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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. 
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1 INTRODUCTION  
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. 

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 [1]. 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 

[2]. 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 
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security and environmental concerns, growing 

demand for energy in developing and emerging 

economies, and the need for access to modern energy 

generation solutions. 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 (Fig.  1) [3], [4]. 

 

Fig.  1 Estimated renewable energy share of global electricity 
production in 2016 [3]. 

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 [4]. It is likely that 

this renewable resource continues to be exploited as 

a response for the increasing demand for energy [5]. 

By the end of 2015, China accounted for 27.9% of the 

global hydropower installed, proving to be far ahead of 

other countries: Brazil (8.6%), USA (7.5%), Canada 

(7.4%), the Russian Federation (4.5%) and India 

(4.4%) [3]. Renewable energy represented 29.6% of 

the European energy in 2016, from which 10.7% came 

from hydropower. 

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 

                                                      

1 “APREN, Associação portuguesa de energias renováveis.” http://www.apren.pt/ (last visited May 2018) 

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 [6]. 

The dependence of Portugal on fossil fuels has been 

reduced in the past years, mostly due to the increasing 

of hydropower and wind power installed capacity and 

production [7]. In Portugal, hydro, wind, solar, 

geothermal and biomass are responsible for 

producing, annually, 54% of the national electricity. In 

2016, Portugal accomplished a new milestone. For 

107 hours (more than four successive days), 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 APREN1. 

In 2017, a small reduction on renewable energy 

production was observed, mainly because the year 

2017 was an extremely dry and hot year. Renewable 

energy sources accounted for 44.3% of the total 

consumption in Portugal. Wind power generation was 

the major renewable energy source, 23.1%, followed 

by hydroelectricity, 14.2%. When compared to 2016, 

there was a significant drop in hydroelectricity 

generation in 2017 [10]. During the first four months of 

2018, renewable energy accounted for 66.7% of the 

total production, from which 32.3% came from 

hydropower and 28.4% from wind. Fig.2 illustrates the 

production of electricity by source in the last two years 

in Portugal.  

 

 

Fig.  2 Production of electricity by source in Portugal (APREN1). 
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2 STATE-OF-THE-ART 

2.1 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 that is dissipated through these 

devices that could, otherwise, be recovered and 

transformed into electrical energy. On the other hand, 

water pumping and treatment requires a high amount 

of energy, thus, produced energy could be used for 

those purposes. 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 [11]. 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.   

2.2 HYDROPOWER PLANTS CLASSIFICATION 

There are different ways to classify hydropower plants. 

A classification is presented herein according to the 

facility type and the range of installed power. 

Hydropower schemes are usually classified as run-of-

river schemes, storage schemes or pump storage 

schemes. 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. 

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 

(European Small Hydropower Association) 2004 [12].  

The classification of hydropower plants according to 

its power is a thematic without a worldwide consensus. 

Williams et al. [5] 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. 

2.3 TYPES OF HYDRAULICS TURBINES 

Hydraulics turbines are mechanical devices that can 

convert the potential energy stored in water into 

rotational mechanical power [13]. 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.  3. In low heads schemes the most common 

hydraulics turbines are the Crossflow turbine, Francis 

turbine, Propeller turbine, the screw type turbine 

(Archimedean screw turbine) and waterwheel turbine. 

 

Fig.  3 Hydraulic turbines classification according to the system in 
which they are installed [1]. 

2.4 TURBINE SELECTION 

Turbine type, dimensions and design are usually 

determined by the net head, the variation of flow rate, 
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the rotation speed, the occurrence of cavitation 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 manufacturers (turbine 

application charts, see example in Fig.  4) to select the 

most adequate turbines. 

 

Fig.  4 Example of a turbine selection chart [14]. 

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. Once the specific 

speed is estimated, Fig.  5, or similar chart supplied by 

manufactures, may be used to determine the type of a 

turbine to be used [15]. 

 

Fig.  5 Example of turbine selection charts based on Ns [15]. 

The turbines efficiency is a relevant factor to take into 

account. An example of the efficiency curves of 

different types of turbines is shown in Fig.  6. 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. 

 

Fig.  6 Typical efficiency curve of different types [16]. 

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. 

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.  7, shows a typical distribution 

of the capital costs. The cost of electro-mechanical 

equipment, 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.  

 

Fig.  7 Typical distribution of investment costs [17].  

Several studies have analysed the costs of 

hydropower projects and electro-mechanical 

equipment. 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. Table 1 shows 

some of these cost functions. 
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Table 1 Published cost functions 

Cost function Author and country  

𝑪𝒆𝒎 (𝐔𝐒$, 𝟏𝟗𝟕𝟖) = 𝟗𝟎𝟎𝟎 × 𝐏𝟎,𝟕 × 𝐇−𝟎,𝟑𝟓 Gordon and Penman, North-America [19]  (eq. 2.1) 

𝑪𝒆𝒎 (€𝟐𝟎𝟎𝟎) = 𝟐𝟎 𝟓𝟕𝟎 × 𝑷𝟎.𝟕 × 𝑯−𝟎,𝟑𝟓 Papontonis, Europe [20]  (eq. 2.2) 

𝑪𝒌 (€𝟐𝟎𝟎𝟎) = 𝟑𝟓 𝟒𝟒𝟔 × 𝑷𝟎.𝟒𝟏 × 𝑯−𝟎.𝟐𝟏 Papontonis, Europe [20] (eq. 2.3) 

𝑪𝒕 (£𝟐𝟎𝟎𝟖) = 𝟐𝟓 𝟎𝟎𝟎 × (
𝑷

𝑯𝟎.𝟑𝟓
)

𝟎.𝟔𝟓

, (𝑯 < 𝟑𝟎𝒎) 
Aggidis et al., Europe [21] (eq. 2.4) 

𝑪𝒕 (£𝟐𝟎𝟎𝟖) = 𝟒𝟓 𝟓𝟎𝟎 × (
𝑷

𝑯𝟎.𝟑𝟎
)

𝟎.𝟔

, (𝟑𝟎 > 𝑯 > 𝟑𝟎𝒎) 
Aggidis et al., Europe [21] (eq. 2.5) 

𝑪𝒆𝒎 (£𝟐𝟎𝟎𝟖) = 𝟏𝟐 𝟎𝟎𝟎 × (
𝑷

𝑯𝟎.𝟐𝟎
)

𝟎.𝟓𝟔

 
Aggidis et al., Europe [21] (eq. 2.6) 

𝑪𝒌 (£𝟐𝟎𝟎𝟖) = 𝟑𝟓𝟎𝟎 × 𝒌𝑾𝟎.𝟔𝟖 , (𝟎, 𝟓 > 𝑸 > 𝟓 𝒎𝟑/𝒔) Aggidis et al., Europe [21] (eq. 2.7) 

𝑪𝒌 (£𝟐𝟎𝟎𝟖) = 𝟏𝟒 𝟎𝟎𝟎 × 𝒌𝑾𝟎.𝟑𝟓 (𝟓 > 𝑸 > 𝟑𝟎 𝒎𝟑/𝒔) Aggidis et al., Europe [21] (eq. 2.8) 

𝑪𝒌 (€𝟐𝟎𝟏𝟒) = 𝟐𝟐 𝟏𝟓𝟓 × 𝑷𝟎.𝟒𝟎 × 𝑯−𝟎.𝟏𝟓𝟐 Ogayar and Vidal, Spain [17], [22] (eq. 2.9) 

2.6 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 consider 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. The present value PVn at the 

current year, n, of one monetary unit is the summation 

of the annual monetary fluxes, being given by: 

 
𝑃𝑉𝑛 = ∑

1

(1 + 𝑟)𝑛
×  𝐹𝑉𝑛

𝑛

𝑛=1

 
(eq. 2.10) 

where r is the discount rate; FVn is single generic 

monetary flux. 

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 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.  2.11) 

For an economic analysis, there are some methods of 

economic evaluation that can be used to compare 

alternative design solutions.  

The payback period (PB) can be estimated by: 

 
𝑃𝑏 =

𝑁𝑒𝑡 𝑐𝑜𝑠𝑡 

𝑁𝑒𝑡 𝑎𝑛𝑛𝑢𝑎𝑙 𝑟𝑒𝑣𝑒𝑛𝑢𝑒
 (eq.  2.12) 

The return of the investment (ROI) can be calculated 

by: 

𝑅𝑂𝐼 =
𝑁𝑒𝑡 𝑎𝑛𝑛𝑢𝑎𝑙 𝑟𝑒𝑣𝑒𝑛𝑢𝑒 − 𝑑𝑒𝑝𝑟𝑒𝑐𝑖𝑎𝑡𝑖𝑜𝑛 

𝑖𝑛𝑣𝑒𝑠𝑡𝑚𝑒𝑛𝑡 𝑐𝑜𝑠𝑡 
× 100 (eq.  2.13) 

the net present value (NPV), is equal to: 

𝑁𝑃𝑉 =  ∑
𝑅𝑛 − (𝐼𝑛 + 𝑂𝑛 + 𝑀𝑛)

(1 + 𝑟)𝑛
+ 𝑉𝑛

𝑛

𝑛=1
 (eq.  2.14) 

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 (IRR) The internal rate of 

return represents the interest rate at which the NPV of 
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all cash flows (negative and positive) from a project or 

investment equals zero. 

3 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 divided into six main steps. These steps are 

described in the following paragraphs. 

3.1 STEP 1: SYSTEM CHARACTERIZATION 

This step consists of the definition of the main 

characteristics of the site and the collection of 

historical data concerning the available head and flow 

rate over the past years 

3.2 STEP 2: TURBINE SELECTION  

This consists of the selection of the potential technical 

solutions suitable to the available head and flow rates. 

Once the technical solutions are chosen, the overall 

efficiency and maximum and minimum discharge for a 

working turbine must be defined. 

3.3 STEP 3: POWER AND ENERGY ESTIMATION  

The step focuses on the estimation of the hydropower 

potential power, P (kW), and mean annual energy 

produced, E (kWh). 

3.4 STEP 4: BENEFITS, COSTS AND OPTIMAL DESIGN 

DISCHARGE 

This consist of estimation of 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. 

3.5 STEP 5: ECONOMIC ANALYSIS   

This step consists of the estimation the cash flow, 

payback period and net present value and the 

evaluation of the project economic feasibility. 

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.  

A MS Excel-based model was developed to apply the 

proposed methodology to each turbine solution. 

4 CASE STUDY 

4.1 STEP 1: SYSTEM CHARACTERIZATION 

The proposed hydropower scheme is located at the 

outlet of Alcântara 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. 

When the flow enters in the WWTP 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.  

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.  

This thesis consists of the viability study to install a 

hydropower turbine at the outlet of WWTP, after the 

two UV disinfectors (last treatment of the MULTIFLO 

line) that are installed at the WWTP outlet. A selection 

of the most suitable hydropower turbine is made using 

a cost-benefit analysis. 

The flow rate was estimated based on data collected 

from the flow meters at the WWTP, between 

September 2013 and September 2017. As there are 
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no flow meters at the outlet of WWTP, two methods 

have been used to estimate the discharged flow rate 

at the WWTP outlet. The flow duration curve was 

obtained for four complete years (from September to 

September) (see Fig.  8).  

 

Fig.  8 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. 

4.2 STEP 2: 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 net head of 5 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.  4. 

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. Table 2 shows the gross head 

and net head assumed for each turbine. 

Table 2 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 

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. Table 3 shows maximum 

and minimum admissible flow and global efficiencies 

for each alternative turbine. 

Table 3 Maximum and minimum admissible flow and overall 
efficiencies for each alternative turbine. 

 Qmin/Qdim Qmax/Qdim η overall 

Alternative 1: Kaplan 
turbine 

25% 110% 85% 

Alternative 2: AST 15% 110% 70% 

Alternative 3: CFT 50% 110% 80% 

4.3 STEP 3: POWER AND ENERGY OUTPUT ESTIMATION 

Once the turbine and their operation characteristics 

are defined, other parameters are calculated, namely: 

the electrical power output, P (kW); the mean annual 

energy produced, E (kWh/year); and the turbined 

volume, V (m3). 

The electrical power output, P (kW), of a hydropower 

scheme is determined by: 

𝑃 =  𝜂 ×  × 𝑄 × 𝐻𝑛𝑒𝑡                            (eq.  2.15) 

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 that same certain period of time:  

𝐸 =  ∫ 𝑃(𝑡)𝑑𝑡
𝑇

0
= 𝑃 × 𝑇 =

𝑉 ×𝐻𝑛𝑒𝑡
3600

𝑔×𝜂

                (eq.  2.16) 

The annual turbined volume, V (m3), can be estimated 

using the FDC, which is represented as the area below 

the flow duration curve. It was assumed that the 

turbine will operate daily 24 h. 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. 
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4.4 STEPS 4-6: ECONOMIC ANALYSIS. SOLUTIONS 

COMPARISON  

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. 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 4. These percentages 

were based on literature review and on comparison 

with similar projects. 

Table 4 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% 

A specific formula was developed to estimate the total 

cost of the hydropower project when installing AST 

and CFT. The developed equations are presented as 

followed: 

𝐶𝑡 𝐴𝑆𝑇  (€2017) = 2 114.9 × 𝑃 + 136 243          (eq.  2.17) 

𝐶𝑡 𝐶𝐹𝑇  (€2017/𝑘𝑊) = 9 931.1 × 𝑒−0,012 × 𝑃     (eq.  2.18) 

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 design discharge optimization was made for each 

alternative, considering different discounts factors (3 

and 6%). To estimate the total cost of the project it was 

considered a general equation that can be used for all 

turbines and a specific equation for each type of 

turbine. 

Figs. 10 and 11 show the NPV variation versus design 

flow rate for each solution using the general cost 

function and the specific cost function to estimate the 

costs. The solid line represents the discount rate 3% 

and the dashed line represents the discount rate 6%. 

Among the possible alternative turbines, the best will 

be the one with higher NPV, that is the Kaplan turbine. 

Its optimal design flow rate varies between 1.50 to 

1.75 m3/s and NPV ranges from 80 to 180 k€. 

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. 

 

Fig.  9 Comparison of NPV (€) vs Qdim (m3/s) general method. 

 

Fig.  10 Comparison of NPV (€) vs Qdim (m3/s) specific method. 

Tables 5 and 6 summarise the output of the economic 

analysis. 
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Table 5 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 6 Output of the economic analysis using the specific cost function. 

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 1.5 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 

 

5 CONCLUSION AND FUTURE DEVELOPMENTS 
Currently, wastewater management and treatment 

require high levels of energy and are 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. It is 

necessary to consider site conditions, as there are 

construction restrictions. Continuous development 

concerning the materials used in the technology and 

their configurations must also be taken into account. 

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 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 analysis was made considering that the 

flows in the future will be equal to the flows that 

occurred in the past three years. From the available 

small head technologies three hydro turbines were 

found to be 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. The 

Kaplan turbine NPV range from 80 to 290 k€ (2017) 

for an analysis period of 15 years, and are able to 

return their investment in less than 7 years. 

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 
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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.  

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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