power in the recent years as illustrated in Fig.  17 [39]. 

 

Fig.  17 Cost of electro-mechanical equipment versus installed capacity for different values of head. The solid lines 
represent the estimates based on formula from Aggidis et all: (1) head 5 m; (2) head 15 m; (3) head 50 m; 
(4) head 150 m respectively. The dashed lines represent the estimates based on formula from Papantonis   

adjusted to include inflation rate and expressed in £: (1) head 5 m; (2) head 150 m [39]. 

In a more recent study, Ogayar and Vidal [37], [40] carried out an analysis to establish the costs of small 

hydropower plants in Spain. They separately analysed the costs for Pelton, Francis, Kaplan and semi-

Kaplan turbines. These studies have proven to provide a reasonably and accurate estimate of the 

turbine and generator cost, having been validated by engineering companies working in the design of 

small plants. However, these formulas should be used with parsimony in the cost estimation, as they 

indicate a likely minimum cost of the potential hydro project. Most estimates lie within +/- 25% of the 

quoted values[39]. 

Some of the formulas considered to develop this thesis are shown in Table 5, where P is the power 

output (kW), H is the net head (m), Q is the discharge (m3/s) Ct is the total cost of the project, Cem is 

the cost of electro-mechanical equipment and Ck is the specific cost of a Kaplan turbine. 

                                                      

 

5 In 1989 Salford University Civil Engineering Ltd was commissioned to undertake a first comprehensive 

assessment of the economic potential for small hydro developments in the UK. 
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Table 5 Cost functions considered. 

Cost function Author and country  

𝑪𝒆𝒎 (𝐔𝐒$, 𝟏𝟗𝟕𝟖) = 𝟗𝟎𝟎𝟎 × 𝐏𝟎,𝟕 × 𝐇−𝟎,𝟑𝟓 
Gordon and Penman, North-
America [41]  

(eq. 2.2) 

𝑪𝒆𝒎 (€𝟐𝟎𝟎𝟎) = 𝟐𝟎 𝟓𝟕𝟎 × 𝑷𝟎.𝟕 × 𝑯−𝟎,𝟑𝟓 Papontonis, Europe [42]  (eq. 2.3) 

𝑪𝒌 (€𝟐𝟎𝟎𝟎) = 𝟑𝟓 𝟒𝟒𝟔 × 𝑷𝟎.𝟒𝟏 × 𝑯−𝟎.𝟐𝟏 Papontonis, Europe [42] (eq. 2.4) 

𝑪𝒕 (£𝟐𝟎𝟎𝟖) = 𝟐𝟓 𝟎𝟎𝟎 × (
𝑷

𝑯𝟎.𝟑𝟓
)

𝟎.𝟔𝟓

, (𝑯 < 𝟑𝟎𝒎) Aggidis et al., Europe [39] (eq. 2.5) 

𝑪𝒕 (£𝟐𝟎𝟎𝟖) = 𝟒𝟓 𝟓𝟎𝟎 × (
𝑷

𝑯𝟎.𝟑𝟎)
𝟎.𝟔

, (𝟑𝟎 > 𝑯 > 𝟑𝟎𝒎) Aggidis et al., Europe [39] (eq. 2.6) 

𝑪𝒆𝒎 (£𝟐𝟎𝟎𝟖) = 𝟏𝟐 𝟎𝟎𝟎 × (
𝑷

𝑯𝟎.𝟐𝟎)
𝟎.𝟓𝟔

 Aggidis et al., Europe [39] (eq. 2.7) 

𝑪𝒌 (£𝟐𝟎𝟎𝟖) = 𝟑 𝟓𝟎𝟎 × 𝒌𝑾𝟎.𝟔𝟖, (𝟎, 𝟓 > 𝑸 > 𝟓 𝒎𝟑/𝒔) Aggidis et al., Europe [39] (eq. 2.8) 

𝑪𝒌 (£𝟐𝟎𝟎𝟖) = 𝟏𝟒 𝟎𝟎𝟎 × 𝒌𝑾𝟎.𝟑𝟓, (𝟓 > 𝑸 > 𝟑𝟎 𝒎𝟑/𝒔) Aggidis et al., Europe [39] (eq. 2.9) 

𝑪𝒌 (€𝟐𝟎𝟏𝟒) = 𝟐𝟐 𝟏𝟓𝟓 × 𝑷𝟎.𝟒𝟎 × 𝑯−𝟎.𝟏𝟓𝟐 Ogayar and Vidal, Spain [37], [40] (eq. 2.10) 

ECONOMIC ANALYSIS   

To estimate whether a hydropower plant scheme is economically feasible, there are some tools and 

techniques that can be used for costs and revenues over a period of analysis. To considerer inflation 

and other effects such as interest rates, the state of economy, risk of investment, the future value of 

monetary fluxes can be transposed to the present time by means of a discount rate. This allows to 

consider constant market prices and to compare the costs and benefits at present time.  

One monetary unit of today will be changed in year n by (1+r) n monetary units and one monetary unit 

of year n will be changed today by 1/(1+r)n units, where r represents the discount rate. The factor 

1/(1+r)n, called the present value factor (PVF), expresses the depreciation suffered by future monetary 

fluxes when transferred to the present. Hence, the present value (PV0) of a single generic monetary flux, 

FVn, occurring in future year n, can be estimated by [3], [23], [26]:  

 
𝑃𝑉0 =

1

(1 + 𝑟)𝑛
×  𝐹𝑉𝑛 

(eq. 2.11) 

The present value at the current year is the summation of the annual monetary fluxes, being given by 

[3], [23], [26]: 

 
𝑃𝑉𝑛 = ∑

1

(1 + 𝑟)𝑛
× 𝐹𝑉𝑛

𝑛

𝑛=1

 
(eq. 2.12) 

When doing an economic analysis, the monetary fluxes can be grouped in periods (usually years) and 

are considered to occur at the end of each of those periods. If the monetary fluxes are constant and 
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equal to an annuity, C, uniform series of annual monetary fluxes, the present value referred to the 

beginning of year one can be estimated using: 

 

𝑃𝑉𝑛 = 𝐶 ×
1 −

1
(1 + 𝑟)𝑛

1 −
1

(1 + 𝑟)

 (eq.  2.13) 

where 
1−

1
(1+𝑟)𝑛

1−
1

(1+𝑟)

 is the present value factor for uniform series (F). 

METHODS OF ECONOMICAL EVALUATION 

For an economic analysis, there are some methods of economic evaluation that can be used to compare 

alternative design solutions namely:  

i) the payback period (PB); 

ii) the return of the investment (ROI); 

iii) the net present value (NPV); 

iv) the internal rate of return (IRR).  

The payback period is the simplest method to analyse the investment. It determines the time required 

to recover the total capital investment by means of result annual benefits. However, the PB does not 

consider cashflows beyond the payback period and does not measure the efficiency of the investment 

over its entire life period. The PB period can be estimated by: 

 
𝑃𝐵 =

𝑁𝑒𝑡 𝑐𝑜𝑠𝑡 

𝑁𝑒𝑡 𝑎𝑛𝑛𝑢𝑎𝑙 𝑟𝑒𝑣𝑒𝑛𝑢𝑒
 

(eq. 2.14) 

The return of the investment determines the average annual benefits from the project, providing a quick 

estimation of the project’s net profit and it can be used when comparing the profits of several projects. 

ROI can be calculated using eq. 2.15 and the respective depreciation is estimated using eq. 2.16. 

 
𝑅𝑂𝐼 =

𝑁𝑒𝑡 𝑎𝑛𝑛𝑢𝑎𝑙 𝑟𝑒𝑣𝑒𝑛𝑢𝑒 − 𝑑𝑒𝑝𝑟𝑒𝑐𝑖𝑎𝑡𝑖𝑜𝑛 

𝑖𝑛𝑣𝑒𝑠𝑡𝑚𝑒𝑛𝑡 𝑐𝑜𝑠𝑡 
× 100 

(eq. 2.15) 

 
𝑑𝑒𝑝𝑟𝑒𝑐𝑖𝑎𝑡𝑖𝑜𝑛 =

𝑐𝑜𝑠𝑡 − 𝑠𝑎𝑙𝑣𝑎𝑔𝑒 𝑣𝑎𝑙𝑢𝑒

𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛𝑎𝑙 𝑙𝑖𝑓𝑒
 

(eq. 2.16) 

The net present value represents the cumulative cash flow, transposed through the discount rate to the 

year 0. If the NPV value is negative it implies that the discount rate considered is no able to cover the 

investment cost in the life period considered. The NPV method is very sensitive to the discount rate 

considered. If an unappropriated discount rate is chosen, it can change or even reverse the profitability 

of the project. The cash flow represents the movement of money into or out the project during a period. 

The NPV can be calculated by: 
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𝑁𝑃𝑉 =  ∑

𝑅𝑛 − (𝐼𝑛 + 𝑂𝑛 + 𝑀𝑛)

(1 + 𝑟)𝑛
+ 𝑉𝑛

𝑛

𝑛=1
 

(eq. 2.17) 

in which In, the investment costs in period n; Rn, the revenues in period n; On, the operation costs in 

period n; Mn, the maintenance costs in period n; Vn, the residual value of the investment over its lifetime, 

where equipment lifetime exceeds the plant working life. 

The internal rate of return represents the interest rate at which the NPV of all cash flows (negative and 

positive) from a project or investment equals zero. The project will be considered as failure when the 

IRR is less than the cost of borrowing used to invest in the project. The alternative with the highest rate 

of return will probably be the best [3], [23], [26]. 

2.6. ENERGY RECOVERY IN URBAN WATER SYSTEMS 

Water supply and drainage systems are infrastructures with a significant potential for energy recovery, 

as these provide water many times with excessive pressure. Pressure release valves are often used for 

pressure reduction in water distribution networks. Flow control valves installed at the inlet of the storage 

tanks are common in water transmission and irrigation systems. In both cases, excessive pressure is 

dissipated through these devices that could, otherwise, be recovered and transformed into electrical 

energy. There is a potential for hydropower generation in these sites and in others like the inlet or outlet 

of water and wastewater treatment plants. On the other hand, water pumping and treatment requires a 

high amount of energy, thus, produced energy could be used for those purposed. Though, these are 

complex systems in which flow and pressure vary constantly and there is a lack of specific technologies 

and installation schemes for these particular cases [3]. 

Hydropower depends mainly on two parameters: the head and the discharge. Therefore, any process 

where there is water discharge can be a potential energy resource. Such situation can occur in water 

networks that transport drinking water, raw wastewater and treated wastewater. In such cases, electricity 

generation is not the primary goal but the second, for which these potential sites are called multipurpose 

schemes. In these schemes, there is the need to integrate the power plant in existing infrastructures, 

while at the same time guaranteeing the scheme primary functions.   

In drinking water networks, the main idea is that the turbine replaces the pressure reducing valves (PRV) 

or flow control valves (FCV) generating electricity at the same time. Depending on the turbine position, 

different energy recovery possibilities can be installed. For instances, the turbine can be installed in a 

bypass of a pressure breaker valve or FCV at the inlet of a storage tank. This bypass allows to 

disconnect the turbine operation from the water supply system at any time so that the primary function 

of the existing infrastructure is guaranteed. The turbine can also be installed in a bypass to PRV in a 

water distributions network. Here water passes through the turbine and carries it way through the pipe. 

This scheme implies that the pressure defined by the network requirements must be maintained at the 

turbine outlet. The turbine can also be installed before restitution to the environment, using water in 
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excess that is not supplied to consumers [20] [21]. Fig.  18 illustrates the potential sites where a turbine 

can be installed within a water network.  

 

Fig.  18 Potential sites where a turbine can be installed within a water network [21]. 

The inlet or the outlet of water or wastewater treatment plants can also be potential sites where to install 

an energy recovery solution to generate electricity. Fig.  19 illustrates the turbine settings before and 

after the WWTP. In the installation of a turbine before the WWTP, wastewater will be led to a forebay 

equipped with a trash rack. The wastewater will then reach the WWTP through a penstock. Before 

reaching the WWTP, the wastewater will pass through a turbine. The second alternative is to install the 

turbine after the WWTP. If so, the treated water at the WWTP outlet is led down through a penstock to 

a turbine before being discharged to the receiving environment. The power generated can be directly 

used on site to reduce the energy bill of the treatment works or sold to the grid if excessive power is 

produced [43] [21]. 

There are some restrictions that should be considered when using hydropower turbines in sewer 

systems. Untreated wastewater composition, namely pH, dissolved oxygen, alkalinity and temperature, 

result in increased corrosiveness. This implies that all devices used shall be made of resistant materials, 

namely stainless steel6, grey cast iron or painted with epoxy or cement resins. Additionally, the 

composition of wastewater causes a corrosive environment, which means all components shall be 

designed accordingly. The physical composition of the wastewater should also be considered. Sand and 

                                                      

 

6 Stainless steel, also known as inox steel, is a steel alloy with a minimum of 10.5% chromium content by mass. 

(Site: www.wikipedia.com, last visited May 2018). 

https://en.wikipedia.org/wiki/Steel
https://en.wikipedia.org/wiki/Alloy
https://en.wikipedia.org/wiki/Chromium
https://en.wikipedia.org/wiki/Mass_fraction_(chemistry)
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stones might damage parts of the devices. Fibrous contents like tissues, ropes or hairs lead to 

entanglement. Therefore, turbines should only be used after a preliminary treatment [6].   

Hydropower generation at WWTP can result in a decrease of the high costs that are related to energy 

consumption to transport and treat the wastewater. Nevertheless, it is important that the performance 

of the system remains unaffected. There might also be a positive effect on water quality due to an 

increase of dissolved oxygen concentration in the effluent stream following hydropower production. 

Furthermore, this allows to a reduction on greenhouse gases emissions and the civil work costs are 

minimum since the technology is installed in an already existing infrastructure [3].  

 

Fig.  19 Potential sites where a turbine can be installed in a WWTP [21]. 

2.7. CASE STUDIES OF ENERGY RECOVERY IN URBAN WATER SYSTEMS 

Table 6 presents a selection of operating energy recovery in water systems in Europe. The case studies 

were divided according to the existing infrastructure namely: in drinking water network; in WWTP, before 

and after treatment (raw and treated wastewater); within a runoff collection system and in a reservoir. 

Table 6 Operating energy recovery in water systems in Europe. 

Infrastructure 
Name, country and 

year 
Turbine 

Qdim 

(m3/s) 

Hgross 

(m) 

Power 

(kW) 

Annual 
energy 

(kWh/year) 

Investment 

Drinking 
water network 

La Zour, Switzerland, 
2004 [21] 

3 jets Pelton 
turbine 

0.30 270 465 1 800 000  

Shreyerbach. Austria, 
2006  [21] 

Single -jet 
Pelton 
turbine 

0.02 391 63 552 000 
400,000 € 

overall costs 

Mühlau, Austria, 1952  
[21] 

2-jets Pelton 
turbine 

1.60 445 5750 34 000 0000  

Poggio Cuculo, Italy, 
2010 [21] 

8 blades 
Kaplan 
turbine 

0.28 / 
0.36 / 
0.38 

28 44 364 000 
200,000 € 

(CEM) 

Vienna Mauer. Austria, 
2006  [21] 

Francis 
turbine 

2.00 34 500 3 000 000 1,250,000 € 
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Infrastructure 
Name, country and 

year 
Turbine 

Qdim 

(m3/s) 

Hgross 

(m) 

Power 

(kW) 

Annual 
energy 

(kWh/year) 

Investment 

Raw 
wastewater 

network 

Profray, Switzerland, 
2007  [21] 

2 jets Pelton 
turbine 

0.10 449 380 851 000 
375,000 € 

 

La Louve, Switzerland 
2006  [21] 

Pelton 
turbine 

0.12 180 170 460 000 430,000 € 

Treated 
wastewater 

network 

Nyon. Switzerland, 
1993  [21] 

Reverse 
pump turbine 

0.29 94 220 700 000 
500,000 € 

(penstock not 
included) 

Water 
treatment 
works and 

compensation 
discharge 

Alwen, U.K, 2007 [21] CFT 0.16 26 26 200 000  

Llys y Fran, U.K, 2008  
[21] 

Mini 
compact 
Francis 
turbine 

3.16 25 29 220 000  

In a reservoir 

Freemans Reach, U.K, 
2014 [31] 

AST 6 2,83 100 496 000  

New MIlls, Derbyshire, 
2008  [31] 

AST  3 63 100 000  

River Thames, 
Mapledurham, U.K 

2011 [31] 
AST 8 1,8 99   

Within a 
runoff 

collection 
system 

The Rochdale, 
U.K,2011 [31] 

AST 0.0028  21   

Buckfast Abbey. River 
Dart, U.K, 2012 [31] 

AST 2.8 4,20 84   

River Dart Country 
Park, Ashburton, Devo, 

U.K, 2006 [31] 
AST  4,5 50   

Tipton Mill, U.K 2010 
[31] 

AST 1.5 2,6 28   

Peak District National 
Park U.K, 2011  [31] 

CFT 0.072 10 15   

Three case studies have been selected to be described herein given the similarities with analysed case 

study and to cover the mains aspects of the proposed methodology. Thus, a brief description is 

presented of the Poggio Cuculo case study, the Profray case study and the Nyon case study. 

CASE STUDY: POGGIO CUCULO 

The primary function of the Poggio Cuculo water treatment plant (WTP) is to supply drinking water to 

the Arezzo basin in Italy. In 2010, a Kaplan turbine is installed to produce energy simultaneously with 

water treatment, using the difference of levels between an intermediate tank and the water treatment 

plant of 28 m. The water passes through the hydro turbine before it enters the water treatment works, 

as it is illustrated in Fig.  20 (a). Due to the water treatment configuration, cavitation was not a constraint 

and the turbine could be set 2 m under the water level of the downstream tank. The turbine is installed 
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in a bypass of a flow control valve, allowing the turbine to work as regulation device due to the blade 

opening control [21].  

The 8 blades Kaplan turbine (see Fig.  20 (b)) was designed to operate with three different discharges 

due to the price of the electricity consumed by the WTP. The operating discharges are 0.280 m3/s during 

the day, 0.360 m3/s during the winter night and 0.380 m3/s during the summer night. As the existing pipe 

system was not changed, there are some considerable head losses. Nevertheless, the turbine is able 

to operate with good hydraulic efficiency for the three discharges, as it takes advantage of eight 

adjustable blades and variable turbine speed [21]. 

The water treatment works consumes more than 2 million kWh/year of electrical energy. Considering a 

discharge of 0.380 m3/s and a gross head of 28 m, the turbine has a power output of 44 kW and is able 

to generate a mean annual energy of 0.364 million kWh/year. The capital cost of the turbine, the 

generator and the valves was 200 000 € [21]. 

 

 

(a) (b) 

Fig.  20 a) Setting of a Kaplan turbine as a bypass of a flow control valve and b)Kaplan turbine runner with 8 
blade [21]. 

CASE STUDY: BAGNES  

The primary use of the Bagnes WWTP is to collect and treat wastewater from the Verbier ski resort, in 

Switzerland. At the same time, it produces electricity from the raw wastewater. The wastewater is collect 

in a storage basin of 400 m3, equipped with a 6 mm trash rack to remove floating materials. The power 

house of the hydro scheme is located 2.3 km from the treatment plant. The wastewater passes through 

a Pelton turbine and is then discharged into the treatment works inlet before being reintroduced to a 

nearby water stream. A gross head of 449 m is available. A bypass of the turbine is used to make sure 

that the wastewater can be deviated to the treatment process, even when the hydro plant is not 

operational or when the WWTP operational discharge has to be greater than the turbine maximum 

discharge. It should be noticed that the population served by the WWTP varies from 7 000 to more than 

30 000 inhabitants during the winter season resulting in a significant variation of the available discharge 

[21].  

The power plant scheme was first commissioned in 1993 and after 14 years in service (in 2007) it was 

refurbished and improved. There was the need to replace the generator bearings and the runner, as the 
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sand present in the discharge resulted in significant abrasion of the runner and nozzle surface, 

decreasing the efficiency, as it is illustrated in Fig.  21. The replacement of the first turbine was also due 

to the fact that the turbine was oversized as it was designed considering the maximum discharge of the 

WWTP of 0.240 m3/s. This meant that the turbine was only operating at its nominal discharge a few 

days per year and was not producing the maximum annual energy possible. Additionally, during the dry 

season, there was the need to storage the limited discharges at the forebay to produce energy. This 

resulted in a generation of decanted deposit and accumulation of grease at the surface that formed a 

crust that had to be regularly removed and made the further treatment more difficult [21]. 

The new turbine was designed for a discharge of 0.100 m3/s that resulted in an increase of 45% of the 

energy production (851,000 kWh/year instead of 585,000 kWh/year). The total cost of the investment 

was 375 000€ [21]. 

 

Fig.  21 Pelton bucket worn out by sand particles [21]. 

CASE STUDY: NYON  

The primary use of the Nyon WWTP is to treat the wastewater that is discharged in Lake Geneva. At 

the same time, it produces electricity from the treated wastewater. The pre-treated wastewater is 

collected in a basin close to the lake. As there is a lack of space near the lake, the WWTP was built on 

a plateau 110 m higher than the lake. Therefore, water is pumped from the basin to the WWTP where 

it is treated (see Fig.  22 (a)). After treatment, the wastewater passes through a reverse pump turbine 

before it is discharged to the lake. A reverse pump turbine was especially designed for the site (see Fig.  

22 (b)). Considering a nominal discharge of 0.290 m3/s and a gross head of 94 m, the turbine has a 

power output of 220 kW and is able to generate a mean annual energy of 700 000 kWh/year which 

represents half of the WWTP pumps’ consumption, and one third of the overall WWTP consumption 

[21]. 

Since the turbine works with a fixed discharge, the frequent automatic operations to start up and shut 

down the reverse pump (circa 10 times per 24 hours) require especially sturdy drive systems, that are 

relatively expensive. For instance, it was already needed to replace the upstream butterfly valve, due to 

the strong cavitation. Furthermore, these operations are responsible for loud noises and large vibrations. 
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At the moment, it has been launched a study where it is intended to replace the reverse pump for a 

Pelton turbine, in order to gain flexibility and increase power production, while at the same time reduce 

the noise and vibration [21]. 

 
 

(a) (b) 

Fig.  22 a) The pumps that are used to bring the wastewaters to the treatment plant and b) the reverse pump used 
to generate electricity from the treated wastewater [21]. 

2.8. GAPS OF KNOWLEDGE  

Hydropower is an important renewable energy source that still has a considerable potential to be 

explored. The use of hydro technologies in man-built environments, such as urban water systems has 

major advantages: requires reduced civil works when installed in existing infrastructures and when 

electric connection is possible; allows reducing operational costs; has minor (if none) environmental 

impacts; and allows reducing the greenhouse gases emissions. 

Despite the existence of major research and large engineering experience on hydropower schemes, 

most studies focus on the application in rivers and a very few experience exists on the application in 

WSS and WWS. Thus, there is a need to develop enhanced methodologies to analyse and to select the 

most appropriate solutions. Also, there is a lack of conceptual construction solutions that would be of 

great interest to a detailed design and good implementation of small and micro hydropower plants in 

WSS and WWS.  

Additionally, wastewater is a liquid that is very aggressive to electromechanical equipment that is in 

contact with, reducing significantly its service life. Thus, there is a need to identify existing technologies 

and to develop new solutions that are cost effective and sustainable for bulk and treated wastewater.   

Finally, there is not enough knowledge on how much energy could be recovered from WSS and WWS, 

as there is no reported assessment of the existing systems.  
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METHODOLOGY 
This chapter aims at presenting the methodology proposed to analyse and to select the most adequate 

hydropower turbine as well as to evaluate the potential energy recovery in urban water systems.   
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3.1. METHODOLOGY  

The proposed methodology to analyse and to select the most adequate hydropower turbine as well as 

to evaluate the potential energy recovery in urban water systems is composed of six main steps. These 

steps are described in This methodology is based on the analysis of historical flow rate and head data 

for the identification of potential technical solutions and for the development of the cost-benefits analysis.  

Table 7. This methodology is based on the analysis of historical flow rate and head data for the 

identification of potential technical solutions and for the development of the cost-benefits analysis.  

Table 7 Steps of the proposed methodology. 

Steps Description 

1 System characterization 
To define the main characteristics of the site and to collect historical 
data concerning the available head and flow rate over the past 
years. 

2 Turbine selection 

To select the potential technical solutions suitable to the available 
head and flow rates. Once the technical solutions are chosen, the 
global efficiency and maximum and minimum discharge for a 
working turbine must be defined. 

3 Power and energy estimation 
To estimate the hydropower potential power, P (kW), and mean 
annual energy produced, E (kWh). 

4 
Benefits, costs and optimal 
design discharge assessment 

To estimate the annual benefit, the investment cost and breakdown 
of costs for the different cost items (i.e., turbine and generator, 
electrical regulation and control equipment, civil works and 
engineering and management). If possible, to estimate optimal 
design discharge, Qdim. 

5 Economic analysis  
To estimate annual and cumulative cash flow, payback period and 
net present value and to evaluate the project economic feasibility. 

6 Comparison of solutions 
To compare the possible alternative solutions of turbines based on: 
the potential power, the investment cost, the net present value and 
the payback period. 

This methodology does not take in to account significant flow rate variations in the identified location.  

Also, head and turbine efficiency value are considered constant. In a more advanced stage of the 

project, when designing the hydropower turbine, detailed analysis should be carried out taking into 

account the flow variation and turbine flow-efficiency curve, in order to obtain a more precise estimation 

of the power production and economic feasibility of the project [9].  

The importance of the economic analysis depends on the estimate accuracy of the costs and benefits 

of the project. This can be quite a difficult task in the first stages of design, since the hydropower scheme 

has not been defined in detail. Therefore, the economic analysis has a limited validity and estimated 

values have major associated uncertainties.  
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3.2. STEP 1: SYSTEM CHARACTERIZATION 

When designing a hydropower project, the characteristics and specifications should be identified first. 

Table 8 shows a previous checklist of site identification [35]. 

Table 8 Main tasks for system characterization. 

1 Definition of the primary function of the existing infrastructure. 

2 Description of the overall layout of the system. 

3 Identification of existing infrastructures characteristics, such as pipes, existing sensors and flowmeters. 

4 Definition of available gross head and calculation of head losses. 

5 Definition of the flow duration curve based on the flow rate historical data. 

HEAD  

The net head is equal to the gross head minus the hydraulic losses (Fig.  23). Typically, the pipe head 

losses correspond to (2-10%) of the gross head [30]. 

 

Fig.  23 Gross head and net head available at a hydropower plant [22]. 

The continuous head losses, 𝐻, are estimated using the Darcy-Weisbach formula: 

 
𝐻 = 𝑓 ×

𝐿

𝐷
×

𝑉2

2𝑔
 

(eq. 3.1) 

in which f is the Darcy friction factor (a dimensionless number), L is the length of the pipe (m), D is the 

pipe diameter (m), V is the average velocity (m/s) and g is the gravitational acceleration (m2/s). 

The Darcy friction factor depends on the pipe diameter and roughness, the fluid properties and flow 

regime. The Darcy friction factor can be obtained using empirical or theoretical formulas or by using 

various published charts. The most common chart is Moody diagram (Fig.  24). The Moody diagram 

allows the estimation of the Darcy friction factor as a function of the Reynolds number and the relative 

roughness. The Mood chart can be split into two flow regimes, laminar and turbulent. Colebrook-White 

developed a semi-empirical equation that can be used in the whole domain of turbulent flow regimes: 
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 1

√𝑓
= −2 log  ( 

2.51

𝑅𝑒√𝑓
+

𝑘

3.7𝐷
) 

(eq. 3.2) 

being k, the pipe roughness (m); D, the pipe inner diameter (m); and Re, the Reynolds number 

(dimensionless) described by: 

where Q is the design discharge (m3/s), D is the diameter of the pipe (m),  is the kinematic viscosity 

(m2/s); and A is the pipe cross sectional area (m2). 

The Moody diagram (Fig.  24) can also be directly used instead of the previous equation. 

 

Fig.  24 Moody chart diagram [34]. 

ANNUAL FLOW VARIATION AND FLOW DURATION CURVE 

In water systems, water discharge varies daily and seasonally and, hence, it is important to measure 

discharge and to evaluate its variability. The mean daily discharge value can be obtained by averaging 

measurements that have been taken along the same day. Averaging annual historical mean daily flow 

values defines the mean annual water flow value for a given year. Fig.  25 (a) shows an example of the 

variation of flow rate over time and Fig.  25 (b) shows an example of a flow duration curve (FDC). 

  

(a) (b) 

Fig.  25 (a) Annual flow variation and (b) Flow duration curve [22]. 

 
𝑅𝑒 =

𝑄 𝐷

 𝐴 𝜈
 

(eq. 3.3) 
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Annual flow variation shows a daily flow variation over a calendar year and the flow duration curve, FDC, 

shows how the flow is distributed over a given period. The flattest the FDC is, the less variation between 

low and high flow rates exist. 

To generate a FDC, all values of a series of the flow rate must be ordered from the highest to the lowest. 

Then, the frequencies must be converted into a percentage of the total number of days for which the 

data are available. In a FDC, the vertical axis represents the flow and the horizontal axis gives the 

percentage of the period that the flow exceeds or equals the value on the vertical axis. In calculating the 

energy for a hydropower scheme, the FDC is more useful then the annual flow variation. For instance, 

using the FDC one can easily find out the level of flow available for at least 50% of the time (also known 

as Q50). Usually, the minimum characteristic flow value considered is the available for 95% of the time 

(Q95) [22], [26]. The FDC also allows to determine the water volume available for energy production 

which is represented as the area below the flow duration curve as shown in Fig.  26. When designing a 

small hydropower scheme, part of the flow may have to be reserved (Qres). For instance, in a WWTP, 

part of the flow may have to be reserved for garden irrigation or toilet flushing [23], [26]. 

 

Fig.  26 Water volume available for energy production [26]. 

Attention should be drawn to the fact that Q50 is different from the modular or the average of the mean 

daily flow, Qmod (m3/s), and it can be calculated by [26]: 

 
𝑄𝑚𝑜𝑑 =

∑ (∑ 𝑞𝑖
365
𝑘=1 )𝑛

𝑖=1

365 × 𝑛
=

𝑉

0.365 × 24 × 3.6
 

(eq. 3.4) 

where n is the number of years, qi is the mean daily flow (m3/s) and V is the turbined volume (m3). 

3.3. STEP 2: TURBINE SELECTION 

Once the principal site characteristics, head and flow rates are determined, the available potential 

technical solutions should be identified based on turbine-selection charts published in textbooks or 

provided by manufactures (see Fig.  12).  
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Turbine selection should also consider the relative efficiency of each turbine type and how they operate 

the whole range of flow conditions. Therefore, the turbine efficiency curve chart (see Fig.  14) must also 

be consulted, especially for reduced flow. Minimum and maximum admissible flow conditions must be 

defined as a percentage of the design flow. If the flow falls below the minimum level, the turbine cannot 

operate, avoiding damages due to heavy vibration.   

Once the admissible flow conditions are defined, an estimation of the global efficiency of the hydropower 

scheme can estimated as follows [22]:  

 η𝑔𝑙𝑜𝑏𝑎𝑙 = η𝑡𝑢𝑟𝑏𝑖𝑛𝑒 ×  η𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑜𝑟 × η𝑡𝑟𝑎𝑛𝑠𝑓𝑜𝑟𝑚𝑒𝑟 (eq. 3.5) 

being ηturbine, the mechanical efficiency of the turbine,  ηgenerator, the efficiency of the generator (ca.  

90- 98%); and transformer, the efficiency of the transformer (ca. 98-95 %). 

Usually the global efficiency ranges from 60% to 85% for micro hydropower systems depending on the 

turbine used [44]. The turbine efficiency curve chart can also be used to provide an idea of global 

efficiency. 

3.4. STEP 3: POWER AND ENERGY ESTIMATION  

The amount of energy produced by a hydropower scheme results from the available water flow rate and 

head. The electrical power output, P (kW), of a hydropower scheme is determined by [22], [23], [26]: 

 𝑃 =  𝜂 ×  × 𝑄 × 𝐻𝑛𝑒𝑡 (eq. 3.6) 

where  is the specific weight of water in (kN/m3), Q is the discharge (m3/s), Hnet is the head net (gross 

head minus hydraulic losses) (m) and η is the global efficiency (%). 

The estimation of the mean annual energy produced, E (kWh/year), results from the integration of the 

power output over a certain period of time:  

 
𝐸 =  ∫ 𝑃(𝑡)𝑑𝑡

𝑇

0

= 𝑃 × 𝑇 =
𝑉 × 𝐻𝑛𝑒𝑡

3600
𝑔 × 𝜂

 
(eq. 3.7) 

The annual turbined volume, V (m3), can be estimated using the FDC. It is considered that the global 

efficiency and the net head are constant for each turbine. The flow rate will vary between the maximum 

flow and zero flow. Nevertheless, a minimum (Qmin) and maximum (Qmax) turbined flow are defined as a 

function of the turbine type. A reserve discharge can also be considered. It was assumed that the turbine 

will operate daily 24 h in the days for which the daily flow rate is within the turbined range [22], [23], [26]. 
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3.5. STEP 4: BENEFITS, COSTS AND DESIGN DISCHARGE ASSESSMENT 

ANNUAL BENEFIT 

The power generated by the turbine is the only tangible revenue/benefit as it will decrease electricity 

cost in the system. The amount of money that will be saved on electricity consumption depends on how 

much power can be generated by the turbine and the price of electricity. The revenue is defined 

considering a constant power production during the several years of the period of analysis [23], [26].  

Therefore, the annual benefits, B (€), are estimated by:  

 𝐵 = 𝐸 × 𝐶 (eq. 3.8) 

where E is the annual energy produced by the turbine (kWh) and C is the unit price of energy (€/kWh). 

The cost of operation and maintenance of the turbine should also be considered. They are usually 

assumed as a percentage of the initial investment (1,5-5%) [30] [14] or as a percentage of the annual 

power output and therefore as a percentage of the annual benefit, usually 10-30% [45]. The second 

option is considered in this thesis.  

The net annual benefit, NB (€), is calculated by:  

 𝑁𝐵 = 𝐸 × 𝐶 × (1 − % 𝑜𝑓 𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛 𝑎𝑛𝑑 𝑚𝑎𝑖𝑛𝑡𝑒𝑛𝑎𝑛𝑐𝑒) (eq. 3.9) 

The benefit present value, BPV (€), is estimated by: 

 𝐵𝑃𝑉 = 𝑁𝐵 × 𝐹 (eq. 3.10) 

being F, the present value factor for uniform series (F). The discount rate, r, is usually 3 -12%, and the 

number of years of exploitation, n, is usually 10 to 20 years [23] [46]. 

COST ESTIMATION  

The cost of installing a hydropower turbine varies from site to site, depending on the existing 

infrastructures and the installation capacity. The expected cost should be divided in cost items. The cost 

estimation method used is based on empirical formulas derived from the cost of complete small hydro 

power plants and based on manufacturers data. Cost can be broken-down into the main four cost items: 

turbine and generator, electrical regulation and control equipment, civil work and construction 

engineering and management. The cost can be estimated using the empirical cost formulas and 

assuming a percentage of the total cost of the project. As the formulas presented are all from projects 

in Europe, it was assumed that the costs are similar for all European countries. In this thesis eq. 2.5 is 

recommended for estimating the total cost of the project. This equation can be applied to all the types 

of turbines.  
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Cost values estimated by referred equations are from different years. Therefore, the cost equations were 

inflated to the market rate, to obtain the present value of the project. In the cases were the costs were 

given in Sterling Pounds (£) the costs were also converted into Euros (€) considering an exchange rate 

of the respective year. This was made according to: 

 𝐶𝑎 = 𝐶𝑛  ×  𝐹𝑎𝑛 ×  𝐹𝑟 (eq. 3.11) 

where 𝐶𝑎 is the net present value in Euros in 2017, 𝐶𝑛 is the cost in the year n; 𝐹𝑎𝑛 is the inflation rate 

factor7 and 𝐹𝑟 is the exchange rate8. 

DESIGN DISCHARGE ESTIMATION (COST BENEFIT ANALYSIS) 

For the selection of the optimal design discharge an iterative process can be made for various design 

discharges, within the turbine optimal operating range and change the income concerning the selected 

discharge. The optimal design discharge shall be the one that results in the maximum net present value 

(i.e. benefit present value minus total project cost) which means it will lead to maximum profits for a 

given electricity price. To better illustrate this, an example of a discharge versus net present value is 

plotted in Fig.  27.  

 

Fig.  27 Example of the NPV as a function of the design flow rate. 

3.6. STEP 5: ECONOMIC ANALYSIS 

Evaluation of the investment can be made based on economic indicators that were described in Chapter 

2, namely, the payback period (PB), the return of the investment (ROI), the net present value (NPV) and 

the internal rate of return (IRR). Because of the uncertainty associated with many of the estimated 

parameters, namely initial investment costs, costs of operation and maintenance (O&M) and the 

electricity price variations over time, it is important to carry out a sensitivity analysis of the project 

                                                      

 

7 Site statists Portugal (INE). (Site: https://www.ine.pt/ last visited May 2018) 

8 Site x-rates. (site www.x-rates.com last visited May 2018) 

Qdim 

https://www.x-rates.com/
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feasibility to those parameters.  Once the optimum design discharge and head are defined, a sensitive 

analysis shall be done comparing each turbine solutions.  

3.7.  STEP 6: COMPARISON OF SOLUTIONS 

The last step of the methodology is to compare the economic indicators for each turbine which resulted 

from step five and select the most suitable turbine. Usually, the main indices that are compared are the 

PB, the NPV, investment cost, annual benefit and energy output. 

3.8. ENERGY RECOVERY MODEL  

A MS Excel-based model was developed to apply the proposed methodology to each turbine solution. 

The model uses coloured cells, as shown in Table 9 to guide the user when applying the model. 

Table 9 Colour to guide the user when applying the model. 

Input and output data 

Grey Model Output – calculated by the model 

Yellow User Input – required data to run the model 

Green 
User input – required data to run the model. 

Value set for default 

For the evaluation of the small hydropower scheme, the developed model implies that the user enters 

the input, using as accurate as possible data, as explained in the following paragraphs. 

STARTING SHEET 

The first step of the model is to introduce the available flow rate historical values (m3/h). The user has 

to order the flow rate values from the highest to the lowest value to calculate the flow duration curve 

(see Fig.  28). After this step the software will draw the flow duration curve, as depicted in Fig.  29. 

 

 

 

Fig.  28 Order the flow rates values from the highest to the lowest value 
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Fig.  29 Generated flow duration curve. 

VOLUME ESTIMATION SHEET 

In this sheet, the user introduces a set of parameters in the model, namely (see Fig.  30): 

i) the number of years with complete data and, based on available data sets, the model calculates 

the modular flow, Qmod (m3/s); 

ii) the minimum and maximum ranges of design flow rate9; 

iii) the minimum and maximum admissible flow conditions for the turbine as a percentage of the 

design discharge; 

iv) the minimum reserved flow10; 

 

Fig.  30 Example of how data should be introduced to calculate the volume. 

The model will generate a series of 12 possible design discharges, Qdim (m3/s), that fit into the 

parameters established and, for each design flow, it will calculate the turbined volume (m3). The user 

will be presented with a table that shows the maximum and minimum flow rate for each design flow and 

the mean turbine volume. The user will also be presented with a graph that shows the turbined volume 

in relation to the design discharge. Fig.  31 illustrates the outputs of this sheet. 

                                                      

 

9 In river hydropower plant, it is often taken as the minimum characteristic flow the value available for 95% of the 

time (Q95), and as a rule of thumb, Qdim is equal to two/three times the modular flow. Recommendation is to choose 
a design discharge that is available 100 to 120 days a year or about 30 percent of the time [22], [59]. 

10 By default, the model assumes as Qres that the flow must be equal or higher than 1/10 of the Qmod. 
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Fig.  31 Volume calculation outputs. 

ENERGY ESTIMATION SHEET 

In this sheet, the user should introduce the following parameters to calculate the power that can be 

generated in the hydropower plant: 

i) 𝛾 that is the specific weight of water in kN/m3; 

ii) the gross head Hgross (m); 

iii) the hydraulic losses in the system relating to gross head (%); 

iv) the global efficiency η (%).  

In case of a reaction turbine, the model also calculates the admissible suction head (hs max), as such the 

user will have to insert as well: 

i) the local barometric head, 
𝑃𝑎𝑡𝑚

𝛾
 (m); 

ii) the vapor pressure, 
𝑡𝑣

𝛾
 (m); 

iii) the specific speed ns (r.p.m); 

iv) the dynamic depression coefficient or Thoma coefficient σ. 

Fig.  32 presents an example of the necessary inputs. 

 

Fig.  32 Example of how data should be introduced to calculate the energy and power output. 
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Once the inputs are correctly introduced, the model will present the power output (kW) and annual 

average energy (kWh/year) for each of the turbine discharge flow as presented in Fig.  33. 

 

Fig.  33 Energy calculation outputs. 

BENEFIT/COST ESTIMATION AND DESIGN DISCHARGE IDENTIFICATION SHEET 

After filing the energy estimation model sheet, the user can proceed with the benefit/cost estimation and 

design discharge establishment. To estimate the annual benefits and costs, the user will be asked to 

introduce the parameters presented in Fig.  34, namely: 

i) the unit cost of electricity (€/kWh) (the model assumes that this value is constant along the 

period of analysis); 

ii) the O&M costs as a percentage of the annual benefit; 

iii) the discount rate (r); 

iv) the number of years of exploration (n); 

v) the relative weight for each cost item as a percentage of the total cost of the project.  

The model uses a general cost equation to estimate the total costs of the project – eq. 2.5 – and it can 

also be used a specific cost equation to calculate the total cost of a project using a specific type of 

turbine.  

 

Fig.  34 Example of how data should be introduced to calculate the benefits and costs 
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The outputs of the economic analysis include project total cost, the cost per cost item and the benefits 

as shown in Fig.  35. 

 

Fig.  35 Benefits and costs outputs. 

Then, the model calculates the net present value (NPV) as result of the benefit present value minus the 

total cost of the hydropower scheme for all design discharge considered. The optimal design discharge 

for a given project will be the one with maximum NPV. The last output of model will be a table with the 

possible design discharge and NPV and a graph NPV versus design discharge as suggested Fig.  36. 

 

Fig.  36 Left - graph NPV versus design discharge / Right - table with the possible design discharge and NPV. 

ECONOMIC ANALYSIS SHEET 

The user will be presented with a graph project cost versus power output for the various design 

discharge as well as the annual cash flow table and cumulative cash flow graph for the optimal design 

discharge. The user will also have a summary table with: Qdim, NPV, power output, ratio benefit/cost, 

project cost and annual benefit for the optimal design discharge. The results presented are obtained 
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from the application of the general and specific cost formulas. Fig.  37 shows an example of the sensitive 

analysis.  

 

Fig.  37 Sensitive analysis outputs. 
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CASE STUDY 
This chapter describes the application of the methodology to the case study, Alcântara wastewater 

treatment plant (WWTP). The main characteristics of the overall WWTP process and of the identified 

location for energy recovery are presented. The selection of the best hydropower solution is discussed, 

from the technical and economic points of view. Power outputs and the annual energy production is 

estimated for three possible technologies: Kaplan turbine, Archimedes screw turbine (AST) and 

Crossflow turbine (CFT). The solutions are compared, and the best alternative is selected based on 

economic indices, namely the net present value (NPV) and the payback period (PB). At last some design 

parameters are proposed.  
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 STEP 1: SYSTEM CHARACTERIZATION  

As mentioned before the first step in conducting a feasibility study is to obtain specific information, 

followed by a power potential estimation and an economic analysis eventually. 

The proposed hydropower scheme is located at the outlet of Alcântara’s WWTP in Lisbon. This WWTP 

was designed to treat the urban wastewater of a population of approximately 750 000 in Lisbon. The 

Alcântara subsystem includes the WWTP, 13 pumping stations and 26 km of main sewers system. Fig.  

38 illustrates the Alcântara wastewater system.  

 

Fig.  38 Alcântara subsystem [47]. 

Fig.  39 depicts the WWTP treatment line. The flow enters the WWTP in the head works (see Fig.  39). 

The first step is to remove solid waste from water. Then, the flow is pumped by means of two 

Archimedean screws, with a maximum lifting capacity of 6.6 m3/s. Grit and FOG (fats, oils and grease) 

are removed.  

Concerning the peak flow, two treatment lines are defined for the primary treatment. The first is called 

the dry weather line and has been designed for the peak flow rate below 3.3 m3/s. The second line is 

the wet weather line and has be designed for peak flow rates higher than 3.3 m3/s and under 6.6 m3/s. 

For higher flow rates, the flow does not enter in the WWTP and is directly discharged to the Tagus river. 

For the primary treatment, when in dry weather the MULTIFLO line operates alone, and in wet weather 

the flow that exceeds the MULTIFLO capacity (3.3 m3/s) goes to the ACTIFLO line, and the ACTIFLO 

is the only treatment made for this flow.  

After the MULTIFLO treatment, the water is pumped and a secondary treatment, biofiltration, is carried 

out using BIOSTYR technology where 15 units are installed. At this point, a part of the water is reused 

to wash the biofilters and will be later reintroduced in the process. After the biological treatment, the 

wastewater undergoes ultraviolet (UV) disinfection (two UV disinfectors are installed). At last, a part of 

the water is reused in the WWTP as recycled water, for irrigation and toilet flushing, after filtration and 

a second UV disinfection. At the end, the remaining water is discharged in the Tagus river.  
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Fig.  39 Alcântara's WWTP treatment line [48]. 

The potential location for energy recovery is the outlet of the WWTP, after the two UV disinfection units. 

At this point, one must bear in mind that screens and trash racks are not needed, as the water has 

already been treated.   

HEAD ESTIMATION 

The gross head at the WWTP outlet was defined as the vertical distance between the water level in the 

tank downstream the UV disinfectors (14.04 m) and the water level in the main drainage pipe (Caneiro 

de Alcântara) (8.55 m). These values are based on the design projects collected in the WWTP as it can 

be seen in Fig.  40. 

 

Fig.  40 Head measurement based on project schemes. 
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FLOW RATE ESTIMATION 

The flow rate was estimated based on data collected from the flow meters at the WWTP, between 

September 2013 and September 2017. The Alcantâra’s WWTP uses two different types of flow meters, 

electromagnetic flow meters and ultrasonic flow meters, installed at different locations (see Fig.  41). An 

electromagnetic flow meter may achieve relatively high system accuracies (maximum of 0.25%11 of 

readings) and responds well to rapid changes of flow; however, measurements can be compromised if 

there is air mixed in the fluid. The ultrasonic flow meters are not as accurate as an electromagnetic flow 

meter. Table 10 presents the model and the characteristics of the flowmeters.  

Table 10 Flow meters type and location. 

Flow meter name 
Type, model and 

brand 
Location / what is measures 

F1: 630 MEC 701 
Electromagnetic (DE-

43F, ABB) 
Located before biofiltration treatment. It measures the 
flow that will be treated by this process. 

F2: 630 MEC 601 
Electromagnetic (DE-

43F, ABB) 

Located before the reservoir that accumulates water to 
wash the biofilters. It measures the amount of water that 
is reused from the bio filtration to wash the biofilters 
reservoir. 

F3: 640 MEC 201 
Electromagnetic (DE-

43F, ABB) 

Located after the second UV disinfector. It measures the 
amount of water that is reused in the WWTP as for 
irrigation and toilet flushing. 

F4: 630 MEC 501 & 502 
Ultrasonic (Ksonik I, 

K-TEC products) 
Located before the two UV disinfectors. Measures the 
flow that will be treated by each UV disinfector. 

As there are no flow meters at the outlet of WWTP, two methods have been used to estimate the 

discharged flow rate at the WWTP outlet.  

Method 1: 𝑄𝑜𝑢𝑡𝑙𝑒𝑡 = 𝐹1 − 𝐹2 − 𝐹3 (eq. 4.1) 

Method 2: 𝑄𝑜𝑢𝑡𝑙𝑒𝑡 = 𝐹4 − 𝐹3 (eq. 4.2)  

in which Fi stand for the flow rate measurement at the flowmeter i. 

Flow measurements time series were collected with different time steps (in m3/h). Therefore, the 

collected data from the flow meters had to be treated in order to reorganize measurements in one-hour 

periods. For such, a code was developed in R software which included outliers elimination. Eqs. 4.1 and 

4.2 allow to estimate the mean hourly flow rate at the WWTP outlet and the respective flow duration 

curve. 

                                                      

 

11 Site: http://analog.com/en/analog-dialogue/articles/electromagnetic-flow-meters-achieve-high-
accuracy.html, last visited May 2018. 
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Fig.  41 A linear scheme of the WWTP and flowmeters location. 
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Fig.  42 shows the flow duration curve and the flow available at 95% of the time, Q95, 50%, Q50, and 5% 

Q5 of the time, using methods 1 and 2. Although both methods present similar values, when comparing 

the FDC, method 1 constantly presents higher values. Although the flow meters used in method 1 are 

more reliable, there is more uncertainty on the flow rates obtained at the WWTP outlet, as the results 

obtained come from the subtraction of two series. This can probably generate larger errors by method 

1 in comparison to method 2 that only subtracts one series. Therefore, the results obtained from method 

2 (eq. 4.2) were used in this thesis for the application of the methodology.  

The FDC was obtained for four complete years (from September to September). In 2013, the data 

available is from September to December, in 2014 to 2016, the available data is from January to 

December, and in 2017 the available data is from January to September.  

  

Fig.  42 Flow duration curve using method 1 and 2 and the flow available for at least: 95%, Q95; 50%, Q50, and 
5%, Q5; of the time. 

Using the values obtained from method 2 and eq. 3.4, the modular flow rate at the WWTP outlet, Qmod, 

are shown in Table 11 for 2013 to 2017, as well as the mean between September 2013 and August 

2017. It was observed that annually between 4,2 million and 5 million m3 of treated water are discharged 

into the Tagus river. As explained before it should be noticed that the Q50 is different from Qmod. 

Table 11 Modular flow rate at the Alcântara WWTP outlet. 

Modular flow rate, Qmod m3/h m3/s 

Sep 2013 - Sep 2014 5401.47 1.50 

Sep 2014 - Sep 2015 5256.18 1.46 

Sep 2015 - Sep 2016 5251.47 1.46 

Sep 2016 - Sep 2017 5020.61 1.39 

Sep 2013 – Sep 2017 5232.44 1.45 
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To illustrate the variation of the available water at the WWTP outfall Fig.  43 shows the mean daily flow 

at the WWTP outlet monthly for each year and the average of all the years. 

 

Fig.  43 Mean daily flow at the WWTP outlet monthly. 

The values obtained are based on statistic data. It was assumed that they followed a Gauss distribution. 

For a better understanding of the variation of the water available in the WWTP outlet,  Fig.  44 shows 

the mean hourly flow variation pattern for the percentile 5, 50 and 95. The percentile 50 represents the 

median values, which means that 50% of the time the mean hourly flow rates are under this value. This 

evaluation also allows for a confidence interval of 90% for the obtained values using percentile 5 and 

95. 

 

 Fig.  44 Mean hourly flow variation pattern for percentile 5%, 50% and 95%.  
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 STEP2: TURBINE SELECTION 

Based on the flow rate values and the available head values at the WWTP outlet, the type of turbine 

was selected. For the head of 5.49 m and the flow rate of 1.5 m3/s, three types of turbines can be 

installed – the Kaplan turbine, the Archimedean Screw turbine (AST) and the Crossflow turbine (CFT) – 

according to Fig.  45. 

To estimate net head some assumptions were made. The head losses usually correspond to 2-10% of 

the gross head. When the conveyance system is shorter, it is likely that the hydraulic losses are lower. 

This was considered when defining the net head for the Kaplan turbine and for the AST. It was assumed 

3-5% [49], [50] of total head losses for the AST and the Kaplan turbine respectably. For the CFT, it was 

assumed a total head loss of 1 m [51], [52]. 

Table 12 summarises the gross head and the net head assumed. Considering that: 
𝑃𝑎𝑡𝑚

𝛾
= 10.33;  

𝑡𝑣

𝛾
=

0.239 at 20ºC, Ns= 915.16 r.p.m and 𝜎 = 1.44; hs max= 5,59 m > 0, which means that there are no 

cavitation problems for the Kaplan turbine. 

 

Fig.  45 Choice of the turbines concerning the net head (m) and the available flow (m3/s) [33]. 

Table 12 Gross head and the net head assumed. 

Gross head, Hgross (m) 
Net head, Hnet (m) 

Kaplan turbine AST CFT 

5.49 5.22 5.33 4.49 

The schematic representation of the installation scheme is presented in Appendix A for the three 

turbines selected. 

For each turbine type, global efficiencies, ηglobal, are established as well as maximum and minimum 

admissible flow conditions as a percentage of the modular design flow rate. These values were defined 

based on turbines efficiency curves shown in Fig.  14 (note, that these curves can only be used when 

the head on the turbine does not vary and less precise results are warranted) and based on literature 

review presented in Chapter 2. 



53 

 

Kaplan turbines correspond to a mature technology. Their best efficiency is around 90% and it has been 

proved that they can maintain efficiency over 80% for flows between 30% and 110% of the design flow 

rate. Therefore, an global efficiency of 85% was set for this turbine [53].  

According to literature, the global efficiency of the AST typically ranges from 69% to 77% [49]. An 

average value of the global efficiency of 70% was used for flow rates between 15% and 110% of the 

design flow rate. 

The CFT has a peak efficiency of 80% for small and micro hydropower schemes for a large range of 

flow rates [54]. Its global efficiency varies between 50% to 85%, depending on the flow rate. An average 

value of 80% was used for flow rates between 50% and 110% of the design value. Table 13 summarises 

the values adopted.  

Table 13 Maximum and minimum admissible flow and global efficiencies for each alternative turbine. 

 Qmin/Qdim Qmax/Qdim η global 

Alternative 1: Kaplan turbine 25% 110% 85% 

Alternative 2: AST 15% 110% 70% 

Alternative 3: CFT 50% 110% 80% 

 STEP 3: POWER AND ENERGY OUTPUT ESTIMATION 

Once the turbine and their operation characteristics are defined, other parameters are calculated, 

namely: the turbined volume, V (m3); the electrical power output, P (kW); and the mean annual energy 

produced, E (kWh/year).  

It was considered that the minimum flow rate available corresponded to Q95 (0.5 m3/s). It was not 

considered a reserved flow as the method used to estimate the flow rates at the WWTP outlet has 

already this in consideration. The maximum available flow rate was assumed to be 3.3 m3/s, since this 

is the maximum flow rate that can be treated in the MULTIFLO line. The minimum and maximum 

admissible flow conditions for the turbine and global efficiency are the ones that were presented in Table 

13. Fig.  46 shows the maximum mean annual turbined volume for the different turbine solutions. The 

outputs of the energy estimation, for each solution is shown in Table 14, Table 15 and Table 16 for the 

Kaplan turbine, the AST and the CFT respectively.  
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Fig.  46 Mean annual turbined volume for the different turbines utilised to generate energy. 

Table 14 Energy estimation using Kaplan turbine. 

Qdim (m3/s) Qmax (m3/s) Qmin (m3/s) Volume (x 107 m3) Power (kW) 
Mean annual energy 

(kWh x 105) 

0.50 0.55 0.14 1.70 22 2.1 
0.75 0.83 0.19 2.48 33 3.0 
1.00 1.10 0.25 3.17 43 3.8 
1.25 1.38 0.31 3.72 54 4.5 
1.50 1.65 0.38 4.11 65 5.0 
1.75 1.93 0.44 4.33 76 5.2 
2.00 2.20 0.50 4.42 87 5.3 
2.25 2.48 0.56 4.44 98 5.4 
2.50 2.75 0.63 4.44 109 5.4 
2.75 3.03 0.69 4.41 119 5.3 
3.00 3.30 0.75 4.37 130 5.3 
3.25 3.58 0.81 4.31 141 5.2 

Table 15 Energy estimation using AST. 

Qdim (m3/s) Qmax (m3/s) Qmin (m3/s) Volume (x 107 m3) Power (kW) 
Mean annual energy 

(kWh x 105) 

0.50 0.55 0.14 1.70 18 1.7 
0.75 0.83 0.14 2.48 27 2.5 
1.00 1.10 0.15 3.17 37 3.2 
1.25 1.38 0.19 3.73 46 3.8 
1.50 1.65 0.23 4.12 55 4.2 
1.75 1.93 0.26 4.36 64 4.4 
2.00 2.20 0.30 4.47 73 4.5 
2.25 2.48 0.34 4.51 82 4.6 
2.50 2.75 0.38 4.53 91 4.6 
2.75 3.03 0.41 4.54 100 4.6 
3.00 3.30 0.45 4.53 110 4.6 
3.25 3.58 0.49 4.52 119 4.6 
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Table 16 Energy estimation using CFT. 

Qdim (m3/s) Qmax (m3/s) Qmin (m3/s) Volume (x 107 m3) Power (kW) 
Mean annual energy 

(kWh x 105) 

0.50 0.55 0.25 1.7 18 1.7 
0.75 0.83 0.38 2.5 26 2.4 
1.00 1.10 0.50 3.1 35 3.0 
1.25 1.38 0.63 3.6 44 3.5 
1.50 1.65 0.75 3.9 53 3.8 
1.75 1.93 0.88 4.0 62 3.9 
2.00 2.20 1.00 4.0 70 3.9 
2.25 2.48 1.13 3.8 79 3.8 
2.50 2.75 1.25 3.6 88 3.5 
2.75 3.03 1.38 3.2 97 3.1 
3.00 3.30 1.50 2.8 106 2.8 
3.25 3.58 1.63 2.4 114 2.4 

 STEP 4, 5, 6: ECONOMIC ANALYSIS AND COMPARISON OF THE SOLUTIONS  

The economic analysis is performed assuming constant prices and different discount rates (3% and 6%) 

for a period of 15 years. Annual benefits are determined based on average electricity price in the WWTP 

concerning the data available. A value of 0.10 €/kWh is considered, which fits into the EU average 

electricity price that ranges from 0.02 to 0.27 2010$/kW for small hydropower plants [13]. This value 

was considered constant in all years. It was assumed that the annual O&M costs represent 10% of the 

annual benefit.  

For each turbine, the percentages assumed for each cost item is a function of the total cost of the project, 

which are presented in Table 17. These percentages were based on literature review and on comparison 

with similar projects. Construction engineering and management have been considered the same for all 

types of turbines. When comparing the three turbines, the Kaplan turbine generally is more expensive 

than the AST or the CFT [55]. The Kaplan turbine has shown to contribute to 50% of the total cost of the 

WWTP [40]. The AST is believed to contribute to 18-39% of the total cost for a small hydropower 

scheme. Also, AST has proven to be 10% cheaper than the Kaplan turbine [50]. However, it is believed 

that the hydromechanical and electromechanical costs of the AST are higher [56]. The AST has a very 

simple design which can significantly reduce the cost. However, it requires a lot of space to operate in 

its best efficiency angle (22º to 24º)  [49], therefore a higher percentage for civil costs is given to the 

AST than the Kaplan. CFT is considered a low-cost turbine, and therefore, considered the cheapest 

technology of the three. Nevertheless, space requirement is more than for the other turbines types, 

though a less complex structure is required. Therefore, it is considered the one with higher civil works 

percentage. 
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Table 17 Percentage of costs breakdown. 

 Kaplan turbine AST CFT 

Electrical regulation and control equipment 20% 30% 20% 

Turbine and generator 42% 30% 27% 

Civil work 30% 32% 45% 

Construction engineering and management 8% 8% 8% 

Sum 100% 100% 100% 

In this thesis a specific equation was developed to estimate the total cost of the hydropower project 

when installing AST and CFT, using the software Microsoft Excel and based on real costs of projects 

that have used these types of turbines and based in Fig.  47 that shows the specific investment costs 

regarding the electrical power output using an AST. This study took into account a survey in six 

European countries (Austria, Italy, Germany, United Kingdom, Ireland and Switzerland), where a total 

of 74 AST were documented and located at 71 sites across Europe [49], [52], [57], [58].  

 

Fig.  47 Power plant total costs regarding the electrical power output using an AST [49]. 

The developed equations and the respective coefficient of determination, R2, are presented as followed: 

 𝐶𝑡 𝐴𝑆𝑇  (€2017) = 2 114.9 × 𝑃 + 136 243,   𝑅2 = 0.9981  (eq. 4.3)  

 𝐶𝑡 𝐶𝐹𝑇  (€2017/𝑘𝑊) = 10 119 × 𝑒−0,013 × 𝑃,   𝑅2 = 0.8938  (eq. 4.4) 

where: P is the power output (kW), H is the net head (m), Ct AST is the total cost of the project using an 

AST and Ct CFT is the total cost of the project using a CFT. 

The specific cost of electro-mechanical equipment for a Kaplan turbine was estimated using eq. 2.10. 

The total costs of the project were estimated using a general cost function, eq. 2.5, presented in Chapter 

2, that can be used for all types of turbines with head under 30 m, and using a specific cost function for 

each type of turbine. 

Results of the design discharge optimization (costs, benefits and net present value (NPV)) are presented 

in Appendix B for each alternative and considering different discounts rates (3 and 6%) and the different 
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cost function. The total cost of a small hydropower scheme usually varies between 1300 and 8000 €/kW. 

Therefore, costs that are out of this range are considered outliers. 

Fig.  48 and Fig.  49 show the graph NPV versus design discharge for each solution using the general 

cost function and the specific cost function to estimate the costs of the project. The solid line represents 

the discount rate 3% and the dashed line represents the discount rate 6%. The NPV is quite sensitive 

to the discount rate, therefore the discount rate should be carefully considered analysed.  None of the 

turbines has a negative NPV for the design discharge in the different scenarios and alternatives 

considered. This means that all alternatives are viable, as the discounted benefits during the lifetime of 

the project are sufficient to cover the initial cost. 

Among the possible alternative turbines, the best will be the one with higher NPV therefore the Kaplan 

turbine seems to be the best choice. Its optimal design flow rate varies between 1.50 to 1.75 m3/s and 

NPV range from 80 to 290 k€ (values referring to 2017). 

 

Fig.  48 Comparison of NPV (€) vs Qdim (m3/s) using the general cost function. 

 

Fig.  49 Comparison of NPV (€) vs Qdim (m3/s) using the specific cost function. 
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summarise the output of the economic analysis. For the three analysed scenarios, the CFT appears to 

be the worst turbine, as it has the largest payback period and it is the one with the lowest power output. 

Although the overall costs of the AST appear to be lower when compared to the Kaplan turbine, the AST 

has lower power outputs and NPV than the Kaplan turbine for the optimal design flow of each one. 

Table 18 and Table 19 summarise the output of the economic analysis. For the three analysed scenarios, 

the CFT appears to be the worst turbine, as it has the largest payback period and it is the one with the 

lowest power output. Although the overall costs of the AST appear to be lower when compared to the 

Kaplan turbine, the AST has lower power outputs and NPV than the Kaplan turbine for the optimal 

design flow of each one. 

Table 18 Output of the economic analysis using the general cost function. 

General cost function Kaplan AST CFT 

Discount rate  3% 6% 3% 6% 3% 6% 

Qdim (m3/s) 1.50 1.50 1.5 1.25 1.25 1.25 

NPV (€) 169 515 80 241 126 097 51 310 87 112 23 490 

Power (kW) 65 65 55 46 44 44 

Payback period 
(years) 

8.5 8.5 8.9 8.8 9.6 9.6 

Cost (€) 379 043 379 043 337 056 299 388 303 825 303 825 

Net benefit (€/year) 44 612 44 612 37 667 34 065 31 794 31 794 

Benefit present value 
(€) 

548 557 459 284 463 153   350 698 390 936   327 314 

Table 19 Output of the economic analysis using the specific method. 

Specific cost function Kaplan AST CFT 

Discount rate  3% 6% 3% 6% 3% 6% 

Qdim (m3/s) 1.75 1.75 1.75 1.75 1.50 1.50 

NPV (€) 294 915 200 895 € 217 651 138 054 146 147 77 077 

Power (kW) 76 76 64 64 53 53 

Payback period 
(years) 

6.0 6.0 6.8 6.8 8.1 8.1 

Cost (€) 282 812 282 812 271 449 271 449 278 272 278 272 

Net benefit (€/year) 46 985 46 985 39 777 39 777 34 517 34 517 

Benefit present value 
(€) 

577 727 483 707 489 100   409 503 424 419 355 349 

The variations of the total costs of the project (€/kW) considering the power outputs (kW) of each of the 

three alternatives are illustrated in Fig.  50, Fig.  51 and Fig.  52. As expected when using the general 

cost function to estimate the total costs of the project, these costs tend to be higher than the ones using 

the specific cost function for each solution.  
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Fig.  50 Kaplan turbine total costs of the project (€/kW) considering the power outputs (kW). 

 

Fig.  51 AST total costs of the project (€/kW) considering the power outputs (kW).  

 

Fig.  52 CFT total costs of the project (€/kW) considering the power outputs (kW). 
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Fig.  53 and Fig.  54 show the cumulative cash flow graphic for the optimal design discharge of each 

alternative using the general cost function and specific cost function to determine initial costs of the 

project respectively. The NPV was determined by eq. 2.17 assuming that the cash flow occurs at one-

year intervals and that the first cash flow occurs at the end of the first period and subsequent cash flow 

occurs at the ends of subsequent periods. 

Appendix C presents the annual cash flow table analysis for the different turbines using the different 

costs functions. It should be noted that the payback period indice is not as good as the NPV for decision 

making. This is because the payback period does not take in consideration the discount of future cash 

flow. The payback period should not exceed 7 to 10 years for the small hydropower project to be 

considered profitable [23], [49]. Taking this into account, once more the CFT seems to be the less 

efficient alterative for the WWTP and the Kaplan turbine seems to be the best solution. As it can be seen 

in Fig.  53 and Fig.  54, for the Kaplan turbine, the cumulative cash flow is negative until the 5th to 8th 

years for the discount rate of 3% depending on the cost estimation function used. This means that by 

the end of this period the total investment of the project is returned, and it starts to be profitable. It should 

be noticed that the best alternative was chosen only considering the economic aspect. Environmental 

conditions were not assessed. 

 

Fig.  53 Cumulative cash flow using the general cost function. 
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Fig.  54 Cumulative cash flow using the specific cost function. 

 CHAPTER CONCLUSIONS   

Taking into account the available head and flow rate at the WWTP outlet, the use of a hydropower 

turbine seems to be viable solution to implement to enhance self-energy production.  

From the available small head technologies three hydro turbines were found to be the most suitable: the 

Kaplan turbine, the AST and the CFT. The developed methodology was tested for the three hydro 

turbines and the results were compared. The CFT seems to be the less efficient alterative for the WWTP 

while the Kaplan turbine has shown to be the best solution.  

When using the Kaplan turbine, the design discharge value varies between: 1.50 to 1.75 m3/s and the 

maximum power outputs estimated varies between: 65 to 76 kW. The analysis estimates that the annual 

energy generated will be around 510 000 kWh using this equipment. 

Based on the design tool for hydro power plants developed by HPP Design [33], some parameters for 

the Kaplan turbine design are presented in Appendix D. The input necessary to run the model were the 

net head of 5.22 m and the maximum discharge of 3.3 m3/s. 

  

-300 000

-200 000

-100 000

0

100 000

200 000

300 000

400 000

500 000

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

C
u
m

u
la

ti
v
e
 c

a
s
h
 f

lo
w

 (
€
2
0
1
7
)

Year 

Kaplan r= 3% AST r= 3% CFT r= 3%

Kaplan r= 6% AST r= 6% CFT r= 6%



62 

 

 

  
CONCLUSIONS AND FURTHER 

DEVELOPMENTS  
This chapter presents the general conclusions of the thesis and recommendations for future works. 
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5.1. GENERAL CONCLUSIONS 

A state of the art review was carried out, analysing the different alternatives for small and micro 

hydropower generation. Special attention was given to energy recovery in WSS and WWS. Currently, 

wastewater management and treatment require high levels of energy and is highly dependent on fossil 

fuels. The use of adequate hydropower solutions could reduce the energy cost and, at the same time, 

reduce the greenhouse gases emissions.  

Not all hydro turbines available in the market are suitable for sewer systems and for WWTP. Continuous 

development of new materials, highly resistant to aggressive liquids, used in the turbomachines is of 

high importance to make these solutions feasible. There is also the need of assessment of the maximum 

energy that can be recovered and the respective economic benefit. The thesis proposes a methodology 

to address this issue.  

The proposed methodology is applied to analyse the potential of recovering energy at the outlet of 

Alcântara’s WWTP. The available water volume at the WWTP outlet was estimated based on the 

balance of measured flow rates at different locations of the WWTP. The developed analysis considered 

that the flow rates in the future will follow the same trend as the one of the period of 2015-2017. 

From the available small head and large flow rate technologies, three hydro turbines were analysed: the 

Kaplan turbine, the inverted Archimedes screw (AST) and the Crossflow turbine (CFT). Based on the 

economic analysis the optimum design discharge value varied between 1.50 and 1.75 m3/s for the 

Kaplan turbine, between 1.25 and 1.75 m3/s for the AST and between 1.25 and 1.50 m3/s for the CFT. 

The maximum estimated output power varied between 65 and 76 kW for the Kaplan turbine, 46 and 64 

kW for the AST and 44 and 53 kW for the CFT. The estimated annual energy generated would be  

ca. 510 000 kWh for the Kaplan turbine, 420 000 kWh for the AST and 370 000 kWh for the CFT.  

An economic analysis was carried out to compare the three hydropower solutions. Cost estimation was 

based on empirical formulas. The benefit depended on the annual energy generated and on the 

electricity price. Results have shown that the three hydropower solutions will return their investment in 

less than 10 years, though the Kaplan turbine and the AST have payback periods of less than 7 years. 

Although the initial capital cost of AST is lower than the one of other solutions, the Kaplan turbine seems 

to be the most suitable alternative based on the global economic analysis. The NPV of the Kaplan 

turbine varies from 80 to 290 k€ (depending on the design discharge) for an analysis period of 15 years. 

The decision on the most adequate turbine among the available alternatives has been discussed in this 

study. Based on the economic analysis, hydropower seems to be a promising solution to adopt at the 

WWTP outlet. However, further investigation will be required into the technical design of the turbine and 

its operation. 
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5.2. FUTURE DEVELOPMENTS  

The presented study covers a broad sensitivity analyses of several model parameters (e.g., discount 

rate, cost functions), though several assumptions and simplifications were considered (e.g., constant 

head, constant efficiency) and future developments are necessary to evaluate their impact of 

hydropower solutions. 

Kaplan turbine has shown to be a promising solution to install at the outlet of water treatment plants. 

The methodology was applied to an estimated flow rate, thus, it would be of the utmost importance to 

install a flowmeter at the outlet WWTP in order to validate obtained results. These would allow to have 

a better understanding of the influence of the initial water level and to determine the best hourly schedule 

of the system for different turbined volumes. It would also allow to consider a variation of the available 

head and a better estimation of the produced power.  

In a future study it should also be included a more detailed technical design of the electrical-mechanical 

equipment. It would also be relevant to analyse the possibility of installing several turbines in parallel in 

order to cope with the flowrate variation. Additionally, it could also be considered the use of different 

renewable energy sources, such as solar, in simultaneous with the hydro turbine in order to increase 

the mean annual energy produced.  

To fully the feasibility study, a more detailed cost estimation should be carried to take into account the 

real cost of electrical mechanical equipment and civil works.  

The economic analysis could also consider the variation of the cost of electricity price over time providing 

a more realistic estimation of annual benefits and the economic indicators.   
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APPENDIX A – SCHEMATIC REPRESENTATION OF THE INSTALLATION SCHEME  

Fig.  55 Schematic representation of the installation scheme of the Kaplan turbine 

Fig.  56  Schematic representation of the installation scheme of the AST. 

Fig.  57  Schematic representation of the installation scheme of the CFT. 



iii 

 

APPENDIX B – DESIGN DISCHARGE OPTIMIZATION (BENEFITS, COSTS AND NPV) 

Table 20 Kaplan turbine annual benefits, net benefit and benefit present value for r=3% and r=6% 

Qdim (m3/s) Power (kW) Annual Benefit (€) Net Benefit (€) 
Benefit present value (€) 

r=3% r=6% 

0.50 22 20 574 18 516 227 678 190 625 

0.75 33 29 952 26 957 331 466 277 522 

1.00 43 38 232 34 409 423 093 354 238 

1.25 54 44 920 40 428 497 108 416 207 

1.50 65 49 569 44 612 548 557 459 283 

1.75 76 52 205 46 985 577 727 483 706 

2.00 87 53 307 47 976 589 920 493 914 

2.25 98 53 612 48 250 593 290 496 736 

2.50 109 53 529 48 176 592 378 495 972 

2.75 119 53 217 47 895 588 923 493 080 

3.00 130 52 702 47 432 583 227 488 311 

3.25 141 52 046 46 841 575 966 482 231 
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Table 21 Kaplan turbine costs breakdown using general cost function, and NPV with r=3% and r=6% 

Qdim 
(m3/s) 

 

Power 
(kW) 

Electro-
Mechanical 
equipment 

€ 2017 

Turbine 
and 

generator 
€ 2017 

Electrical 
regulation and 

control equipment 
€ 2017 

Civil 
work 

€ 2017 

Construction 
engineering and 

management 
€ 2017 

Total 
cost 

 € 2017 

Total cost 
 € 2017/kW 

NPV 

General cost function r=3% r=6% 

0.50 22 115 067 77 949 37 118 55 678 14 847 185 592 8 544 42 086 5 033 
0.75 33 149 765 101 454 48 311 72 467 19 325 241 556 7 413 89 910 35 966 
1.00 43 180 560 122 315 58 245 87 368 23 298 291 225 6 703 131 868 63 013 
1.25 54 208 743 141 407 67 336 101 005 26 935 336 682 6 200 160 426 79 525 
1.50 65 235 006 159 198 75 809 113 713 30 323 379 043 5 816 169 515 80 241 
1.75 76 259 774 175 976 83 798 125 697 33 519 418 990 5 511 158 737 64 717 
2.00 87 283 328 191 932 91 396 137 094 36 558 456 981 5 259 132 939 36 934 
2.25 98 305 871 207 203 98 668 148 002 39 467 493 341 5 047 99 949 3 396 
2.50 109 327 553 221 891 105 662 158 493 42 265 528 311 4 864 64 067 -32 338 
2.75 119 348 487 236 072 112 415 168 623 44 966 562 076 4 705 26 847 -68 995 
3.00 130 368 765 249 808 118 956 178 434 47 583 594 782 4 563 -11 554 -106 470 
3.25 141 388 458 263 149 125 309 187 964 50 124 626 546 4 437 -50 580 -144 314 

Table 22 Kaplan turbine costs breakdown using specific cost function, and NPV with r=3% and r=6% 

Qdim 
(m3/s) 

Power 
(kW) 

Electro-
Mechanical 
equipment 

€ 2017 

Turbine 
and 

generator 
€ 2017 

Electrical 
regulation and 

control 
equipment 

 € 2017 

Civil 
work 

 € 2017 

Construction 
engineering and 

management 
 € 2017 

Total 
cost 

 € 2017 

Total cost 
 € 2017/kW 

NPV 

Specific cost function r=3% r=3% 

0.50 22 115 067 68 447   32 594   48 891   13 038   162 970   7 502   64 708   27 656   
0.75 33 149 765 81 816   38 960   58 440   15 584   194 799   5 978   136 667   82 723   
1.00 43 180 560 92 856   44 217   66 326   17 687   221 086   5 089   202 008   133 153   
1.25 54 208 743 102 435   48 779   73 168   19 512   243 894   4 491   253 214   172 314   
1.50 65 235 006 110 992   52 853   79 280   21 141   264 266   4 055   284 292   195 018   
1.75 76 259 774 118 781   56 562   84 843   22 625   282 812   3 720   294 915   200 895   
2.00 87 283 328 125 969   59 985   89 978   23 994   299 926   3 452   289 994   193 989   
2.25 98 305 871 132 669   63 176   94 764   25 270   315 879   3 231   277 411   180 858   
2.50 109 327 553 138 964   66 174   99 260   26 469   330 868   3 046   261 510   165 105   
2.75 119 348 487 144 916   69 008   103 511   27 603   345 038   2 888   243 885   148 042   
3.00 130 368 765 150 572   71 701   107 551   28 680   358 504   2 751   224 724   129 808   
3.25 141 388 458 155 969   74 271   111 406   29 708   371 355   2 630   204 611   110 877   
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Table 23 AST annual benefits, net benefit and benefit present value for r=3% and r=6% 

Qdim (m3/s) Power (kW) Annual Benefit (€) Net Benefit (€) 
Benefit present value (€) 

r=3% r=6% 

0.50 18 17 301   15 571   191 463   160 304   

0.75 27 25 191   22 672   278 780   233 410   

1.00 37 32 174   28 956   356 051   298 106   

1.25 46 37 850   34 065   418 865   350 698   

1.50 55 41 852   37 667   463 153   387 779   

1.75 64 44 197   39 777   489 100   409 503   

2.00 73 45 311   40 780   501 428   419 825   

2.25 82 45 802   41 222   506 867   424 378   

2.50 91 46 019   41 417   509 262   426 384   

2.75 100 46 071   41 464   509 840   426 868   

3.00 110 46 007   41 407   509 138   426 280   

3.25 119 45 892   41 303   507 866   425 215   
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Table 24 AST costs breakdown using general cost function, and NPV with r=3% and r=6% 

Qdim 
(m3/s) 

Power 
(kW) 

Electro-
Mechanical 
equipment 

€ 2017 

Turbine 
and 

generator 
€ 2017 

Electrical 
regulation and 

control equipment 
 € 2017 

Civil 
work 

 € 2017 

Construction 
engineering and 

management 
 € 2017 

Total 
cost 

 € 2017 

Total cost 
 € 2017/kW 

NPV 

General cost function  r=3% r=6% 

0.50 18 99 020   49 510   49 510   52 811   13 203   165 034   9 035   26 429   -4 730   
0.75 27 128 880   64 440   64 440   68 736   17 184   214 799   7 840   63 980   18 611   
1.00 37 155 380   77 690   77 690   82 869   20 717   258 966   7 089   97 084   39 140   
1.25 46 179 633   89 816   89 816   95 804   23 951   299 388   6 556   119 477   51 310   
1.50 55 202 234   101 117   101 117   107 858   26 964   337 056   6 151   126 097   50 723   
1.75 64 223 547   111 774   111 774   119 225   29 806   372 578   5 828   116 522   36 925   
2.00 73 243 817   121 908   121 908   130 036   32 509   406 361   5 562   95 067   13 463   
2.25 82 263 216   131 608   131 608   140 382   35 096   438 694   5 337   68 173   -14 315   
2.50 91 281 874   140 937   140 937   150 333   37 583   469 790   5 144   39 472   -43 406   
2.75 100 299 889   149 944   149 944   159 941   39 985   499 815   4 975   10 025   -72 947   
3.00 110 317 339   158 669   158 669   169 247   42 312   528 898   4 826   -19 759   -102 618   
3.25 119 334 286   167 143   167 143   178 286   44 571   557 144   4 693   -49 277   -131 929   

Table 25 AST costs breakdown using specific cost function, and NPV with r=3% and r=6% 

Qdim 
(m3/s) 

Power 
(kW) 

Electro-
Mechanical 
equipment 

€ 2017 

Turbine 
and 

generator 
€ 2017 

Electrical 
regulation and 

control equipment 
 € 2017 

Civil 
work 

 € 2017 

Construction 
engineering and 

management 
 € 2017 

Total 
cost 

 € 2017 

Total cost 
 € 2017/kW 

NPV 

Specific cost function r=3% r=6% 

0.50 18 104 924   52 462   52 462   55 959   13 990   174 873   9 574   16 590   -14 569 
0.75 27 116 513   58 257   58 257   62 140   15 535   194 188   7 088   84 591   39 222 
1.00 37 128 102   64 051   64 051   68 321   17 080   213 504   5 844   142 547   84 603 
1.25 46 139 691   69 846   69 846   74 502   18 625   232 819   5 098   186 046   117 879 
1.50 55 151 280   75 640   75 640   80 683   20 171   252 134   4 601   211 020   135 645 
1.75 64 162 869   81 435   81 435   86 864   21 716   271 449   4 246   217 651   138 054 
2.00 73 174 459   87 229   87 229   93 045   23 261   290 764   3 980   210 664   129 061 
2.25 82 186 048   93 024   93 024   99 225   24 806   310 079   3 772   196 788   114 299 
2.50 91 197 637   98 818   98 818   105 406   26 352   329 394   3 607   179 868   96 989 
2.75 100 209 226   104 613   104 613   111 587   27 897   348 710   3 471   161 131   78 158 
3.00 110 220 815   110 407   110 407   117 768   29 442   368 025   3 358   141 114   58 255  
3.25 119 232 404   116 202   116 202   123 949   30 987   387 340   3 262   120 526   37 875 
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Table 26 CFT annual benefits, net benefit and benefit present value for r=3% and r=6% 

Qdim (m3/s) Power (kW) Annual Benefit (€) Net Benefit (€) 
Benefit present value (€) 

r=3% r=6% 

0.50 18 16 644   14 980   184 190   154 215   

0.75 26 24 094   21 685   266 638   223 244   

1.00 35 30 470   27 423   337 191   282 316   

1.25 44 35 326   31 794   390 936   327 314   

1.50 53 38 352   34 517   424 419   355 349   

1.75 62 39 466   35 520   436 753   365 675   

2.00 70 39 073   35 166   432 405   362 035   

2.25 79 37 616   33 854   416 277   348 531   

2.50 88 34 965   31 468   386 936   323 966   

2.75 97 31 472   28 325   348 285   291 605   

3.00 106 27 730   24 957   306 872   256 931   

3.25 114 23 601   21 241   261 177   218 672   
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Table 27 CFT costs breakdown using general cost function, and NPV with r=3% and r=6% 

Qdim 
(m3/s) 

Power 
(kW) 

Electro-
Mechanical 
equipment 

€ 2017 

Turbine 
and 

generator 
€ 2017 

Electrical 
regulation and 

control equipment 
 € 2017 

Civil 
work 

 € 2017 

Construction 
engineering and 

management 
 € 2017 

Total 
cost 

 € 2017 

Total cost 
 € 2017/kW 

NPV 

General cost function  r=3% r=6% 

0.50 18 78 715   45 219   33 496   75 366   13 398   167 480   9 515   16 711   -13 265   
0.75 26 102 452   58 855   43 596   98 092   17 439   217 982   8 257   48 655   5 262   
1.00 35 123 518   70 957   52 561   118 262   21 024   262 804   7 466   74 387   19 512   
1.25 44 142 798   82 033   60 765   136 721   24 306   303 825   6 905   87 112   23 490   
1.50 53 160 764   92 354   68 410   153 923   27 364   342 051   6 478   82 369   13 298   
1.75 62 177 707   102 087   75 620   170 145   30 248   378 100   6 138   58 653   -12 425   
2.00 70 193 820   111 343   82 477   185 572   32 991   412 383   5 857   20 022   -50 349   
2.25 79 209 242   120 203   89 039   200 338   35 616   445 195   5 621   -28 918   -96 664   
2.50 88 224 073   128 723   95 350   214 538   38 140   476 752   5 417   -89 815   -152 786   
2.75 97 238 394   136 950   101 444   228 250   40 578   507 222   5 240   -158 936   -215 617   
3.00 106 252 266   144 919   107 347   241 531   42 939   536 735   5 082   -229 863   -279 804   
3.25 114 265 738   152 658   113 080   254 430   45 232   565 400   4 942   -304 223   -346 727   

Table 28 CFT costs breakdown using specific cost function, and NPV with r=3% and r=6% 

Qdim 
(m3/s) 

Power 
(kW) 

Electro-
Mechanical 
equipment 

€ 2017 

Turbine 
and 

generator 
€ 2017 

Electrical 
regulation and 

control equipment 
 € 2017 

Civil 
work 

 € 2017 

Construction 
engineering and 

management 
 € 2017 

Total 
cost 

 € 2017 

Total cost 
 € 2017/kW 

NPV 

Specific cost function  r=3% r=6% 

0.50 18 66 512   38 209   28 303   63 682   11 321   141 515   8 040   42 675   12 700   
0.75 26 89 769   51 570   38 200   85 949   15 280   190 999   7 234   75 639   32 246   
1.00 35 107 697   61 868   45 828   103 114   18 331   229 142   6 509   108 049   53 174   
1.25 44 121 129   69 585   51 544   115 975   20 618   257 722   5 857   133 214   69 592   
1.50 53 130 788   75 133   55 654   125 222   22 262   278 272   5 270   146 147   77 077   
1.75 62 137 294   78 871   58 423   131 451   23 369   292 114   4 742   144 638   73 560   
2.00 70 141 182   81 104   60 077   135 174   24 031   300 387   4 267   132 018   61 648   
2.25 79 142 912   82 098   60 814   136 830   24 325   304 068   3 839   112 209   44 463   
2.50 88 142 877   82 078   60 799   136 797   24 319   303 993   3 454   82 943   19 972   
2.75 97 141 414   81 238   60 176   135 396   24 070   300 880   3 108   47 405   -9 275   
3.00 106 138 808   79 741   59 067   132 902   23 627   295 337   2 797   11 535   -38 406   
3.25 114 135 305   77 729   57 577   129 548   23 031   287 883   2 516   -26 707   -69 211   
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APPENDIX C - YEAR CASH FLOW  

 

Table 29 Annual cash flow - Kaplan turbine general cost function 

r=3% 
Costs 

Net 
Benefits 

Cash flows 
Cumulative cash 

flow 

r=6% 
Costs 

Net 
Benefits 

Cash 
flows 

Cumulative cash 
flow Year  Year 

-1 379 043 €  -379 043 € -379 043 € -1 379 043 €   -379 043 € -379 043 € 

0   44 612 € 44 612 € -334 430 € 0   44 612 € 44 612 € -334 430 € 

1   43 313 € 43 313 € -291 117 € 1   42 087 € 42 087 € -292 343 € 

2   42 051 € 42 051 € -249 066 € 2   39 705 € 39 705 € -252 638 € 

3   40 827 € 40 827 € -208 239 € 3   37 457 € 37 457 € -215 181 € 

4   39 638 € 39 638 € -168 602 € 4   35 337 € 35 337 € -179 844 € 

5   38 483 € 38 483 € -130 118 € 5   33 337 € 33 337 € -146 507 € 

6   37 362 € 37 362 € -92 756 € 6   31 450 € 31 450 € -115 057 € 

7   36 274 € 36 274 € -56 482 € 7   29 670 € 29 670 € -85 387 € 

8   35 217 € 35 217 € -21 265 € 8   27 990 € 27 990 € -57 396 € 

9   34 192 € 34 192 € 12 927 € 9   26 406 € 26 406 € -30 990 € 

10   33 196 € 33 196 € 46 123 € 10   24 911 € 24 911 € -6 079 € 

11   32 229 € 32 229 € 78 352 € 11   23 501 € 23 501 € 17 422 € 

12   31 290 € 31 290 € 109 642 € 12   22 171 € 22 171 € 39 593 € 

13   30 379 € 30 379 € 140 021 € 13   20 916 € 20 916 € 60 509 € 

14   29 494 € 29 494 € 169 515 € 14   19 732 € 19 732 € 80 241 € 

15   28 635 € 28 635 € 198 150 € 15   18 615 € 18 615 € 98 856 € 

16   27 801 € 27 801 € 225 951 € 16   17 562 € 17 562 € 116 418 € 

17   26 991 € 26 991 € 252 942 € 17   16 567 € 16 567 € 132 985 € 

18   26 205 € 26 205 € 279 147 € 18   15 630 € 15 630 € 148 615 € 

19   25 442 € 25 442 € 304 589 € 19   14 745 € 14 745 € 163 360 € 

20   24 701 € 24 701 € 329 290 € 20   13 910 € 13 910 € 177 270 € 
 Payback period  8.5    Payback period 8.5   
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Table 30 Annual cash flow -  Kaplan turbine specific cost function 

r=3% 
Costs 

Net 
Benefits 

Cash flows 
Cumulative cash 

flow 

r=6% 
Costs 

Net 
Benefits 

Cash 
flows 

Cumulative cash 
flow Year  Year 

-1 296 952 €   -296 952 € -296 952 € -1 296 952 €   -296952 € -296 952 

0  46 985 € 46 985 € -249 968 € 0  46 985 € 46 985 € -249 968 € 

1  45 616 € 45 616 € -204 351 € 1  44 325 € 44 325 € -205 642 € 

2  44 288 € 44 288 € -160 064 € 2  41 816 € 41 816 € -163 826 € 

3  42 998 € 42 998 € -117 066 € 3  39 449 € 39 449 € -124 377 € 

4  41 745 € 41 745 € -75 321 € 4  37 216 € 37 216 € -87 161 € 

5  40 529 € 40 529 € -34 791 € 5  35 110 € 35 110 € -52 051 € 

6  39 349 € 39 349 € 4 557 € 6  33 122 € 33 122 € -18 929 € 

7  38 203 € 38 203 € 42 760 € 7  31 247 € 31 247 € 12 319 € 

8  37 090 € 37 090 € 79 850 € 8  29 479 € 29 479 € 41 798 € 

9  36 010 € 36 010 € 115 860 € 9  27 810 € 27 810 € 69 608 € 

10  34 961 € 34 961 € 150 821 € 10  26 236 € 26 236 € 95 844 € 

11  33 943 € 33 943 € 184 764 € 11  24 751 € 24 751 € 120 595 € 

12  32 954 € 32 954 € 217 718 € 12  23 350 € 23 350 € 143 945 € 

13  31 994 € 31 994 € 249 712 € 13  22 028 € 22 028 € 165 973 € 

14  31 062 € 31 062 € 280 775 € 14  20 781 € 20 781 € 186 754 € 

15  30 158 € 30 158 € 310 933 € 15  19 605 € 19 605 € 206 359 € 

16  29 279 € 29 279 € 340 212 € 16  18 495 € 18 495 € 224 855 € 

17  28 427 € 28 427 € 368 638 € 17  17 448 € 17 448 € 242 303 € 

18  27 599 € 27 599 € 396 237 € 18  16 461 € 16 461 € 258 764 € 

19  26 795 € 26 795 € 423 032 € 19  15 529 € 15 529 € 274 293 € 

20   26 014 € 26 014 € 449 046 € 20   14 650 € 14 650 € 288 943 € 
 Payback period  6.3    Payback period 6.3   
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Table 31 Annual cash flow - AST general cost function 

r=3% 
Costs 

Net 
Benefits 

Cash flows 
Cumulative cash 

flow 

r=6% 
Costs 

Net 
Benefits 

Cash 
flows 

Cumulative cash 
flow Year  Year 

-1 337 056 €  -337056 € -337 056 € -1 299 388 €  -299388 € -299 388 € 

0  37 667 € 37 667 € -299 389 € 0  34 065 € 34 065 € -265 323 € 

1  36 570 € 36 570 € -262 820 € 1  32 137 € 32 137 € -233 186 € 

2  35 505 € 35 505 € -227 315 € 2  30 318 € 30 318 € -202 869 € 

3  34 470 € 34 470 € -192 845 € 3  28 602 € 28 602 € -174 267 € 

4  33 466 € 33 466 € -159 378 € 4  26 983 € 26 983 € -147 284 € 

5  32 492 € 32 492 € -126 887 € 5  25 455 € 25 455 € -121 829 € 

6  31 545 € 31 545 € -95 341 € 6  24 014 € 24 014 € -97 815 € 

7  30 627 € 30 627 € -64 715 € 7  22 655 € 22 655 € -75 159 € 

8  29 735 € 29 735 € -34 980 € 8  21 373 € 21 373 € -53 787 € 

9  28 868 € 28 868 € -6 112 € 9  20 163 € 20 163 € -33 624 € 

10  28 028 € 28 028 € 21 916 € 10  19 022 € 19 022 € -14 602 € 

11  27 211 € 27 211 € 49 127 € 11  17 945 € 17 945 € 3 343 € 

12  26 419 € 26 419 € 75 546 € 12  16 929 € 16 929 € 20 272 € 

13  25 649 € 25 649 € 101 195 € 13  15 971 € 15 971 € 36 243 € 

14  24 902 € 24 902 € 126 097 € 14  15 067 € 15 067 € 51 310 € 

15  24 177 € 24 177 € 150 274 € 15  14 214 € 14 214 € 65 524 € 

16  23 473 € 23 473 € 173 747 € 16  13 410 € 13 410 € 78 934 € 

17  22 789 € 22 789 € 196 536 € 17  12 651 € 12 651 € 91 584 € 

18  22 125 € 22 125 € 218 661 € 18  11 934 € 11 934 € 103 519 € 

19  21 481 € 21 481 € 240 142 € 19  11 259 € 11 259 € 114 778 € 

20  20 855 € 20 855 € 260 997 € 20  10 622 € 10 622 € 125 399 € 
 Payback period  8,9    Payback period 8,8   
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Table 32 Annual cash flow - AST specific cost function  

r=3% 
Costs 

Net 
Benefits 

Cash flows 
Cumulative cash 

flow 

r=6% 
Costs 

Net 
Benefits 

Cash 
flows 

Cumulative cash 
flow Year  Year 

-1 271 449 €  -271449 € -271449€ -1 271 449 €   -271449 € -271 449 € 

0  39 777 € 39 777 € -231 672 € 0  39 777 € 39 777 € -231 672 € 

1  38 618 € 38 618 € -193 054 € 1  37 525 € 37 525 € -194 147 € 

2  37 494 € 37 494 € -155 560 € 2  35 401 € 35 401 € -158 745 € 

3  36 402 € 36 402 € -119 159 € 3  33 397 € 33 397 € -125 348 € 

4  35 341 € 35 341 € -83 817 € 4  31 507 € 31 507 € -93 841 € 

5  34 312 € 34 312 € -49 505 € 5  29 724 € 29 724 € -64 117 € 

6  33 313 € 33 313 € -16 193 € 6  28 041 € 28 041 € -36 076 € 

7  32 342 € 32 342 € 16 150 € 7  26 454 € 26 454 € -9 622 € 

8  31 400 € 31 400 € 47 550 € 8  24 957 € 24 957 € 15 335 € 

9  30 486 € 30 486 € 78 036 € 9  23 544 € 23 544 € 38 878 € 

10  29 598 € 29 598 € 107 633 € 10  22 211 € 22 211 € 61 090 € 

11  28 736 € 28 736 € 136 369 € 11  20 954 € 20 954 € 82 044 € 

12  27 899 € 27 899 € 164 268 € 12  19 768 € 19 768 € 101 812 € 

13  27 086 € 27 086 € 191 354 € 13  18 649 € 18 649 € 120 461 € 

14  26 297 € 26 297 € 217 651 € 14  17 593 € 17 593 € 138 054 € 

15  25 531 € 25 531 € 243 182 € 15  16 598 € 16 598 € 154 651 € 

16  24 788 € 24 788 € 267 970 € 16  15 658 € 15 658 € 170 310 € 

17  24 066 € 24 066 € 292 036 € 17  14 772 € 14 772 € 185 081 € 

18  23 365 € 23 365 € 315 401 € 18  13 936 € 13 936 € 199 017 € 

19  22 684 € 22 684 € 338 085 € 19  13 147 € 13 147 € 212 164 € 

20   22 024 € 22 024 € 360 108 € 20   12 403 € 12 403 € 224 566 € 
 Payback period  6.8    Payback period 6.8   
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Table 33 Annual cash flow - CFT general cost function 

r=3% 
Costs 

Net 
Benefits 

Cash flows 
Cumulative cash 

flow 

r=6% 
Costs 

Net 
Benefits 

Cash 
flows 

Cumulative cash 
flow Year  Year 

-1 303 825 €   -303824 € -303 825 € -1 303 825 €   -303 825 € -303 825 € 

0   31 794 € 31 794 € -272 031 € 0  31 794 € 31 794 € -272 031 € 

1   30 868 € 30 868 € -241 163 € 1  29 994 € 29 994 € -242 037 € 

2   29 969 € 29 969 € -211 195 € 2  28 296 € 28 296 € -213 741 € 

3   29 096 € 29 096 € -182 099 € 3  26 695 € 26 695 € -187 046 € 

4   28 248 € 28 248 € -153 851 € 4  25 183 € 25 183 € -161 863 € 

5   27 425 € 27 425 € -126 426 € 5  23 758 € 23 758 € -138 105 € 

6   26 627 € 26 627 € -99 799 € 6  22 413 € 22 413 € -115 692 € 

7   25 851 € 25 851 € -73 948 € 7  21 145 € 21 145 € -94 547 € 

8   25 098 € 25 098 € -48 850 € 8  19 948 € 19 948 € -74 599 € 

9   24 367 € 24 367 € -24 483 € 9  18 819 € 18 819 € -55 781 € 

10   23 657 € 23 657 € -825 € 10  17 753 € 17 753 € -38 027 € 

11   22 968 € 22 968 € 22 143 € 11  16 748 € 16 748 € -21 279 € 

12   22 299 € 22 299 € 44 442 € 12  15 800 € 15 800 € -5 479 € 

13   21 650 € 21 650 € 66 092 € 13  14 906 € 14 906 € 9 428 € 

14   21 019 € 21 019 € 87 112 € 14  14 062 € 14 062 € 23 490 € 

15   20 407 € 20 407 € 107 519 € 15  13 266 € 13 266 € 36 756 € 

16   19 813 € 19 813 € 127 331 € 16  12 515 € 12 515 € 49 272 € 

17   19 236 € 19 236 € 146 567 € 17  11 807 € 11 807 € 61 079 € 

18   18 675 € 18 675 € 165 242 € 18  11 139 € 11 139 € 72 217 € 

19   18 131 € 18 131 € 183 374 € 19  10 508 € 10 508 € 82 725 € 

20   17 603 € 17 603 € 200 977 € 20   9 913 € 9 913 € 92 639 € 
 Payback period  9.6    Payback period 9.6   
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Table 34 Annual cash flow - CFT specific cost function  

r=3% 
Costs 

Net 
Benefits 

Cash flows 
Cumulative cash 

flow 

r=6% 
Costs 

Net 
Benefits 

Cash 
flows 

Cumulative cash 
flow Year  Year 

-1 278 272 €   -278 272 € -278 272 € -1 278 272 €   -278 272 € -278 272 € 

0   34 517 € 34 517 € -243 755 € 0  34 517 € 34 517 € -243 755 € 

1   33 511 € 33 511 € -210 244 € 1  32 563 € 32 563 € -211 192 € 

2   32 535 € 32 535 € -177 709 € 2  30 720 € 30 720 € -180 473 € 

3   31 588 € 31 588 € -146 121 € 3  28 981 € 28 981 € -151 492 € 

4   30 668 € 30 668 € -115 454 € 4  27 340 € 27 340 € -124 151 € 

5   29 774 € 29 774 € -85 679 € 5  25 793 € 25 793 € -98 359 € 

6   28 907 € 28 907 € -56 772 € 6  24 333 € 24 333 € -74 026 € 

7   28 065 € 28 065 € -28 707 € 7  22 956 € 22 956 € -51 070 € 

8   27 248 € 27 248 € -1 459 € 8  21 656 € 21 656 € -29 414 € 

9   26 454 € 26 454 € 24 995 € 9  20 430 € 20 430 € -8 984 € 

10   25 684 € 25 684 € 50 679 € 10  19 274 € 19 274 € 10 290 € 

11   24 936 € 24 936 € 75 614 € 11  18 183 € 18 183 € 28 473 € 

12   24 209 € 24 209 € 99 824 € 12  17 154 € 17 154 € 45 627 € 

13   23 504 € 23 504 € 123 328 € 13  16 183 € 16 183 € 61 810 € 

14   22 820 € 22 820 € 146 147 € 14  15 267 € 15 267 € 77 077 € 

15   22 155 € 22 155 € 168 302 € 15  14 403 € 14 403 € 91 479 € 

16   21 510 € 21 510 € 189 812 € 16  13 587 € 13 587 € 105 066 € 

17   20 883 € 20 883 € 210 695 € 17  12 818 € 12 818 € 117 885 € 

18   20 275 € 20 275 € 230 970 € 18  12 093 € 12 093 € 129 977 € 

19   19 684 € 19 684 € 250 654 € 19  11 408 € 11 408 € 141 386 € 

20   19 111 € 19 111 € 269 765 € 20   10 762 € 10 762 € 152 148 € 
 Payback period  8.1    Payback period 8.1   
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APPENDIX D – DESIGN PARAMETERS FOR KAPLAN TURBINE 

 

 

 

TURBINE SPECIFICATIONS 
 
 

  

Name Kaplan turbine. Vertical "S" 

n 375 r.p.m 

Number of blades  4 

Hs 6.5 m 

Peak efficiency 87.10 % 

Max turbine mechanical power 139 kW 

minimum flow 0.49 m3/s 

  

TURBINE DIMENSIONS  

 

  

Runner outer Diameter - D0: 920 mm 

Runner inner diameter - Di: 459 mm 

Guide vain height - Bd: 395 mm 

Pipe connection for valve - Dv: 1200 mm 

Gate circle diameter - Dc: 1173 mm 

Numbers of guide vanes: 18 

  

SPIRAL CASE DIMENSION 

 

  

S1: 1274 mm 

S2: 1881 mm 

S3: 2416 mm 

S4: 1563 mm 

  

DRAFT TUBE DIMENSIONS  

 

  

Diffuser height - T1: 1150 mm 

Diffuser width - T4: 3580 mm 

Diffuser length - T2: 6440 mm 

Discharge height - T3: 550 mm 


