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O aproveitamento de energia no setor de agua é uma medida importante para tornar os sistemas mais
sustentaveis aumentando a geragdo de energia renovavel, reduzindo os custos operacionais, quando
utilizada para consumo proéprio, ou gerando lucro, ao vender para a rede elétrica nacional. A presente
tese visa desenvolver e aplicar uma metodologia de avaliacdo da viabilidade técnica e econémica do
aproveitamento de energia em sistemas hidricos. O trabalho é iniciado com uma revisao bibliografica
que inclui o levantamento do potencial energético em alguns sistemas hidricos, as possiveis tecnologias
hidroelétricas que podem ser utilizadas, casos de estudos e 0s procedimentos para avaliar a viabilidade
de um projeto desta natureza. A metodologia proposta permite obter uma estimativa da energia
hidroelétrica produzida e dos indicadores econémicos em fungéo do caudal e da queda disponivel, para
cada opcao tecnoldgica, e obter a solugéo tecnolégica recomendével. O procedimento € aplicado a um
caso de estudo real: um acude com 3 m de altura existente junto & nascente do rio Alviela, localizado
no centro de Portugal. A andlise técnico-econdmica foi efectuada para as trés solugcbes diferentes
adequadas a baixas quedas: as turbinas Hélice e Kaplan e o parafuso de Arquimedes invertido. A
estimativa da energia produzida teve por base os caudais afluentes e queda disponivel. Todas as
solugbes sdo economicamente viaveis, mas a mais vantajosa é o parafuso de Arquimedes invertido

com caudal nominal igual a 3,0 m%s, queda nominal igual a 2.5 m e poténcia nominal igual a 55 kW.

Palavras chaves: Energia hidrica, turbinas hidraulicas, aproveitamento de energia, analise técnico-

econémica
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Energy harvesting in the water industry is an important action to make the system more sustainable and
environment-friendly, increasing the renewable energy generation, reducing the operational costs, when
used for own consumption, or generating profit, when selling it to the national electric grid. The present
thesis aims to develop a methodology for assessing the technical and economic feasibility of energy
harvesting in water systems. First, it is analysed the energy potential in some water systems, possible
hydropower technologies that can be used, case studies on the topic and presented the procedures to
evaluate the feasibility of the project. The developed methodology estimates the harvested energy and
the economic indicators as a function of the flow rate and the available head, for each technological
option and indicates the optimal solution. The procedure is applied to a case study in a 3 m weir in
Alviela river near the water source, in the center of Portugal. The technical-economic analysis was
carried out for the three different solutions adequate for low heads: the propeller turbine, the Kaplan
turbine and Archimedes screw turbine. The estimation of the energy harvesting is based on flow rate
dada and the available head. All solutions are economically feasible, but the best solution is the
Archimedes screw turbine with a rated discharge of 3.0 m%/s, a rated head of 2.5 m and a rated power
of 55 kW.

Keywords: Hydroenergy, hydro turbines, energy harvesting, technical-economic analysis.
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1 INTRODUCTION

1.1 Context

Energy and water resources are fundamental to human well-being and sustainable socio-economic
development and are deeply connected and interdependent: water is required to produce, transport and
to use several forms of energy; and energy is required for the extraction, treatment and distribution of
water. Besides, both water and energy are often subject to significant economic, technological,

demographic and social pressures.

Globally, the demand for energy and water will continue to significantly increase over the years to meet
the needs of increasing populations, growing economies and expanding consumption patterns (cf.
Figure 1.1), intensifying pressures on natural resources and enhancing the COz emissions contributing

to climate change [171 3].

Global water demand is predicted to increase 55% by 2050, mainly because of growing demands on
manufacturing, electricity generation and domestic use, making the water to be in stress or scarce in

several locations around the world (cf. Figure 1.1) [4].
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Annual change, 9

2018

X
5000
4000 -

3000

2000

1000

2000 2050 2000 2050 2000 2050
OECD BRIICS RoW World

e industries

(a) (b)

Figure 1.1 (a) Global water demand data from 2000 and scenarios for 2050 by a group of countries and the world
(OECD stands for The Organisation for Economic Co-operation and Development; BRIICS stands for Brazil,
Russia, India, Indonesia, China and South Africa; RoW stands for rest of the world) [4]; (b) Annual global energy
consumption growth in percentage [3].

Therefore, the European Commission set targets on CO:z reductions of 40% (from 1990 levels), 32% of
EU energy from renewables and 32.5% improvement in energy efficiency in 2020. Moreover, the
European Water Framework Directive was created to raise public awareness of the importance of the

protection of water [5].

Trying to reach these goals, a significant niche to improve is the urban water system sustainability. The

supply and treatment of water are highly energy-intensive processes. The estimated energy
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consumption in water supply systems represents 7% [6] of the global energy consumption and that of
the wastewater systems 3-5% [7]. This energy corresponds to the abstraction, treatment, transportation

and distribution of the water and the collection and treatment of wastewater [8].

Energy can be harvested in water systems during anaerobic digestion, co-digestion and sludge
combustion as well as through the installation of hydropower turbines, making them multipurpose
schemes. Promoting efficient and rational use of water and electricity in existing and new water
infrastructures has an important role to achieve sustainability as well as to mitigate climate changes.

This energy can be consumed on-site by the utilities or exported and sold to the national electric grid.

Hydropower is the better-established renewable energy resource with 15.9% of global produced

electricityin2018and i s the worl ddés | argest source of renewabl

total renewables [9]. However, there has been a small increase in the amount of hydropower generation
in the recent past years, because the most feasible large-scale resources have already been exploited
or are now inappropriate due to changes in environmental impact directives. Consequently, small
hydropower is becoming more relevant, because this has lower costs and minor environmental impacts
[1, 2, 10].

Thus, multipurpose schemes in urban water systems can help to achieve the European Commission
goals, leading to energy harvesting in existing infrastructures, generating green energy, reducing
greenhouse gas emissions and using a well-established technology, exploring existing energy

potentials, making these systems more sustainable [11].

1.2 Aim and methodology

This thesis aims to develop a methodology for assessing the technical and economic feasibility of energy
harvesting in water systems, such as water supply systems and wastewater treatment plants, focusing
on low head sites, as well as to demonstrate the application of the methodology to a real case study in

Alviela River, located in the center of Portugal.

The specific objectives are:

i. The review of the best technological solutions for hydroenergy harvesting among those existing
on the market.

ii. The development of a methodology to estimate the amount of harvested energy as a function
of available head and flow rate variation, considering the change in the turbine efficiency due to
the flow variation.

iii. The demonstration of the methodology by the application to a real case study and the

development of a feasibility study.



iv. The development of a sensitivity analysis to the key parameters of the feasibility study
considering the head and flow-rate variation, the discount rate, the project lifetime, the electricity
price and the capital costs.

V. The comparison between the technological solutions considering their technical characteristics
(flow rate, available head, harvested energy, rated power) and the economic indicators: net

present value, internal rate of return and the payback period to assess the best solution.

1.3 Document outline

The present thesis is divided into five chapters. Chapter 1, the current chapter, presents a brief
introduction to the topic and the aim of the project. Chapter 2 presents the state of the art on hydropower,
hydroelectric turbines, energy harvesting on urban water systems, case studies and economic analysis.
Chapter 3 proposes a methodology for assessing the technical and economic feasibility of energy
harvesting in water systems. Chapter 4 describes the Alviela River case study with its actual operation
regime and characterizes the system in terms of flow rate data and the available head and applies the
proposed methodology to the case study, to determine which is the best technical and economic solution
for energy harvesting. Chapter 5 presents the conclusions of the thesis and suggestions for future
research in this domain.



2 STATOFTHEART

2.1 General considerations

This chapter presents a state-of-the-art review on hydropower, water systems, energy harvesting in
these systems, technologies that can be used for this purpose, equations used to estimate the capital
costs involved and the appropriate economic parameters for the feasibility study. It is also described

some case studies on energy harvesting in water systems and the gaps of knowledge in this theme.

2.2 Hydropower

2.2.1 The importance of hydropower

The power of falling water has been used for, at least, 2000 years, initially for water wheels and windmills
for irrigation and milling. In the late 19t century, it was associated with an electrical generator to begin

the production of electricity and became the main source of electricity in earlies of the 20™ century [12].

In a hydropower plant (HPP), the main idea is to convert the potential energy, due to the head, into
kinetic energy that moves the turbine and provides mechanical energy, required to operate a generator
and to produce electricity, which is sent to the electric grid through transmission lines [13]. Figure 2.1
illustrates this energy transfer process.

Electrical

Energy
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Figure 2.1 Hydropower plant with reservoir scheme [13].

The output power of the turbine (P) can be calculated by:

P=gl QgT HeT dg (2.1)

where P is the output power (W), gis the specific weight of the water (9800 N/m?3), Qr is the rated
discharge of the turbine (m3/s), Hr is the rated head of the turbine (m), d: is the efficiency from the overall

system (turbine, generator and transformer).

Since the beginning of its existence, hydropower has shown to be a reliable and low-cost source of
power and energy. Some advantages and disadvantages of hydropower are summarized in Table 2.1.

Another important contribution is multi-purpose, beyond the energy generation; the hydropower plants



create reservoirs that can store water for domestic, industrial and irrigation supply, can control floods

and droughts, can be used for navigation and recreational activities [14]. Also, hydropower is the most

flexible source of power generation being capable of tolerating fluctuations in the demand in a short

time, delivering a base-load power and when a reservoir is used, behaving like a massive power store

over a long time [13].

Table 2.1 Advantages and disadvantages of hydropower [15].

Advantages

Disadvantages

Economic aspects

Low operating and maintenance costs

High investment

Long lifetime (50-100 years or more)

Depends on precipitation

Reliable service

Requires long-term planning and agreements

Proven and consolidated technology

High energy efficiency rate

Social aspects

Keeps water available for other purposes

May involve resettlement

Often provides flood protection

Land uses modify the usual patterns

Often increase navigation conditions and recreation areas

Requires management of water uses

Sustain livelihoods (freshwater and food supply)

Environmental aspects

No pollutants, only few greenhouse gas emissions

Inundation of natural areas

Increase air quality

Transformation of aquatic habitats and
hydrological regimes

Produces no waste

Management of water quality

Avoids depleting non-renewable fuel resources

Figure 2.2(a) highlights the importance of hydropower in the world in the current energy matrix. This

kind of electricity represents 15.9% of the global produced electricity and ist h e

wor | d éusce |

of renewable energy, representing more than 60% of the total renewable sources. This represents a

worldwide annual energy of 4 200 TWh (2018), corresponding to installed power of 1 292 GW, including

pumped storage. Figure 2.2(b) also shows the hydropower installed capacity of the top 20 countries [9].
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Figure 2.2 (a) Importance of the hydropower in the energy matrix [9]; (b) hydropower installed capacity
worldwide, including pumped storage in 2018 [9].
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In the present work the classification relative to the head, the installed power and the three functional

categories 1 run of river (RoR), reservoir (or storage) and pumped storage plants (PSP) i are presented.

Concerning the head, the hydropower can be divided in high head, if has a head above 100 m; medium

head, if has a head between 30 m and 100 m; and low head, if has a head below 30 m [16].

Another classification concerns the power installed as presented in Table 2.2. It should be noted that
these ranges can vary from country to country due to different policies and there is no worldwide

acceptance. The presented classification refers to the one accepted in the European Union [13].

Table 2.2 Hydropower classification concerning generating capacity [13].

Classification of hydropower Generating
plants capacity
Large > 100 MW
Small <10 MW
Mini < 1000 kW
Micro <100 kW
Pico < 5kW

The last classification presented in this work is concerning the functional categories: RoR, reservoir HPP

and PSP [14]. This will be further detailed in the following sections.
2.2.2 Runof-river

Usually, the run-of-river schemes have small size reservoirs associated with almost no storage capacity.
These HPP produce electricity when the flow provided by the river is available. If there is no flow and
the river dries up, the generation ceases. In order words, generation depends on precipitation and runoff
and usually has great variations during the year. However, this classification also includes a small
reservoir, allowing some daily flexibility in adapting to the demand load profile, operating, for example,

in the peak hours, when electricity prices are higher [13, 14, 16].
2.2.3 Reseroir (or storage)

Typically, this type of HPP uses a dam to store water flowing in a river, providing flexibility to generate
electricity on demand and reducing the dependency on precipitation and runoff. The reservoir can retain
sufficient water for months or years of electricity production, depending on its capacity. Besides, the
reservoir can increase the head of the HPP, improving its generation [14]. Figure 2.3 illustrates an
example of a reservoir HPP located in the border of Brazil with Paraguay, called Itaipu, with an installed
capacity of 14 GW; and the dam has 196 m height and 7 919 m length [17].



Figure 2.3 Itaipu dam, in Brazil [17].

Reservoirs sometimes have other additional functions, such as flood protection, irrigation services and
creating a recreational area. However, the dam construction can cause some environmental impacts,
such as flooding of natural areas and transformation of aquatic habitats and hydrological regimes and

this can be a major barrier to its construction.

Another important advantage that can be highlighted is that hydropower can facilitate the low-cost
integration of other renewable sources into the grid, not only being able to respond faster to changes in
demand but also effectively storing electricity generated by, for example, solar and wind, by storing
water in the reservoir rather than generating. This storage can be used when there is insufficient

electricity production by other renewable sources [13].
2.2.4 Pumped storage hydropower

In PSP, there are two reservoirs: the upper and the lower. The water is pumped from the lower to the
upper when the electricity has a low cost (off-peak tariff) or when supply exceeds the demand. When
the demand exceeds the supply and the electricity has a high cost, the water is released from the upper
reservoir to the lower and passes through a turbine generating electricity. The round-trip efficiency is
between 70 to 85%. A simple scheme is shown in Figure 2.4 below [14].

Upper
resemnvoir

Water
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Pump turbine

Water
Conducting tube /
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Figure 2.4 Pump storage hydropower scheme [14].

2.3 Urban water systems
Urban water systems (UWS) are the infrastructures planned and designed to supply the demands for

drinking water and sanitation, the control of infiltration and water runoff, recreational areas and the

maintenance of urban ecosystems [18].



In the present work, it will be highlighted two main systems: water supply systems (WSS) and

wastewater systems (WWS).

A WSS is composed of several assets, such as tanks, pipes, pumps, valves, that withdraw, transport,
store and distribute water to consumers. The water flow occurs due to a hydraulic head difference, which
is provided by gravity or pumping systems. The distribution systems should be operated under pressure
to avoid contamination from groundwater leakage and to meet other requirements [2, 18]. Figure 2.5
illustrates an example of the water supply system, located in the Algarve, south of Portugal (Figure 2.5a)

and an example of the water distribution network of Lisbon (Figure 2.5b).

(@) (b)

Figure 2.5 (a) Water supply system scheme for the Algarve region in Portugal [19]; (b) The water distribution
network of Lisbon. Different service tanks supply the four different areas represented by colours [20].

The wastewater is collected in a sewage system leading to a wastewater treatment plant (WWTP), which
is responsible to remove the contaminants and discharge them into the receiving water bodies. In the
wastewater treatment plants, the water passes through several processes, such as primary settling,

activated sludge, secondary settling, filtration and disinfection [18].

Other important assets in the urban water systems that can be mentioned, such as the runoff collection
network, which became more necessary due to the extension of urban areas and, consequently, the
growth of impermeable areas directly affecting the rainwater drainage systems. Without an appropriate

system, floods, destruction and other problems can occur [21].
2.4 Energyharvestingn urban water systems

The supply and treatment of water are highly energy-intensive processes. It is estimated that the energy
consumption in water supply networks and the wastewater treatment represents 7% [8] and 3 to 5% [7],
respectively, of the global energy. Furthermore, the energy costs account for 15 to 30% of the running
cost of large WWTP and 30 to 40% of smaller plants [22].



With the actual interest in sustainability, the development of energy efficiency in UWS must be a
significant concern, since they have the potential to generate energy, as shown in Figure 2.6. One of
the possible measures that can be taken is the installation of mini or micro-hydropower plants (MHPP)
in urban water systems, exploring the potential to generate electricity, leading to energy harvesting in
these infrastructures. Whenever there are excessive head and sufficient flow rate in a water system, it
can be a possibility to install a hydropower system. When a turbine is installed in pressurized pipes, it
should have a bypass valve to control the flow rate, as shown in Figure 2.7. A multi-purpose hydropower
scheme is the given name when hydropower turbines are attached to existing water infrastructures,

such as wastewater systems, water supply systems and irrigation [6, 8, 23, 24].
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Figure 2.6 Available hydraulic power potential considering average head and discharge for various urban water
systems [25].
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Figure 2.7 Layout of a drinking water system with a turbine to recover energy [26].

The main advantages of energy harvesting in UWS, besides improving energy efficiency, are the
decreasing dependency on the external grid energy and the low capital costs since many necessary
components already exist in a typical WSS or WWS, such as tanks, pipes and valves [27].

Table 2.3 shows the operating and remaining potential sites, in Switzerland, to produce energy in three
different water networks: drinking water, untreated wastewater and treated wastewater. Table 2.4 shows
another example of a viability study carried out in some WWTP in Ireland and the United Kingdom (UK),

their potential to generate power and the economic feasibility estimations.



Table 2.3 Operating and remaining potential Table 2.4 A study done on WWTPs in Ireland and the UK on
energy harvesting sites in the water industry in  energy harvesting potential, adapted from [24].
Switzerland, adapted from [23].

wwre  [lowrate| reaa | TEEEH inge | €05t | period
Potential | Number | Output |Production (m3/s) (m) €)
Water network type | o | ofsites | (MwW) |(GWhiyean) Lo || (==t) dyz=rs)
Ringsend, Ireland 437 37 103 86,887 (442128 51
A Operating a0 1738 80 Carrigrennan, Ireland 1.18 4.0 30 25368 (195123 7.7
Drinking water
Remaining 380 389 175 Navan, Ireland 0.1 16.3 12 9956 |[77,175 7.8
Untreated Operating 3 0.4 14 Shanganagh, Ireland 027 5.0 9 7,253 | 82187 11.3
wastewater
Remaining P 7 o Waterford City, Ireland |  0.37 35 8 6,866 [B6016| 125
Beckton, UK 14.12 286 234 | 202,910 (816,241 40
0] i 6 07 29
Treated wastewater| P09 Knostrop, UK 432 8.5 234 | 202,806 |623,213] 3.1
Remaining| 44 42 19 Crosness, UK 7.22 40 184 | 158,656 |633,257] 4.0

Considering the case studies presented in the previous table, six of these were considered economically
feasible, having a payback period of fewer than 10 years; these are Ringsend, Carrigrennan and Navan
in Ireland and Beckton, Knostrop and Crosness in the UK. The other WWTPs are not economically

viable, mainly, due to the very low flow rates, leading to over 10 years of payback period [24].
2.5 Energyharvestingon water supply system

When recovering energy in a water supply system (WSS), it is important to know the best locations to
install a turbine. The location depends on several factors, namely the flow rate range, which can vary
along the day and can influence the equipment efficiency and the available head. The installation of the
turbine should not interfere with the main purpose of the system [21]. Some possible locations can be

seen in Figure 2.8.

possible
wrbine

spring
catchment

high built-up

area

w=y POSSIblE

o turbine

prescure breaker

Low built-up area

Figure 2.8 Water supply system with possible locations of turbines [23].

When WSS conveys the water from high elevations to lower areas, pressure breaker tanks can be
installed in the system to relieve the excess pressure avoiding pipe failure. Hence, one of the possibilities
to recover energy is, instead of relieving the pressure, using it to run a hydropower turbine. Another
possible location for a turbine is at the inlet of a storage tank, where the water passes through the

machine before being stored in the tank [23, 28].
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Other places are within the supply network where there is pressure in excess. Sometimes, pressure
reducing valves are installed at these locations. The water passes through the turbine and continues
the normal way through the pipe; in this case, the pressure established has to be maintained at the
turbine outlet [23].

2.6 Energyharvestingon wastewater treatment plants

In wastewater treatment plants (WWTP), recovering energy from the flow of wastewater entering or
leaving using turbines is a viable solution. A simplified schematic is presented in Figure 2.9. The turbine
can be installed either at the inlet (Figure 2.9a) or outlet of the WWTP (Figure 2.9b). The main idea is
to find locations with a minor head (2-5 m) and high flow rate (>1 m3/s), maximizing the power generation
[23, 28].
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Figure 2.9 Optimal locations to a turbine in a WWTP [29].

Some information must be considered; the flow in wastewater treatment plants has a great variation
during the year and time of the day and this can affect the turbine efficiency. Therefore, to estimate the
power and the produced energy and to carry out the economic viability study, it is important to take into

account the variable flow rate and turbine efficiency [7].

2.7 Technologie$or energyharvesting

2.7.1 Types of turbines

In this present section, main technologies used for energy harvesting for low heads are presented.
Several hydro-turbine technologies can be used in HPP that are divided into impulse turbines, such as
Pelton, Cross-flow turbine and Archimedes screw turbine (AST) and reaction turbines, such as Francis,
a propeller with fixed blades, a propeller with blades (Kaplan) and pumps running as turbines (PAT).

These equipment can be used in existing water infrastructure sites for energy harvesting, to enhance
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the energy efficiency of UWS by hydraulic energy harvesting, reducing greenhouse gas emissions,

increasing profit and for environmental requirements [30].

As referred, hydropower plants transform the potential energy of the flowing water into kinetic energy
that moves a turbine and the generator and that produces electricity. Turbines are machines that convert

the potential energy from the water into rotating shaft power [13].

The turbine for any application depends, mainly, on the head and flow rate available. All of them have
power and efficiency-speed characteristic, so it will be more efficient at a specific range of speed, head

and flow rate [31].

Turbines can be classified concerning the head, H, operation range and by their operation principle: an
impulse or reactive turbine as is shown in Table 2.5. An impulse turbine operates at atmospheric
pressure whereas reaction turbines operate under pressure. The latter ones can also be classified into
radial, axial, or mixed flow, depending on the direction of the fluid relative to the rotor. [32]

Table 2.5 Turbine classification, adapted from [31].

Turbine type Head > 50m 50m > Head > 10m Head < 10m
Cross-flow
Pelton
Impulse Turgo Cross-flow
Turgo Pelton

Francis (spiral case) |Francis (open-flume)

Reaction Francis Propeller Propeller

Kaplan Kaplan

Impulse turbines have a simple design and are used for medium and high heads. They have higher
efficiency at part flow conditions and are easier to maintain and manufacture than reaction turbines.
However, installing them at low head sites is not feasible, when considering their performance and
economic analysis. The exception is the Cross-flow turbine, in which the efficiency depends mainly on

the flow rate.

On the other hand, reaction turbines can perform better at the lower head and high flow rate locations,
due to their higher specific speed since the turbines are connected directly to the alternator without
needing a transmission system. However, these turbines generally do not operate as efficiently at low
flow rates and their installation is more complicated because they need the design of specific parts, such

as special casing and guide vanes, leading to more costly equipment [33, 34].
2.7.2 Pelton

The Pelton turbine (Figure 2.10a) is an impulse type of turbine and has one or multi-jets. The wheel is
suitable for large heads, higher than 50 m and low flow rates from 0.01 to 1 m3/s. A small sized single-

jet Pelton turbine has been applied in some lower head cases recently [34, 35].
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Figure 2.10 (a) Pelton turbine scheme [36]; (b) Part flow efficiencies: Red curve for a single jet and blue curve
for two jets [35].

The turbine operation is by directing one or more jets of water tangentially into a runner with split buckets
causing a force on the buckets, making them rotate, resulting in torque on its shaft. After, the waterfalls

into the tailrace [36].

Their efficiency is from 70 to 90% and the minimal discharge is 15% of the designed discharge per
nozzle. With more spear-jets, the Pelton turbine can operate with higher efficiency in a wider range of
flow rates, as shown in Figure 2.10(b), the red curve represents a single-jet Pelton and the blue one is
a two jets Pelton turbine [11, 31].

2.7.3 Francis

The Francis turbine is a reaction type turbine and its flow direction is radial or mixed with an adjustable
wicket gate. The water flows radially inwards into the runner and is turned to emerge axially. The runner

is most commonly installed in a spiral casing with internal adjustable guide vanes [31].

The main components consist of the runner, a water supply case to carry the water to the runner, wicket
gates to control the quantity of water and distribute it to the runner and a draft tube to transport the water
away from the turbines. It is installed at head ranges generally from 15 to 750 m, the medium flows,
from 0.5 to 4 m3/s and for power ranges from 0.25 to 800 MW per unit. However, smaller Francis turbines
can be used at low heads (1.5 to 20 m) [35, 37].

A Francis turbine can operate over a range of flow rates from 40 to 110% of the rated discharge and a
head range from 65 to 125% of the rated head with a satisfactory efficiency as shown in Figure 3.7 [37].

Figure 2.11 shows a typical Francis turbine and its main components.
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Figure 2.11 Francis Turbine scheme [38, 39].

2.7.4 Propeller

The propeller is a reaction type turbine and is typically used for low heads and high flow rates. The
device has an axial flow in a runner with three to six blades, depending on the available head and is
installed in a pipe. Classical propeller has fixed blades and generally operates at a constant flow rate;
fixed guide vanes present upstream the runner and a spiral path, in which the water enters tangentially
and is forced to spiral into the runner. There is also the need to install a draft tube after the turbine [31,
38, 40]. Besides the classical propeller, there are some other types: Kaplan, Straflo, bulb turbine and

tube turbine.

The Kaplan turbine (Figure 2.12a) differs from the classical propeller because it has adjustable blade
pitch and guide vanes, which maximize this turbine type efficiency under partial flow rates and overloads.
The inlet guide vanes can be opened and closed to regulate the flow and ensure that the water hits the
rotor at the most efficient angle. The blade pitch can adapt to support partial flow rates, becoming in a

flat position for low flows and heavily pitched for high flows.
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Figure 2.12 (a) Kaplan Turbine [39]; (b) Kaplan, semi-Kaplans and propeller efficiencies as a function of the
percent of designed discharge [35].

Their efficiency can reach more than 90%, as presented in Figure 2.12(b). They are typically used for
heads from 1.5 to 40 m and medium to high flow rates from 1 to 30 m3/s. For higher flow rates, multiple
turbines can be used [36, 38, 41].
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There are some variants of Kaplan turbines, which have only the blade pitch or the guide vanes
adjustable, called semi-Kaplan and have lower efficiency in part flow rates, but can behave efficiently
when the flow rate does not vary much and it is less expensive than conventional Kaplan. The Kaplan,
semi-Kaplans, classical propeller efficiency can be seen in Figure 2.12(b). The minimum discharge is
20% of the turbine designed discharge [11, 35].

2.7.5 Crossflow

The Cross-flow turbine (CFT), Banki-Michell turbine, or Ossberger turbine (Figure 2.13) is an impulse
type that has a drum-shaped runner consisting of two parallel discs connected and uses a rectangular
section nozzle directed against curved vanes on a cylindrical runner. Water enters the machine from the
top and passes through its blades twice, providing additional efficiency. After the process, the water
exits through the tailrace (Figure 2.14a).

Lever arms
reducer

Corner casing

Suction
valve

Storage
weights

Self-aligning
roller bearing
Draft tube
Base frame

Figure 2.13 Cross-flow turbine [40].

This turbine was developed to tolerate large flow rate changes, from 0.04 to 13 m?3/s, with a satisfactory
efficiency; and heads from 2.5 to 200 m. It is available with power outputs of up to 10 MW and needs
only 5% of the design flow rate to start operating [36, 421 44].

They have a wide operating flow rate range with high efficiency because most of the Cross-flow turbine
has two inlet guide vanes, splitting the intake width in 1/3 (first guide vane) and 2/3 (second guide vane).
Therefore, in the lower flow rates period, the second guide vane can be completely closed and the
turbine will operate only with one guide vane open, using only 1/3 of the rotor. For average flow rates,
the first guide vane can be closed, using only the second one to maximize efficiency. Moreover, when
high flow rates are available, both guide vanes can be open. Their operation and efficiency are shown
in Figure 2.14(b) [35, 45].
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Figure 2.14 (a) CFT scheme [36]; (b) CFT guide-vanes operation and efficiency [45].
2.7.6 Waterwheel turbine

The waterwheel is one of the oldest hydraulic machines known, typically generating hydropower in small
quantities. They are less efficient than the classical turbines, but they are still a possible solution

depending on the conditions. Besides, they are easy to construct and maintain.

The waterwheel turbine can be classified as an overshot wheel, undershot wheel and breastshot wheel.
The overshot wheel (Figure 2.15a) is when the water enters the wheel from the top. The undershot
wheel (Figure 2.15b) is vertically mounted on top of the water surface and is activated by the water
underneath it. The breastshot wheel (Figure 2.15c) receives energy from falling water, which encounters
the machine in the middle height [36, 46i 48].

The waterwheel efficiencies can be higher than 80% for overshot and undershot types and
approximately 75% for breastshot waterwheel type [46].

Figure 2.15 (a) Overshot waterwheel; (b) Undershot waterwheel; (c) Breastshot waterwheel [36].

In the current days, overshot waterwheels turbines are being developed for pico and micro-hydropower

systems. The operation characteristics are low flow rates, ranges between 0.1 to 0.5 m?/s and very-low
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heads between 2 to 6 m. These devices have a water-to-wire efficiency of 75%, an easy and rapid

system installation of approximately 2 weeks and a lifetime of more than 25 years [48].
2.7.7 Pump running as turbines

The main idea of a pump running as a turbine (PAT) is to pass water through the opposite path to the
one originally conceived, allowing the head and the flow to act on the impeller blades, providing a torque
on the output shaft to drive an asynchronous generator, converting the mechanical energy into electricity
[49]. A schematic of a pump as a turbine is presented in Figure 2.16.

A PAT is a considerable option to a low head and small sites in rural and remote areas because it has
a much lower investment and running cost than classical turbines. The suitable range of PATs in terms
of the head is from 13 to 75 m and is available from 1.7 to 160 kW [34].

Water inflow (turbine mode)

Water outflow
(turbine mode)

Figure 2.16 Pump as turbine scheme [50].

The main advantages of using PAT are the following [36, 51]:

(a) Available for a wide range of heads and flow rates.

(b) Available in many standard sizes.

(c) A standard pump motor can be used as a generator.

(d) Easy installation and maintenance compared to conventional turbines.
(e) Easily availability of spare parts, such as seals and bearings.

(f) Economically attractive (capital cost and maintenance cost).

(g) Short delivery time.

However, PAT is generally operating in lower efficiencies than conventional turbines, around 60 to 80%.
Also, since they have no guide vane, it is not possible to regulate the machine to maintain the ideal
conditions of efficiency. In this way, it can only operate efficiently near the rated head and discharge
[32, 40].

Another difficulty is to predict precisely the performance since manufacturers do not provide information
about pumps running the opposite way [34].
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2.7.8 Archimedescrew

The Archimedes screw was invented in the 3 century and the original motivation was to pump water
for irrigation as well as drainage purposes. This device consists of a helical array of blades that are
wrapped around a central cylinder, similar to a conventional screw. The screw sits in a cylindrical trough
that can be encircling completely or just the lower half. The screw is rotated, making the water stuck

between two consecutive flights and is raised along the trough as the screw spins.

In the Archimedes screw turbine (AST, Figure 2.17a), when running in the reverse mode, the water
flows through the top of the screw, filling the space between flights with bodies of water, called buckets.
The buckets are translated along the screw as it rotates. The hydrostatic pressure exercised by the
water on the screw surfaces causes the rotation. This movement makes the gearbox and the generator

also rotate and the electricity can be produced [52i 54].
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Figure 2.17 (a) Archimedes screw turbine [55]; (b) AST design parameters [56].

When designing an AST, it is necessary to define several design parameters (Figure 2.17b), such as
the outer and inner diameters, Do and Di, the number of flights, N, the length, L and the slope of the
central axis relative to the horizontal, b. The slope varies typically between 22° to 33° and studies show

that higher efficiency is achieved at angles close to 22° [56, 57].

The AST is recommended for hydroelectric systems with low heads, generally below 5 m, but it can
operate from 1 to 10 m and wide flow rates range, usually from 0.1 to 15 m3/s. Manufacturers claim that
their efficiency can reach around 85% for 50 to 100% of the rated discharge, as shown in Figure 3.7.
Besides, they have other advantages over other types of turbines, such as being efficient even when
the head approaches zero, not having head losses in pipes and fitting and being fully operational below
30% of the rated discharge [55].

The overall system includes the gearbox, generator and inverter losses. This system was fully studied
by Lashofer, Hawle and Pelikan (2012) [53], which have analyzed 34 measurements at different
European sites in various conditions and the conclusion was that the mean plant efficiencies were at
69%, with peak efficiencies of slightly above 75%. The system efficiency was calculated concerning the

electric power output.
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Some advantages of the AST are [52, 58]:

a) Low installation cost compared to conventional turbines.

b) Floating objects and debris pass through it (minimal cleaning necessary).
¢) Low maintenance cost.

d) Long lifetime.

e) Fish friendly.

2.8 Economic analysfer hydropower plants

2.8.1 Overall cost estimation

The cost of a hydropower plant is highly dependent on factors, such as the installed power, the available
head and the site characteristics. An estimative of investment was presented by Castro, R. (2011) [59]
concerning each kW installed, shown in Table 2.6 and it can be seen that the unit investment is from
1500 to 6000 U / kféWgenerating capacity lower than 500 kW. Generally, the unit investment is higher
when the power plant has a lower generating capacity; this is because the cost of some equipment does

not vary with the dimension of the project.

Table26Unit investment (0/ kW) [59hR202pal | hydro
Generating capacity | Mi ni mu m Maxi mum (Medi um (
1 MW - 10 MW 600 2000 1300
500 kW - 1 MW 1300 4500 2900
100 kW - 500 kw 1500 6000 3750
< 100 kW 1500 6000 3750

Another estimative presented in the literature for estimating the investment cost was made by the

European Small Hydropower Association (ESHA) and illustrated in Figure 2.18, which shows this cost

in u/ kw for l ow and hi gh selesahabuntheg thrEorgpe. wnePortugall, thent s f or
average investment cost for low head hydropower plantsis 2500 i / k W a ahdgh headris 2000 G / k W

[60].
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9000 - Average Investment cost €IkWI
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6000

5000
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Figure 2.18 Average investment cost per kW in Europe [60].
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Considering the effect of the available head on a small-scale hydro project, Aggidis et al. (2010) [61]
proposed two equations to estimate the overall cost of the project, Cp, in GBR sterling (£). It is a relation
between the head and output power and divided into two ranges of the available head, one equation
(Eg. 2.2a) from 2 to 30 m and the other from 30 to 200 m (Eq. 2.2b).

0.6
For heads: 2m < H < 30m: Co( A, 20 @090)0 —5—, (2.2a)
HO -
P 0.6
For heads: 30m < H < 200m: Co( A, 28685% 0H— (2.2b)
P( 5 HO - 30

Another empirical equation (Eq. 2.3) was developed by Zhang et al. (2012) [62], for estimating the initial

capital cost based on existing non-powered dam and conduit sites:

Co USSPk W 20=1156H: %9 p2éls (2.3)

For all the equations, H is the available head (m) and P is the power (kW).

Another possible way to estimate the overall capital cost is by using a graph presented by the
International Renewable Energy Agency (IRENA, 2012) [13], which can be seen in Figure 2.19, showing
the investment cost per kW in US$ (2010) of hydropower plants.
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o

Head (metres)

Figure 2.19 Investment cost as a function of installed capacity and head [13].

According to Elbatran et al. (2015) [34], the investment cost can be divided into civil works, turbine-
generator set, control equipment and management costs. An estimative of the percentage of the total

cost of each fraction is described in Figure 2.20.
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Figure 2.20 Main division of a MHPP and its percentage of the total cost [34].

Concerning the installation of a mini or micro-hydropower plant in an existing water system, it may have
a reduced implantation cost, since many necessary components already exist in a typical WSS or WWS,

such as the building, pipes and valves [27].
2.8.2 Operation and rmintenance cost

Hydropower plants require maintenance and operation (O&M) during their life cycle. O&M costs are
related to all activities to run the HPP, such as insurance, taxes, materials, all maintenance required,
refurbishment of mechanical and electrical equipment and repairs in communication and control
systems. However, it does not include the replacement of turbines, neither refurbishment of

infrastructures.

The value is usually quoted as a percentage of the investment cost per year and typical values vary
from 1 to 6% [63]. The International Energy Agency (IEA) assumes 2.2 to 3% of the investment cost for
SHP and 2.2% for larger projects. The International Renewable Energy Agency (IRENA) quotes that
other studies indicate that fixed O&M costs represent 4% of the total capital cost [13]. Concerning PAT,
the operation and maintenance costs can reach about 2.5% of the respective capital costs, similar to

pumps operating in the pump mode [40].
2.8.3 Turbines cost estimation

The cost of the electro-mechanical equipment, Cem, which includes not only the turbine and generator
but also the electric board, represents a significant part of the total capital cost of a low head hydropower
plant. This cost varies mainly with the site characteristics and installed power [34]. Several authors
developed correlations to estimate the turbine cost depending on the rated discharge, Q, or rated power,

P. Some of them are illustrated in Table 2.7.

21



Table 2.7 Turbine cost functions.

Cost function Reference
. p 056 Aggidis et al. (2010) [61] (2.4)
Ced A, ZQ DB,
. p 007 m3 Aggidis et al. (2010) [61] (2.5a)
Ce{ A, 2008)ﬁg—.512200(1593—<2.5
. p 0-11 m3 Aggidis et al. (2010) [61] (2.5b)
Ce{ A, 20099%52232.@?<10
. p 0-52 ;3 Aggidis et al. (2010) [61] (2.5¢)
Crd A, 200880)05= 16 Q > 10
Ce{u, 201, 4 P3%H8 0ok W< P 300 | Gallagheretal (2015) [64] (2.5d)
. . ms3 . Aggidis et al. (2010) [61 2.6a
Ckd A, 200080)QEH1%8 0. 5?O< (03] 99 ( ) [61] ( )
. . m3 Aggidis et al. (2010) [61 2.6b
Ckd A, 2 0 0080)0Q* H4 85 5 —g—Q 30 99 ( ) [61] ( )
Ced u, 20145B°="H{221°2 9 kAvV<P 3 0 0| Gallagher etal. (2015) [64] (2.6¢)
Cret A, 20B8@QI & 84 Aggidis et al. (2010) [61] (2.7a)
Creb U, 20328B° LH®711% 25k W< P30 0| Gallagheretal. (2015) [64] (2.7b)
Ccrtl/ kW, =293 7Tel2012 P Pereira (2018) [65] (2.8)
where P is the rated power (kW), H is the rated net head (m), Q is the rated discharge (m?3/s),
Cem represents a general turbine cost ( § Gr is the Francis cost ( § G« is the Kaplan cost ( ( Gre is
the Pelton cost ( Gapd Ccrr is the Cross-flow cost ( G ) .

2.8.4 Pump as turbineost

PAT is a viable and low-cost solution for energy harvesting in water networks or energy generation in
HPP. It can be suitable in scenarios that the classical turbine would not be economically feasible. The
main advantages over the turbines, concerning the economic analysis, are that it is mass-produced,
easy installation, require little operation and maintenance, have a reduced investment cost and a longer
lifetime. The PAT cost is around 50% less than the cost of turbines [34, 40].
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The PAT cost can be divided into capital cost, annual operation and maintenance cost during its useful
life and replacement cost related to the eventual substitution of the equipment.

Figure 2.21 presents the PAT unit cost, including the asynchronous generator with the respective
number of pairs of magnetic poles, pp [34, 40].

€/kW ®pp=1 pp=2 pp=3
10,000
1,000
M‘d’. v o0 e & » — e ®
100

C < % 6y & &y 5 Yo Yo Yo <
o 0 0 0 @ “p B ¢ H G

P (kW)

Figure 2.21 PAT unit cost ( &W, 2018) versus installed power at the best efficiency point (0 < P <200 kW) [40].

Also, knowing the flow rate and the available head, it is possible to estimate the radial PATs and vertical
multistage PATS total cost, including the generator. Eq. (2.9a) can be used for 1 pair of magnetic poles,
Eqg. (2.9b) for 2 pp and Eqg. (2.9c) for 3 pp. The Eqg. (2.9d) can be used for multistage PATs with 1 pp.
These equations were developed by Novara et al. (2019) [66].

Radial PAT 1 pp: Coaf U, 209293 =%d+ 1089 . (2.9a)
Radial PAT 2 pp: Coaf G, 20197 =%9+1Q 3 8. (2.9b)
Radial PAT 3 pp: Coaf G, 20197 =VIB+1Q 47 . (2.9c)
Multistage PAT 1 pp: Copf G, 20299 =%18+1QL 7 3 . (2.9d)

where Q is the flow rate (m3/s), H is the head (m) and Crar is the capital cost of PAT (0).

2.8.5 Archimedescrew turbine cost

Archimedes screw turbines have some advantages over the classical turbines concerning the cost, such
as not needing expensive parts such as adjustable guide vanes or runner blades and being excellent at
handling debris, not needing the installation of a debris screening. Also, the screw can be created in a
single structure and with a composite material, reducing the screw cost and assembly cost and
increasing stability [67].
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The electro-mechanical cost includes the main machine components: the screw itself, the trough,
generator, gearbox, screen and inlet sluice gate.

An equation (Eq. 2.10) to estimate the power plant total cost using AST as the technological solution
concerning the output power was developed by Pereira (2018) [65] :

Casmpl, 2611214.9 P+ (2.10)

where P is rated power (kW) and Casr is the AST cost (0).
For estimating the AST specific cost, Bousquet et al. (2017) [29] presented the following Eq. (2.11),

expressed in US dollars in the 2017 year base:

Castli, 2861FHB 482 (2.11)

Lashofer et al. (2012) surveyed 74 sites in Europe that used AST as the technology and developed a
graph (Figure2.22) t o esti mate the power pl(Bmn2124) antd mdulatedost ( U,
speed (Eqg. 2.12b) screw turbines. The equations were obtained by graphical analysis of Figure 2.22.
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2.9 Case studies on enerpggrvestingn water systems

Installations of mini HPP in water systems, such as in drinking water networks and wastewater systems,
have been increasing all over the world, especially in European countries. For example, Switzerland
has 90 small hydropower plants installed in the water supply networks; Greece has six hydropower

plants installed in the water supply and sewerage system and three more in construction [68].
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Some examples of UWS were analyzed and illustrated in Table 2.8, such as drinking water networks,

irrigation and wastewater treatment network. The main parameters are also described: location, rated

flow, Q, gross head, H, power output, P, yearly energy production and capital cost.

Table 2.8 Energy harvesting in existing infrastructures, adapted from [11, 35].

UK, 2014 [35]

Power plant Q EREH)Y
Infrastructure 3 H (m) | Turbine P (kW) production | Capital cost
name, Country (m3/s) (MWh/year)
La Zour,
Switzerland, 2004 0.30 217 Pelton 465 1800 -
[11]
Shreyerbach, 400000
Austria, 2006 [11] 0.02 391 Pelton 63 550 overall cost
Mdihlau, Austria
; ’ 1.60 445 Pelton 5750 34000 -
Drinking 1952 [11]
water network
200 000 0
Poggio Cuculo, 822 ; o8 Kaplan 44 364 turbine,u
Italy, 2010 [11] . P generator
0.28
and valves
ViennaMauer, | 5.0, | 34 | Francis 500 3000 1250 000 @
Austria, 2006 [11] '
Armory,
Switzerland, 2006 0.09 105 Pelton 68 454 400 000 4
[11]
Marchfeldkanal 2
Austria, 2007 [11] 6.00 2 Hydre_lullc 70 500 -
. couplings
Irrigation
Petiva, ltaly, 2010 | 145 | 59 3 875 5000 2 500 000 G
[11] Kaplans
Ese”ta'['ltf]'y' 2002\ 450 | 24 | Kaplan 860 4300 1535 000 (
Rino, '[tf'ﬂ 1996 | 78 | 446 |2Peltons| 2800 14000 | 3945000
Profray,
Switzerland, 2007 0.10 449 Pelton 380 851 375000 U
Raw [11]
wastewater
network . La Louve,
Switzerland, 2006 0.12 180 Pelton 170 460 430 000 4
[11]
Seefeld, Austria, | 55 | go5 1192 5500 2 200 000 G
Treated 2005
wastewater Nvon. Switzerland 500 000 U ,
network yon. "I 0.29 94 PAT 220 700 not including
1993 [11]
penstock
Water
treatment A""’e”'[fl?' 20071 016 | 26 CFT 26 200 90 000
works and
compensation | Llysy Fran, UK, . i
discharge 2008 [11] 0.16 25 Francis 29 220
Reservoir | 'eemansReach, [ g 1, 583 | AsT 100 496 -
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2.10Gaps of knowledge

Hydropower is the most studied and used renewable energy source in the world. However, very few
case studies exist of hydropower plants installed in water systems in low head sites, which are locations
that may also have the potential to harvest energy. This is the case of existing weirs in rivers or the inlet

or outlet of water treatment plants.

Therefore, this lack of experience leads to a need to analyse several technical solutions that can be
potentially installed at these locations as well as to establish a systematic methodology to estimate the
amount of energy produced as a function of flow variation. The flow variation and the available head
affect the turbine efficiency, and, consequently, the hydroenergy harvesting. These variations can
happen because of changes in the consumption patterns of seasons, years and the addition of new

demands.
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3 METHODOLOGY
3.1 Methodology description

A methodology for assessing the technical solution and economic feasibility of energy harvesting in
water systems is proposed in this Chapter and illustrated in Figure 3.1. The steps are briefly described
below in the following paragraphs. The methodology has five steps: 1) Data collection and analysis; 2)
Technology selection; 3) Energy harvesting assessment; 4) Economic analysis; 5) Final

recommendation.

A computation tool was developed on Microsoft Excel to calculate energy harvesting, estimating the
optimal rated discharge that leads to the best net present value, with an acceptable payback period and
internal rate of return, using input data defined by the designer of the project.

Step 1 Step 2 Step 3 Step 4 Step 5
Data collection | Technology ] Energy harvest-  —| Economic —| Final
and analysis selection ing assessment analysis recommendation
™ ™
) o Potential solutions Flow duration Revenues and Technological
Site characterization i . : ) :
identification curve assessment cost assessment solutions comparison
A
N
) Maximum and Estimation of the Most
Available head and L . NPV, IRR and )
minimum operating water volume used adequate solution

discharge data series PEP assessment

range establishment in the turbine recommendation

Data processing . Energy harvested
. Effciency ) L )

and analysis characterization as a function of the Sensitivity analysis
(outliers removal) design discharge

Figure 3.1 Methodology steps for assessing the technical and economic feasibility of energy harvesting in
water systems

Step 1 consists of describing the main purpose of the system and analysing the location characteristics,

such as available head and flow rate range and studying the historical data available.

Step 2 comprehends the definition of all the possible technological solutions available based on each
available head and discharge range. For each type of turbine, it is defined as the maximum and minimum
discharge and head operating ranges and the efficiency that varies with the discharge.

Step 3 consists of the energy harvesting assessment for each technical option; the best design
discharge and net head, in technical terms, are calculated. These values correspond to the value that
leads to the maximum turbined volume and the maximum harvested energy. In this stage, it is also
estimated the maximum available power. The flow rate, net head, power and harvested energy are used
in the next step to find the optimal solution, concerning also economic aspects. It is important to highlight
that the optimal rated discharge in terms of technical aspects, which leads to the highest harvested
energy, is not necessarily the optimal rated discharge in terms of economic aspects, which leads to the
higher NPV. The reason for this is that the most favourable discharge does not depends only on the

harvested energy, but also on the capital and O&M costs.
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Step 4 consists of the economic analysis to verify the economic feasibility through economic indicators.
It is estimated the investment cost, O&M cost, annual revenue, payback period, net present value and
internal rate of return, as a function of design discharge values determined in the third step. This step
also may require a sensitivity analysis to the main uncertain parameters, such as the unit capital cost,

the O&M costs and the discount rate.

Finally, in Step 5, the most feasible solution among all the possibilities is defined, from the comparison
regarding the technical and economical characteristics, mainly the economic indicators: net present
value, payback period and internal rate of return. The result indicates also, the harvested energy, the

design discharge, the net head and the turbine rated power.

Concerning the economic analysis, the project viability is influenced by the end use of the electricity
generated. If used on-site, it will reduce electricity purchases at local market price, this means also
including taxes or duties, such as sales tax and carbon tax. On the other hand, if the electricity is sold

to the national electric grid, the plant will do it using the local feed-in-tariff (FIT) [28].
3.2 Data collection and analysis (Step 1)

First, it is important to describe the main purpose of the system, to analyse the system characteristics
and to collect the site data, such as available head and water flow rates. It is useful to study the best
location to install the powerhouse and the turbine, where there are a sufficient flow rate and head to
produce energy. Another important aspect is that hydropower cannot affect the main purpose of the
system. Additionally, concerning the installation cost, this can be reduced, if identified existing
components in the system that are useful for future installation, such as a reservoir, pipes and valves
[21, 27].

3.2.1 Available kad

The gross head is the maximum available vertical fall in the water, from the upstream level to the
downstream level. Its measured value depends on the topography of the site and the location of the
powerhouse concerning the position of the reservoir. For this reason, positioning the powerhouse is an
important aspect of HPP. Some of the techniques that can be used to measure the head are dumpy
levels and theodolite, sighting meters and pressure gauge, water-filled tube and rod, spirit level and

plank, maps and altimeters. The gross head varies with the river flow.

After establishing the gross head, it is necessary to calculate the head losses to estimate the net head
available, which will contribute to generating power. The net head is the pressure available at the turbine
when water is flowing, which is less than the gross head, due to the friction between the water and the
pipe and losses due to pipe geometry (Figure 3.2) and can be calculated using Eg. (3.1). These head
losses (HL) can vary from 2 to 10% of the gross head, depending on the pipe length and the velocity of
the flow [50, 69, 70].
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Hn = Hg r o's'jL (3-1)

where Hn is the net head (m), Hgross is the gross head (m) and H. is the head losses (m).

PesH 18N - uH
peaH ssoio) - B4

Figure 3.2 Basic scheme of hydro-electric power system [71].

The total head losses can be divided into friction head losses and local head losses. The latter depends
on the geometry of the pipe, such as an outlet, inlet, curves, elbows and the presence of valves. Head
losses depend on the Reynolds number (Re), which is a dimensionless parameter that correlates the

viscous behaviour of Newtonian fluids:

Ul D :
Re= — (3.2)
o
where U is the mean velocity (m/s), D is the pipe diameter (m) and n is the kinematic viscosity of the

fluid (m?/s).

After calculating the Re, the flow can be classified in laminar flow (if Re < 2000), critical flow (if 2000 <
Re < 4000) and turbulent flow (if Re > 4000). To calculate the friction head loss per unit of pipe length,
J, can be used the Moody diagram (Figure 3.3). The input data are the Reynolds number and the relative
roughness, e/D, which is the pipe wall roughness, e, that depends on the pipe material and the pipe

diameter, D.
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Using the output data, which is the Darcy-Weisbach factor, f, the friction head loss per unit of pipe length,

J, can be calculated using Eq. (3.3):

Alternatively, the factor f can be calculated using the Colebrook White formula Eq. (3.4):

Colebrook White:

2

fig—
9

b =5

(3.3)

(3.4)

where k is the pipe roughness (m), D is the pipe inner diameter (m), Re is the Reynolds number

(dimensionless), U is the mean velocity (m/s) and g is the earth gravity (m/s?).

The total head losses, Hi, can be calculated using Eq. (3.5):

H=JT L +aH ocaL

(3.5)

where J is the friction head loss per unit of pipe length (dimensionless), L is the length of the pipe (m),

gHvocaL is the sum of the local head losses (m) [711 74].
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3.2.2 Flow rate data

The flow rate in a determined location can be obtained by the hydrologic study of the catchment area,
which is influenced by rainfall pattern, temperature and other meteorological factors and concerning
water systems, depends also on the demand. In other words, the available flow rate passing through
the turbine for power generation varies throughout the year. In the case of the inexistence of previous
hydrological data, the flow rate can be measured by some methods, such as the velocity-area method,
weir method and slope area method in the case of river flow.

The basic hydrologic data required for evaluating the energy production is the mean flow series at the
water intake in a certain period. There are two ways of expressing the variation in river flow over the

year: the annual hydrograph and the flow rate duration curve (FDC), as shown in Figure 3.4 [16].
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Figure 3.4 (a) Example of an annual flow rate variation; (b) Example of a flow rate duration curve.

The flow rate duration curve is a graphical representation of the variability of water flow at the location
without any reference to the sequence in which this flow would be available. It shows the percentage of
days in a certain period a particular flow rate is equal or exceeded. To draw the FDC, the flow rate data
must be ordered from the highest value to the lowest value. The flow rate exceeded 5% of the time (Qs)
is often considered the maximum flow rate and the one exceeded 95% of the studied period (Qos) is
often taken as the characteristic value for minimum [69].

Another factor that influences the flow rate available is the reserved flow (Qres) for other purposes, such
as irrigation, ecological purpose, if it exists, as presented in Figure 3.5.
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Figure 3.5 Flow rate duration curve with ecological flow [74].

To calculate the mean daily flow rate (Qmod), EQ. (3.6) can be used.

9 _BIoBRZG _ v (3.6)
modT 365 n0. 3651 2

where g is the mean daily discharge (m3/s), n is the number of years of the study (years), V is the
turbined volume (m3).

Usually, the water volume available for energy production or the turbine operating area is the area
between the design flow rate (Qa4 or Qmax) and the minimum flow rate (Qmin), respecting the reserved
flow, if this exists. The design flow rate is established by the engineer, considered the information
gathered in the flow duration curve. Different values of the design flow rate should be analysed to find
the best solution [50, 75, 76].

A methodology for calculating the design flow rate, which is the one that produces more energy, is
presented in section 3.4. The final design flow rate of the project depends not only on the harvested
energy but also on the economic analysis since higher flow rates can lead to higher revenues but also
higher costs.

3.3 Technolog selection(Step 2)

Each turbine has a range of efficient operation concerning the head and the flow rate. It is shown in
Figure 3.6, a performance chart indicating some possible solutions for a situation given the head and

flow rate ranges.
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Figure 3.6 Turbine performance chart [33].

For low heads, usually, the most indicated technical solutions are Archimedes screw turbine, Kaplan
turbine, pump as turbine, Cross-flow turbine, or Waterwheel turbine. Also, other options can be used for
low head sites, such as Hydrokinetic, Vortex and Siphon inline [36]. PAT and Cross-flow turbine can
also be recommended for medium heads, whereas Francis and Pelton turbines are suggested for

medium to high heads [33].

Therefore, after measuring and establishing the site parameters, namely the available head and flow
rates, the technical options can be found using the performance char
catalogues can be consulted for information about each specific turbine and its technical performance

to check if could be a suitable solution.

The turbine efficiency depends on flow leakage, disc friction, bearing friction and hydraulic loss.
Furthermore, an important knowledge that it should have is how the efficiency varies with the flow rate
that passes through the turbine. In other words, how the turbine efficiency behaves with the variation of
water flow rate along the year. Figure 3.7 shows that some turbines are more sensitive to flow variations
and others remain quite the same for a wide range of flow rates. Hence, the latter is more appropriate

for sites that have a high flow rate variation [7, 50, 67].

33



100% T
90%
80% +

=70% +
c
g o 1 —XKaplan
g 60% —AST
D 50% + Propeller
—Pelton
40% + Waterwheel

30% 4 (,ross‘ﬂow
—Francis

20% . ! ‘ 1 f 1 I 1 1 |
0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%
Percentage of maximum flow

Figure 3.7 Turbine efficiency compared with the percentage of maximum flow rate, adapted from [31, 67].

The turbine efficiency curve with the flow rate is an important aspect because it influences the harvested
energy over the year and, consequently, the economic feasibility of the project. Therefore, it is crucial

to consider the efficiency of the turbine variation with the flow rate [77].

The best turbines, typically for high heads, have efficiency values from 80 to over 90%, whereas turbines
for low head systems tend to have lower efficiencies from 60 to 85%. This information is indispensable

to the third step of the methodology: the energy harvesting assessment [7, 31, 50, 78].

Other devices, such as the generator and the power transformer, influence the overall efficiency of the
systems. These efficiencies are usually considered constant values, independent of the head and of the
flow rate. The transformer efficiency is from 92 to 99% and the generator efficiency is from 90 to 98%.

Therefore, the overall efficiency is given by Eq. (3.7) [29, 59]:
d-t:qt urJ%Teqt ransfo (3'7)

where d; is the overall system efficiency (%), dumnine iS the turbine efficiency (%), dc is the generator

efficiency and duansto is the transformer efficiency (%).

Other aspects must be considered together with the performance concerning flow rate and head. Hence,
a selection criterion was developed by Williamson, et al. (2014) [79] to attempt to find the best solution
in terms of hydropower turbines. The criteria were divided into quantitative criteria, such as rated and
part flow/head efficiency, cost, rotational speed, installed power, size; and qualitative criteria, such as
environmental, civil works needed, maintainability, reliability and others summarized in Table 3.1 [34,
79].
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Table 3.1 Turbine selection criteria, adapted from [79].

Quantitative criteria Qualitative criteria
Rated flow/head efficiency Environmental - weather - location
Part flow/head efficiency Required civil works
Cost Portability
Turbine rotational speed Maintainability
Power for a given site Reliability
Size of the system Ease of manufacture
Design modularity

The engineers define the weighting for each criterion. Generally, the quantitative criteria are prioritized

over the qualitative since efficiency and cost are an over-riding consideration.
3.4 Energy harvesting assessmestep 3)

After establishing the net head, flow rate range, device efficiency and how it varies with the flow rate
that passes through the turbine, the next step is determining the optimal flow rate in terms of harvested
energy. The final design flow rate of the project depends not only on the energy but also on the economic

analysis since higher flow rates can lead to higher revenues and costs.
The proposed method consists of defining as input data:

The net head, Hh, if it is constant. However, the model also can make the calculations for the variable
head using Colebrook-White to calculate the head losses and establish a second-degree equation
that describes the available head variation; an example is shown in Figure 3.8. Moreover, as input
data the maximum head, Hmax and the minimum head, Hmin, as a function of the head for each design

discharge, H and the limit head, Him, due to the turbine characteristics have to be defined,;

W
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Figure 3.8 Curve obtained using the Colebrook-White formula that describes the available head for different
design discharges.

ii.  The maximum and minimum design discharge considered in the simulation, Qd_max and Qd_min;

iii. The variation range that the turbine can work, Qmin/Qd and Qmax/Qq;
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iv.

V.

The part flow rate efficiencies and the ranges that this efficiency can be applied;

Flow rate duration curve information.

An example is shown in Figure 3.9a for constant head and Figure 3.9b for a variable head. These input

parameters depend on the turbine adopted.

Design discharge interval

Qd_max 8.0 m’/s
Qd_min 3.0 m¥s

Operating interval - discharge

Qmin/Qd 0.2
Qmax/Qd 1
Hn 18 m
Eff Max 75%

Part-flow Efficiencies

Q/Qmax Efficiencies
10% 20%
25% 55%
40% 75%
110% 75%

(a)

Figure 3.9 Energy harvesting assessment input data (a) Constant head; (b) Variable head.

Design discharge interval
Qd_max 12
Qd_min 02

Operating interval - discharge and head  Kaplan
Qmin/Qd 20% Hmax/H(Qd)
Qmax/Qd 110% Hmin/H(Qd)

Net head as a function of the flow rate: Hu=aQ*+bQ+c

X cte Hiim
-0.683 -0.421 32.56 20
Part-flow Efficiencies
Q/Qmax Efficiencies
10% 0%
25% 70%
40% 88%
110% 90%
(b)

1.25
0.65

After the definition of the input data, the flow rate probability of occurrence is calculated, using Microsoft

Excel. The interval between the Q4 max and Qd_min is divided into 10 intervals; each one represents a

design discharge, Qq. Then, is calculated how much water is passing through the turbine in each of

these cases for all the flow rate data available. The following rule was applied for each one of the

scenarios:

If the actual flow rate (Q) is higher than Qmax/Qq, the turbine will use Qmax to generate power and

the excess will bypass the turbine;

If Q is in between Qmin/Qd and Qmax/Qq, the turbine will use Q to generate power;

If Q is lower than Qmin/Qu, the turbine will not work.

This analysis will produce an output graphic that shows the estimated frequency of occurrence of each

one of the 11 design discharges established previously. An example of this flow rate duration curve is

shown in Figure 3.10.
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Figure 3.10 Flow rate duration curve divided into 10 intervals to determine the optimal flow rate.

The next step is the part flow rate efficiencies calculation as a function of the design discharge for each
flow rate data. The flow rate data are divided by the design discharge, to verify its percentage and is
assigned the turbine efficiency relative to this value.

The next step is the calculation of the available head, using the second-degree equation obtained by
the model using Colebrook-White formula Eq. (3.4):

H =Q°a bQ + ¢

The model obeys the following rules, always respecting the limit head, Him, previously set. This means
that if any value calculated is greater than the limit head, the model will consider the available head (H)
equal to the limit head, Him.

ItaQ’ b Q+ £ aQy™ g+ c. H m = 12 aQy’+ Q¢+ (3.82)
If aQ*+ b QA %HH"(;‘ "aQq’+ gt c, Hm= 0 (3.8b)
d

If :fo aQq’+ Qg+ ¢ > @+ b Q+%Ln aQy’+ Qg+ ¢, Hm = Q&+ b Q+ c(3.8¢)
d d

After this, it is calculated the annual water volume that passes through the turbine Eq. (3.9), the available
power Eq. (3.10) and the annual harvested energy Eq. (3.11), as a function of the design discharge, to

find the optimal design flow rate. This flow rate is shown in Figure 3.11(a) and (b) as an example.

v- 3800 (3.9)
n
P = 9HS8d Q (3.10)
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T (3.11)
E =P dt

where V is the volume (m3), Q is the flow rate that passes through the turbine (m?/s), n is the number of
years (years), P is the installed power (kW), Hn is the net head (m), d: is the efficiency of the system for

each scenario (%), E is the harvested energy (kWh) and T is the time interval (years).
Another information that can be obtained is the equivalent operation time of the turbine, OT, per year
(h/year) for each design discharge scenario, shown in Figure 3.11(b). The OT can be calculated using

Eq. (3.12).

v (3.12)

200 -
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Figure 3.11 Determination of optimal design flow rate, which maximizes the (a) water volume used by the
turbine; (b) harvested energy.

The available power duration curve for each design discharge is represented graphically for each design

flow rate, as shown in Figure 3.12. It shows the frequency of occurrence for each scenario.
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Figure 3.12 Available power duration curve for each design flow rate.
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The tool produces a summary table, as shown in Table 3.2, with the values of turbine volume, V, net
head, H, harvested energy, E, turbine rated power, Px and turbine operating time, OT, for each one of

the design discharges.

Table 3.2 Summary table with technical results.

oT
Qumiis)| v’y | Him) | ST Ptew|

3.0 93.95 18 3.46 397 8.70
3.5 109.52 18 4.03 464 8.69
4.0 125.09 18 4,60 530 8.69
4.5 140.41 18 5.16 596 8.67
5.0 153.91 18 5.66 662 8.55
55 163.80 18 6.03 728 8.27
6.0 170.93 18 6.29 795 7.91
6.5 174.31 18 6.41 861 7.45
7.0 174.75 18 6.43 927 6.93
7.5 174.76 18 6.43 993 6.47
8.0 174.77 18 6.43 1059 6.07

3.5 Economic analys{Step 4)

To do the economic analysis, there are some economic indicators to evaluate and compare possible
solutions to implement in the project and to verify if the solution is feasible or not, namely: the payback

period (PB), the net present value (NPV) and the internal rate of return (IRR) [59].

The viability of hydropower projects can be determined according to the PB, normally less than 10 years
is required. The PB was determined is the investment cost divided by the net annual revenue (Eq. 3.13)
[24].

g (3.13)
PB Re
where PB is the payback period (years), lti s t he t ot al i inthecasruaheehreveniel ) , R

(u/year) considered a constant value.

The net present value (NPV) is the difference between the income and the expenditure, called cash
flow, properly taken into consideration the discount rate during the project lifetime or the analysis period

desired. It is another way to evaluate the feasibility of the project. It can be calculated by Eq. (3.14) [59]:

n n-1
Rys (3.14)

In

NP\#nzg 151_rnls 1%8r)

where n is the project lifetime or the analysis period (years), Rvni S t he net revennse from
t he i nvest me nahdris the diseoant rate(%). Thg Rnncan be calculated by Eq. (3.15):

Rnn=Rn - 0 & Mi (3.15)
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whereRni s the annual gross revenue (U0), O&M is the ratio
total investment It (%).

The annual gross revenue can be estimated by Eq. (3.16):
R,=Ep (3.16)

where E is the annual energy produced (kWh) and p is
the unit price of energy varies from 0.08t00.29 0/ k Wh i n[28BEur ope

If including the residual value (Vi) of the investment at the end of the project lifetime, the NPV can be
calculated by Eq. (3.17):

n n-1
Rus v, (3.17)

In

NEY T E e R

The project is feasible if the NPV is higher than zero; this means that the investment is recovered, the
minimum rate of return of capital is achieved and a surplus is accomplished. If the NPV is equal to zero,
the investment cost is retrieved and the minimum rate of return of capital is achieved, so the profitability

of the project is doubtful. If the NPV is negative, the project is financially impractical [59].

Another method to verify is through the IRR, which is the discount rate that makes the NPV of all cash
flows from the project equal to zero. In other words, it measures how well the project performs over time,
helping to decide if the investment is viable or not. IRR can be calculated by Eq. (3.18) solving the
following equation:

n Ry s n-1 I, (3.18)
0 = -

g 1+I”RRX 1+I1"R
n = n =

If IRR is higher than the discount rate, the NPV is higher than zero and the project is feasible. If IRR is
lower than the discount rate, the NPV is lower than zero and the project is unfeasible [59].

To calculate these indicators, besides the turbine power, annual harvested energy and net head for
each of the design flow rates, some of the input data need to be defined. This information is described
below. The discount rate, the project lifetime and unit energy cost are independent of the technology
used, while the O&M and CC are dependent.

i. Discount rate (r): typical values from 5 to 12% for small hydropower [16].
ii. Project lifetime (n): the economic lifetime is usually from 20 to 35 years [16].
iii. Unit energy cost (p): the value of the unit price of energy varies according to the country and it
is from 0.08 to 0.29 G/kWh in Europe al@8 i s assum
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iv. Operational and Maintenance cost (O&M): typical values from 0.5 to 5% of the investment cost
[13].
V. Investment cost (It) or capital cost (CC).

The low head system investment cost is composed of control equipment, management, civil work and
turbine generator set. In general, it depends on many factors, such as site condition (topography and
accessibility), duration of project, execution time and other specificities of each situation. Therefore, this

cost depends much on each case.

The capital and turbine costs can be estimated using empirical equations presented in the literature and
shown in that section or it can be used estimations per MW, for example, based on previous projects.
The turbine cost can be assumed as a percentage of the total cost of the project and then estimated the

total investment cost [7, 34, 50].

Moreover, since these empirical equations were developed in the past, it must be updated to the present
value using the inflation rate. Furthermore, those that are in a currency other than Euro, must be also
converted considering the actual exchange rate. These processes can be done as seen in Eq. (3.19):

Cact ol 1 ¥E) (3.19)

where Cacwal is the cost value in the actual days (), Co is the cost value in the past and in a specific
currency (cost unit), r is the inflation rate (%), n is the number of years between the empirical equation
date and the final year (years) and E: is the actual exchange rate from the specific currency to Euro
(cost [®@hi t/ a)

Using these input economical and technical parameters, the developed model produces a table, as
shown in Table 3.3, with the technical turbine characteristics, capital costs, gross and net revenues and
the economic indicators for each scenario of design discharge, available head, power and harvested

energy. These indicators will allow deciding on the best solution to the analysed project.

Table 3.3 Summary table with economic results.

Qy Head | Power | Energy | Turbine Capital O&M cost RGross Net Total net NPV | Payback
3 3 5 5 evenue Revenue | revenue o IRR (%)

(m¥s) (m) (kW) (GWh) | cost (10° €) |cost (10° €)| (10° €lyear) (10° €lyear) | (10° €lyear) | (10°€) (10°€) | (years)
3.0 18 397 3.46 0.715 1.192 0.018 0.302 0.285 3546 | 2354 | 464 [2352%
35 18 464 4.03 0.834 1.391 0.021 0.353 0.332 4134 | 2743 | 465 [2351%
4.0 18 530 4.60 0.954 1.589 0.024 0.403 0.379 4722 | 3133 | 465 |2349%
45 18 596 5.16 1.073 1.788 0.027 0.452 0.425 5300 | 3512 | 466 |[2343%
5.0 18 662 5.66 1.192 1.987 0.030 0.496 0.466 5804 | 3818 | 472 |[23.08%
5.5 18 728 6.03 1.311 2.185 0.033 0.527 0.495 6.164 | 3979 | 509 [2223%
6.0 18 795 6.29 1.430 2.384 0.036 0.550 0.515 6413 | 4029 | 530 [21.12%
6.5 18 861 6.41 1.549 2.582 0.039 0.561 0.522 6.511 3.929 | 561 [19.67%
7.0 18 927 6.43 1.669 2.781 0.042 0.563 0.521 6492 | 3.711 6.26 | 18.05%
7.5 18 993 6.43 1.788 2.980 0.045 0.563 0.518 6455 | 3475| 668 [1657%
8.0 18 1059 6.43 1.907 3.178 0.048 0.563 0.515 6418 | 3240 | 738 [15.26%
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All the costs and revenues are displayed in a graphic to visualize the project information, as shown in
Figure 3.13(a). The graph presents the project lifetime accumulated O&M cost, gross and net revenues,

the capital cost as a function of the design discharge.

The model calculates the NPV, PB and IRR as a function of the design discharge and represents
graphically (Figure 3.13b to Figure 3.13d).
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Figure 3.13 Results of the economic analysis as a function of the design discharge: (a) capital cost, O&M costs,
revenues and net present value; (b) net present value; (c) payback period; (d) internal rate of return.

It is important to highlight that the optimal design discharge, in terms of technical aspects, which leads
to the higher energy harvesting, is not necessarily the optimal design discharge in terms of economic
aspects, which leads to the higher NPV. The reason for this is that the most favourable discharge does

not depends only on the energy harvesting, but also on the capital and O&M costs.

The tool also produces a graphic representation of the NPV, costs and revenues during the project
lifetime established previously and the optimal design discharge calculated in Steps 3 and 4 of the
methodology. This graphic can be seen in Figure 3.14 with all the parameters calculated previously and
displayed in the table. The moment that the NPV curve crosses the x-axis represents the project PB in

years.

When there is uncertainty concerning some parameters of analysis (e.g., unit cost, discount rate, or

O&M cost), sensitivity analyses would be carried out.
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Figure 3.14 NPV during the project lifetime considering the optimal design discharge.

3.6 Final recommendation (Step 5)

This step consists of a comparison of the selected options to establish the best technical and economic
solution for energy harvesting in water systems, using as a base the analysis made in the previous
steps. The main parameters to be compared for each design discharge scenario are (i) harvested

energy; (i) capital cost; (iii) payback period; (iv) net present value; (v) internal rate of return.

The final solution is the one that leads to a higher NPV, acceptable IRR and an adequate PB. The project
is feasible if the NPV is higher than zero, it means that the investment is recovered, the minimum rate
of return of capital is achieved and a surplus is accomplished. If the NPV is equal to zero, the capital
cost is retrieved and the minimum rate of return of capital is achieved, so the profitability of the project
is doubtful. If the NPV is negative, the project is financially impractical. For the PB, normally, a period of
fewer than 10 years is required, but different methodologies can be adopted by the designer of the

project [59].

However, other parameters can be considered such as the capital cost. Companies can opt for a lower-
cost solution, even if this solution does not have the highest NPV and IRR nor the lowest PB, for

economic reasons (e.g., given the available budget).
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4 CASE STUBNALYSIS

4.1 General remarks

The objective of this chapter is to carry out the technical and economic feasibility studies of energy
harvesting of Alviela case study. This involves determining the most adequate energy recovery solution
to be installed and the corresponding rated conditions (discharge, head and power). These parameters

are calculated in the following sections as well as several economic indices.

4.2 System overview

The case study is in the Alviela River source located in the center of Portugal, in Alcanena municipality,
district of Santarém (Figure 4.1a).

(@) (b)

Figure 4.1 (a) Case study map location in the center of Portugal; (b) Evolution of the water supply system in
the region of Lisbon [80]

Alviela river supplied water to the city of Lisbon since 1880, when was inaugurated, through the Alviela
agueduct with 114 km extension and 70 000 m3/day capacity. It supplied also other municipalities,
namely Alcanena, Santarém, Azambuja, Alenquer, Vila Franca de Xira, Arruda dos Vinhos, Sobral de
Monte Agraco, Torres Vedras and Loures, coming to end on the Barbadinhos reservoir. The company

responsible for the operation and management is Empresa Portuguesa de Aguas Livres (EPAL).

The aqueduct ceased to be the main source of drinking water in Lisbon when the water supply system
of Castelo do Bode was inaugurated in 1987. The evolution of the water supply system in the region of
Lisbon (Figure 4.1b) was the following: it started with the Aguas Livres aqueduct in 1799, after the Alviela

aqueduct in 1880 and, then, Castelo do Bode transmission system in 1987 [81].

Currently, the aqueduct operation is suspended between the river source and a certain location, in

Ribeira Alcaiadaria, just discharging a residual flow. Additionally, there is a fluvial beach in the Alviela
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river source, with two weirs discharging water. This area is also used for recreational purposes. Figure
4.2(a) shows the frontal view of Alviela catchments and the two weirs and Figure 4.2(b) shows the fluvial
beach view from the river source with the two weirs (numbers 1 and 2). Figure 4.2(c) presents the weir

number 2, which is the one available to install the turbine.

Ribeira de

Figure 4.2 Alviela catchments: (a) frontal view and (b) lateral view; (c) Weir (number 2) available to install the
turbine; (d) plant drawing, with frontal view (view A) and lateral view (view B).

Presently, in the river source, the water is discharged in the Ribeira de Amides through two weirs, as
shown in Figure 4.2(d). The first weir (number 1) discharge almost the entire flow and the remaining
water goes through a submerged outlet (number 3) to the second weir (number 2), where discharge part
of the flow and the remaining water, which, nowadays, is a residual discharge, goes to the Alviela

Aqueduct through the channel (number 4).
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For the future, it is being considered to restart the transport of water in Alviela Aqueduct to the city of
Lisbon, for purposes other than regular supply. The remaining water would be used to generate energy
by installing a turbine in the second weir illustrated in Figure 4.2(c) and in the plant drawing (number 2)
of Figure 4.2(d). A minimum ecological discharge to the river of 10 000 m3/day is required by the local
legislation (EPAL protocol with DRGN 1992).

EPAL is considering the possibility of using Alviela Aqueduct to reinforce supply needs in case of an
emergency. Besides, EPAL intends to use part of the remaining water, before discharging to the river,
to generate energy by installing a turbine in the second weir.

4.3 Data collection and analy¢iStep 1)

4.3.1 Flow rate data

The flow rate in Alviela River at the source location varies between 0.03 and 1.5 Mm3/day (0.7 and
17 m3/s, respectively). The hydrological series 1949/1979 show a flow rate from 44 to 187 Mm?3/year
(1.4 and 5.9 m3/s, respectively), with an average of 120 Mm3/year (3.8 m3/s) [82].

The daily flow rate data from 2004 to 2019 was provided by EPAL. However, the years from 2016 to
2019 were excluded from the analysis, because during the exploratory data analysis, some uncertainties
concerning the flow rate measurements appeared, making data from these years not reliable. The data
available from the years 2016 to 2019 were significantly higher than that from 2004 to 2015 (Figure
4.3a), with no justification other than an error in the flow rate measurement.

Therefore, the flow rate data from 2004 to 2015 will be used for the analysis since it represents more
adequately the operation regime. Figure 4.3(b) shows how different the mean flow rate time series and
flow rate duration curve are from the periods of 2004 to 2015, 2016 to 2019 and the whole period from
2004 to 2019.
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Figure 4.3 (a) Alviela flow rate time series; (b) Alviela flow rate duration curves.
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Thus, only the 2004-2015 period was considered in the analysis. The mean flow rate is 3.9 m3/s and the
median flow rate is 2.11 m3/s. The flow rate varies substantially during the year, with values around
7 mé/s in the wet season (October to March) and lower than 2 m%s in the dry season (April to

September).
4.3.2 Available head

A topographic study in the Alviela River was carried out by a specialized company hired by EPAL. The
study indicates an available head of 2.50 m in the second weir, which is the one available to install the
turbine. Figure 4.4 shows the second weir and the elevations obtained by the study. The available head
is the difference between the height of the weir threshold, 53.82 m and the water level in the river of
52.77 m, plus the water column height in the weir of 1.45 m, measured from the threshold. The

topographic study is presented in Appendix A.
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Figure 4.4 Topography study in Alviela River.

4.3.3 Flow rateand aqueduct intakdischargescenarios

At the request of EPAL, four scenarios (Scenarios 0, I, Il and Ill) concerning intake discharges for the
Alviela aqueduct were considered (Table 4.1). This means that part of the flow rate cannot be used for
energy harvesting, as it may be diverted, in the future, to the Alviela transmission system. The flow rate
used to harvest energy is the total flow rate minus the intake discharge amount. The rationale for the

establishment of the four scenarios are the following:

- Scenario 0 considers no aqueduct intake discharge, just to have a reference situation. Thus,
the median and mean flow rate available to harvest energy is the total available in the Alviela

river.
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- The aqueduct intake discharge, Qaq, is defined as a percentage of the Alviela aqueduct
maximum capacity of 70 000 m3/day (0.81 m?/s). Thus, Scenario | correspond to a diversion of
15 and 30% of the aqueduct maximum capacity, in the wet and dry seasons, respectively;
Scenario Il corresponds to 25 and 50% and Scenario Ill to 50 and 75%. The wet season

corresponds to the months from October to March and the dry season from April to September.

Table 4.1 Aqueduct intake discharge scenarios with median and mean flow rates.

Scenario Season Percentage of Qaq (M¥5) Median flow Mean flow
aqueduct capacity* = rate (m3/s) rate (md/s)
Wet season 0% 0.00 2.11 3.90
Scenario 0
Dry season 0% 0.00
Wet season 15% 0.12 1.94 3.72
Scenario |
Dry season 30% 0.24
Wet season 25% 0.20 1.82 3.62
Scenario Il
Dry season 50% 0.41
Wet season 50% 0.41 1.62 3.49
Scenario lll
Dry season 75% 0.61

*Alviela aqueduct capacity: 70 000 m3/day = 0.81 m%/s

All the further analyses are carried out by using the flow rate time series from 2004 to 2015, subtracting
the aqueduct intake discharge for each scenario and each season and respecting the minimum

ecological discharge to the river of 10 000 m3/day, which is required by the local legislation.

Figure 4.5(a)-(c) shows the flow rate duration curves of Scenarios I, Il and Il compared to Scenario 0,
which considers no intake discharge for water supply purposes. Figure 4.5(d) represents the comparison
between the four flow rate duration curves. The difference between the several scenarios is very small.
As shown in Table 4.1, the median flow rate values vary from 2.11 to 1.62 m3/s from Scenario 0 to III.
The variation for the mean flow rate is between 3.90 and 3.49 m?/s from scenarios 0 and Ill. As shown
in the following section, the effect of these small differences in the final technical-economic solution is
negligible.
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Figure 4.5 Flow rate duration curves and aqueduct intake discharges (a) Scenarios | and 0; (b) Scenarios Il
and 0; (c) Scenarios Il and 0; (d) All four scenarios

4.4 Techndogy selection(Step 2)

The technological solution can be selected based on the available head (H = 2.5 m) and the median
flow rate of 1.82 m®s and using the turbine performance chart presented in Figure 4.6. The available
options to install in this case study are a single propeller, a Kaplan turbine, or a single Archimedes screw
turbine. The technical-economic analysis will be carried out for these three options.

1000 .
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Francis

PAT Crossflow

H=25m

Qmedian
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Figure 4.6 Case study performance chart adapted from [33].
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The next step is to define the flow efficiencies that will be used for the estimations for each one of the
available options and the flow rate ranges of operation of the turbine. The part-flow efficiencies for the

turbines considered in the case study are presented in Figure 4.7.

Archimedes screw turbine

Implemented solutions [53] have shown that the mean AST plant overall efficiencies are lower than
those and varied between 69 and 76%. Therefore, it will be assumed an overall efficiency constant of
75% for the discharge range from 110 to 40% of the rated discharge. The value of 75% water-to-wire
efficiency is also suggested by The Archimedes Screw Company [22]. The turbine can still operate in
lower than 40% of the rated discharge, but with lower efficiency. For lower than 40% of the rated
discharge, it was considered that the overall efficiency varies according to Figure 4.7, based on

manufacturersd catalogues and previous studies
Kaplan turbine

The Kaplan turbinepart-f | ow ef fi ci ency was est i ncatdlaguk, oh @Qunteld
(1981) [73] and on other studies [22, 35, 59, 65, 84]. The turbine can maintain a higher efficiency than
AST for discharge ranges from 110 to 30% of the rated discharge. Kaplan efficiency varies according to

Figure 4.7.
Propeller turbine

The propeller turbine part-flow efficiency was estimated based on Quintela (1981) [73]. The turbine has
high efficiency for values around the rated discharge. However, this efficiency drops very fast when the
discharge deviates from this value. The propeller efficiency varies with the discharge according to Figure
4.7.
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> 60% + Q/Qq |Efficiency| Q/Qq | Efficiency | Q/Qq | Efficiency
8 20% 50% 20% 44% 75% 55%
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Figure 4.7 Archimedes screw, Kaplan and propeller turbines part-flow efficiency considered in the study.
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4.5 Economic analysis

4.5.1 Assumptions

The methodology was applied to the case study using an Archimedes screw turbine, a Kaplan turbine
and a propeller turbine to find the optimal design discharge that leads to the highest NPV, an acceptable
value of the IRR and an adequate PB, for each solution. These indicators are calculated in the economic
analysis using the harvested energy and power output data obtained from the energy harvesting
assessment. The technological solutions are compared to decide on the most advantageous solution

among the three turbines.

The economic analysis requires the definition of several parameters: the discount rate, the project
lifetime and the energy unit cost that are independent of the technology, whereas the hydropower plant

and O&M costs are technology dependent. The following assumptions are considered in the analysis:
- Discount rate (r) = 5% (this is the current value used by EPAL in economic studies).

- Project lifetime (n) = 20 years (typical values for small hydropower projects are 20-35 years

[16]).

- Unit energy cost (p) = 0.08753 U KWh (the current value used by EPAL to buy energy).

- Hydropower plant cost=2 M0/ MW f o r MW SMW prigelterand4M0/ MW f or Kapl an

This value may vary between2to5MG/ MW, depending on the taacchnol
civil work required. Alviela is an easy access place and needs a little civil work. The AST is
considered one of the cheapest technologies when compared to other turbines, but with lower
efficiency. The Kaplan turbine is a more expensive technology and its observed values are
around 4 M0/ MW. prbgeler turbine is cheaper than the Kaplan turbine, which is an
improved version of the propeller since it does not have an adjustable blade pitch and guide
vanes. Therefore, an in-between hydropower plant costv al ue of vas ddnsiekéd/
These values are based on EPAL previous experience and discussion with several

manufacturers.

- Operational and Maintenance costs (O&M) = 0.5% of the hydropower plant cost for AST, 2.0%
for propeller turbine and 4.0% for the Kaplan turbine, excluding the water pipeline cost. The
assumed value for the AST is considered that will not be necessary for many operations and
maintenance services since they are known for low maintenance cost and minimal cleaning
necessary. Propeller and Kaplan turbines are technological solutions that need more

maintenance and for that reason, are more costly.

These parameters are summarised in Table 4.2.
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Table 4.2 Base parameters used in the analysis for each technological solution.

Parameters AST Kaplan Propeller
Hydropower plant cost (M&/MW) 2.0 4.0 3.0
O&M cost (%CClyear) 0.5 4.0 2.0
Discount rate (%) 5.0 5.0 5.0
Project lifetime (years) 20 20 20
Unit energy cost (€/kWh) 0.08753 0.08753 0.08753

4.5.2 Water pipelinecost

The existing pipeline in Alviela, which conveys water from the source to the second weir, has a total
length of ca. 50 m, a diameter of 0.755 m and a transport capacity of 1.5 m3/s. For discharges higher
than this value, it necessary to construct a new ductile iron pipeline with a 50 m length with a diameter

that depends on the required discharge.

The cost estimation was made using cost functions developed by Covas et al. (2018) [83]. Equation
(4.1) represents the unit cost of a pipeline in ductile iron (0 / )rand Equation (4.2) represents the unit
cost of excavation in clay and gravel (G / )niThe excavation cost was aggravated by a factor of 1.25 to
consider the rock excavation. Table 4.3 shows the total cost for the pipeline construction for design
discharges from 2 to 8 m3/s. This value cost should be added to the capital costs of this energy

harvesting project.

Cp,Ufm =0 . 0 OMN+10 . 1 658 D! 4.1)

CLR4UTm =4 DN+5. 4 (42)

where DN is the nominal diameter (mm).

Table 4.3 Pipeline cost

Rock excavation factor = 1.25

Q,m’s) | Q (m¥s)|DN (mm)| Cu (€/mm) | Total cost (€) T“*":;;L;?o;"“k
2.0 05 | 496 | 401.10€| 20,054.80¢€ 25,068.50 €
25 10 | 647 | 618.79€ | 30,939.55€ 38.674.44 €
3.0 15 | 755 | 805.05€ | 40,297.25€ 50.371.56 €
35 20 | 843 | 976.15€| 48.807.69€ 61,009.61 €
4.0 25 | 019 | 1,134.98€| 56.749.06 € 70.936.32 €
45 3.0 | 985 | 1.28540€| 64.269.90€ 80.337.38 €
5.0 35 | 1045 | 142023€| 71.461.41¢€ 89.326.76 €
55 40 | 1100 | 1,567.69€ | 78.384.65€ 97.980.82 €
6.0 45 | 1151 | 1.701.66 € | 85083.10 € 106,353.87 €
65 50 | 1199 | 1,831.78€ | 91,589.08 € 114,486.35 €
7.0 55 | 1243 | 195855€ | 97.027.48¢€ 122,400.35 €
75 6.0 | 1286 | 2,082.36€ | 104,117.99 € 130,147.48 €
8.0 6.5 | 1326 | 2.203.53€ | 110,176.50 € 137,720.63 €
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4.6 Archimedescrew turbine analysis

4.6.1 Energy harvesting assessmsitep 3)

As referred before, the difference between the scenarios is negligible and, therefore, the analysis
presented herein corresponds to the intermediate scenario, Scenario Il. Results for the other scenarios
are presented in section 4.9.2.

Figure 4.8 shows the turbine discharge duration curves for design flow rates between 1.5 and 15 m3/s,
divided in 10 intervals. It is important to highlight that the maximum discharge considered is 110% of the
design discharge, whereas the lowest turbine discharge is specific to the AST solution (20% of the
design discharge).
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Figure 4.8 Alviela flow rate duration curve for AST i Scenario Il.

The water volume used by the turbine, the harvested energy and the turbine operating time per year, as
a function of the design discharge, are presented in Figure 4.9. The volume and the harvested energy
reach a maximum point at the design discharge value of 12 md/s, with a harvested energy of
472 MWhlyear, a volume of 96.8 hm?3 and 2242 hours of operation. Figure 4.8 shows that, for this flow
rate, the turbine will not work for 54% of the time. This happens because, in the period of the dry season,
some flow rates are below 20% of the design discharge considered in the input data as the minimum,
making the turbine not operate all the time.

The value of 12 m3/s represents the optimal design discharge in terms of technical analysis that is the
discharge that leads to the maximum energy harvested. However, the optimal design discharge does
not depend only on the energy harvesting assessment, but also on the economic analysis since the
capital cost increases according to the power of the turbine. The economic analysis is carried out in the

following section.
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Figure 4.9 (a) Turbined volume per year as a function of design discharge; (b) turbine operating time per year and
harvested energy as a function of design discharge.

The available power duration curve is presented in Figure 4.10, showing the estimated frequency of

occurrence of the available power. An AST with a design discharge of 1.50 m%/s and a maximum power

of 30 kW can operate for more than 80% of the time, while a turbine with 15.00 m3/s and a maximum

power of 273 kW can operate for less than 40% of the time. The frequency of occurrence of 50%

corresponds to a design discharge of 9.0 m3/s and a maximum power of 182 kW. The available power

depends on the turbine part-flow efficiency and the discharge that varies from 110 to 20% of the design

discharge since the head is constant.
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Figure 4.10 Available power duration curve for AST i Scenatrio Il.

Obtained results, such as turbined volume, V, the available head, H, the harvested energy, E, turbine

rated power, Pn and the turbine operating time per year, OT, as a function of the discharge are presented

in Table 4.4.
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Table 4.4 Summary table with technical parameters for AST.

Operating

Qq(m’s) | Volume (hm?)| Head (m)| E(MWhiyear)| Py(kw) [ hours
(hiyear)
15 e 250 17845 28 6547
3.0 55.98 2.50 282.37 55 5183
45 69.35 2.50 349.24 83 4281
6.0 78.34 2.50 394.49 110 3627
75 85.10 2.50 426.89 138 3152
9.0 90.27 2.50 449.55 166 2786
10.5 94.02 2.50 463.74 193 2487
12.0 96.84 2.50 472.10 221 2242
13.5 96.54 2.50 468.98 248 1986
15.0 94.93 2.50 459.23 276 1758

4.6.2 Economianalysi{Sep 4)

The values of capital costs, O&M costs, gross and net revenue, as well as the economic indicators, such
as NPV, PB and IRR are calculated as a function of the design discharge, to decide which is the most

adequate design discharge and the turbine rated power.

Figure 4.11(a) shows the costs and revenues as a function of the design discharge. The O&M cost and
the net and gross revenue are the sums of 20 years of the project lifetime. Also, it compares the NPV

with and without considering the pipeline cost.

Figure 4.11(b) shows that the discharge that leads to the highest NPV for the AST is 3.0 m3/s. This is
because the NPV is highly dependent on capital cost. Despite the energy harvesting increasing with the
discharge, the capital cost increases in a larger proportion, making the optimal design discharge in
technical terms less profitable. For these reasons, the economic analysis was made with the flow rate

range between 1.0 and 6.0 m%/s to obtain greater accuracy in results.

Moreover, the different behaviour between the NPV values of 1.5 and 2.0 m3/s is because, for 1.0 and
1.5 m3/s, there is no need to construct an additional pipeline, so the pipeline additional cost is null. For

values above 1.5 m3/s, there are additional costs concerning the civil work of the pipeline.

Figure 4.11(b)-(d) shows that for Scenario Il, the optimal design discharge that leads to the higher NPV
of 137260 0 i ryeats With an adequate PB and IRR is 3.0 m3/s. The results for this discharge are an
Archimedes screw turbine of 55 kW power, a PB of 8.26 years and an internal rate of return of 13.74%.
A 10-year PB was the maximum desirable by EPAL. The figure also compares the NPV, PB and IRR to
the hypothetical situation without considering the pipeline cost and shows that it influences the result.
Without considering the pipeline cost, the design discharge would be 4.5 m3/s, with a NPV of 200 087 4 ,

a PB of 6.49 years and an internal rate of return of 17.22%.

Table 4.5 presents a summary of the obtained values and technical parameters that are important to

the economic analysis. The highest NPV is highlighted in blue.
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Figure 4.11 Results of the AST economic analysis as a function of the design discharge with and without the
pipeline cost: (a) capital cost, O&M costs, revenues and net present value; (b) net present value; (c) payback
period; (d) internal rate of return.

Table 4.5 Summary table with economic results for AST.

Qq Head | Power| Energy Hydropower Pipeline Total capital | O&Mcost | Gross Revenue Re:l:r:ue I:::IHZ? r:i:’;m:‘ Paxﬁ:d‘ IRR with
(m¥s) | (m) | (kW) | (MWhiyear)|plantcost(10° €)| cost (10°€)| cost(10°€) | (10°€/year) | (10%lyear) (0%eyear) | (10°€) |cost(10°€) pipeline | pipeline
cost (years)
1.0 25 18 134 36.8 0.0 36.8 0.2 1.7 11.5 143.6 106.8 3.47 31.19%
15 25 28 178 55.2 0.0 55.2 0.3 156 153 191.2 136.0 4.05 27.59%
2.0 25 37 218 73.6 25.1 98.6 0.5 1.0 18.5 231.2 1325 6.24 18.13%
25 2.5 46 252 92.0 38.7 130.6 0.7 22.1 21.4 267.2 136.6 7.31 15.49%
3.0 25 55 282 110.4 50.4 160.7 0.8 247 23.9 298.0 137.3 8.26 13.74%
215 25 64 308 128.8 61.0 189.8 0.9 27.0 26.0 3241 134.3 9.19 12.38%
4.0 25 74 330 147.2 70.8 21841 11 289 27.8 346.4 128.3 10.12 11.23%
4.5 25 83 349 165.5 80.3 2459 1.2 306 29.3 365.6 119.7 11.07 10.23%
5.0 25 92 366 183.9 89.3 2733 14 32.1 30.7 382.6 109.4 12.04 9.36%
5.5 2.5 101 382 202.3 98.0 300.3 1.5 334 31.9 397.5 97.1 13.02 8.57%
6.0 25 110 394 220.7 106.4 3271 1.6 345 32.8 409.9 82.9 14.04 7.83%

Figure 4.12 shows the NPV, costs and revenue during the project lifetime, indicating the PB between 8

and 9 years. The parameters used in the simulation are also discriminated in the figure.
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Figure 4.12 NPV during the project lifetime considering the design discharge of 3.0 m?%/s

Table 4.6 presents a summary with all information about the solution for the Alviela case study using an

Archimedes screw turbine, including the technical characteristics, project costs, revenues and economic

indicators. Moreover, as seen in the flow rate and available power duration curves illustrated in Figure

4.8 and Figure 4.10, the 55-kW turbine can work with a discharge of 3.3 m3/s and power of 61 kW for

36% of the time. Thereafter, the available power decreases gradually until it stops working in 71% of the

time. This means that the turbine will not work for 29% of the time.

Table 4.6 Final solution for AST in Alviela.

) . O&M
| a|n| p | g |Operation o| €2 |piseling| Capital | cost | O3M | Net Payback| IRR
Turbine 26| (m)| W) | (Mwh) hours [V (hm”)[ Cost t €)| cost €) | (% of Cost |Revenue| NPV (€) ( )| %)
(m*/s)|(m (hiyear) (MEMW) cos 0s Cucc; © © years o
AST 3.0 |25]| 55 282 5183 55.98 2 50372160734 | 0.5 804 | 23912 | 137260 | 8.26 | 13.74

57



4.7 Kaplan turbine analysis

4.7.1 Energy harvesting assessmsitep 3)

As referred before, the difference between the scenarios is negligible and, therefore, the analysis

presented herein corresponds to the intermediate scenario, Scenario Il.

Figure 4.13 shows the flow rate duration curve with the probability or frequency of occurrence of each
one of the design discharges set in the flow rate range between 1.5 and 15.0 m3/s, divided into 10

intervals.

18 —+
16
14
12
-~ 10 Design discharge (m*/s)
g 150 3.00
% 8 450 —6.00
= 6 750  —9.00
% —10.50 —12.00
=~ 4 —13.50 —15.00
2
0 1 f t 1

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

Estimated frequency of occurrence

Figure 4.13 Alviela flow rate duration curve for the Kaplan turbinei Scenario Il.

Figure 4.13 shows that the turbine can operate for more than 80% of the time for the design discharge
of 1.5 m%/s and less than 40% for the design discharge of 15 m3/s. For design discharges from 3.0 to
4.5 m¥/s, the turbine can operate between 60 and 80% of the time, from discharges from 6 to 13.5 m?/s
the turbine can work between 40 and 60% of the time. The frequency of occurrence of 50% corresponds
to a design discharge of 9.0 m?/s.

The water volume used by the turbine, the harvested energy and the turbine operating time per year, as
a function of the design discharge are presented in Figure 4.14. The volume and the harvested energy
reach a maximum point at the design discharge value of 12 m3/s, with a harvested energy of
569 MWh/year, a volume of 96.8 hm? and 2242 hours of operation. Figure 4.13 shows that, for this flow
rate, the turbine will not work for 54% of the time. This happens because, in the period of the dry season,
some flow rates are below 20% of the design discharge considered in the input data as the minimum,

making the turbine not operate all the time.

The value of 12 m3/s represents the optimal design discharge in terms of technical analysis that is the
discharge that leads to the maximum energy harvested in the system. However, the optimal design

discharge does not depend only on the energy harvesting assessment, but also on the economic
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analysis since the capital cost increases according to the power of the turbine. The economic analysis

is carried out in the following section.
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Figure 4.14 (a) Turbined volume per year as a function of design discharge; (b) turbine harvested energy and
operating time per year as a function of design discharge.

The available power duration curve is illustrated in Figure 4.15, showing the estimated frequency of
occurrence of the available power. A Kaplan turbine with a design discharge of 1.5 m3/s and a maximum
power of 36 kW can operate for more than 80% of the time, while a turbine with 15 m3/s and a maximum
power of 364 kW can work for less than 40% of the time. The frequency occurrence of 50% corresponds
to a design discharge of 9 m3/s and a maximum power of 219 kW. The available power depends on the
turbine part-flow efficiency and the discharge that varies from 110 to 20% of the design discharge since

the head is constant.
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Figure 4.15 Available power duration curve for the Kaplan turbine i Scenario II.

Obtained results, such as the turbined volume, V, the available head, H, the harvested energy, E, turbine
rated power, Pn and the turbine operating time per year, OT, as a function of the discharge are presented
in Table 4.7.
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Table 4.7 Summary table with technical parameters for Kaplan turbine.

Operating

Qq(m%s) | Volume (hm?) | Head (m)| E(MWhiyear)| Py(KW) hours
(hiyear)
15 3535 250 214.31 33 6547
3.0 5598 250 338.86 66 5183
45 69.35 250 418.67 99 4281
6.0 78.34 250 472.20 132 3627
75 85.10 2.50 511.16 166 3152
9.0 90.27 250 53953 199 2786
105 9402 250 558.26 232 2487
12.0 96.84 250 568.99 265 2242
135 96.54 250 56549 298 1986
150 94 93 250 55363 331 1758

4.7.2 EconomianalysigStep 4)

The values of capital costs, O&M costs, gross and net revenue, as well as the economic indicators, such
as NPV, PB and IRR are calculated as a function of the design discharge, to decide which is the most

adequate design discharge and the turbine rated power.

Figure 4.16(a) shows the costs and revenues as a function of the design discharge. The O&M cost and
the net and gross revenue are the sums of 20 years of the project lifetime. Also, it compares the NPV
with and without considering the pipeline cost.

Figure 4.16(b) shows that the discharge that leads to the highest NPV for the Kaplan turbine is 1.0 m3/s.
This is because the NPV is highly dependent on capital cost. Despite the energy harvesting increasing
with the discharge, the capital cost increases in a larger proportion, making the optimal design discharge
in technical terms less profitable. For these reasons, the economic analysis was made with the flow rate

range between 0.5 and 5.5 m3/s to obtain greater accuracy in results.

Moreover, the different behaviour between the NPV values of 1.5 and 2 m3/s is because, for 1 and
1.5 m¥/s, there is no need to construct an additional pipeline, so the pipeline additional cost is null. For

values above 1.5 m3/s, there are additional costs concerning the civil work of the pipeline.

Figure 4.16(b)-(d) shows that for Scenario Il, the optimal design discharge that leads to the higher NPV
of 42634 0 i ryea® With an adequate PB and IRR is 10.19%. The results for this discharge are a
Kaplan turbine of 33 kW power, a PB of 11.1 years and an internal rate of return of 10.19%. A 10-year
PB was the maximum desirable by EPAL. The figure also compares the NPV, PB and IRR to the
hypothetical situation without considering the pipeline cost and shows that it does not influence the

result.

Table 4.8 presents a summary of the values obtained in the simulation and technical values, that are
important to the economic analysis. The higher NPV is highlighted in blue and the negative NPV is

highlighted in red. Negative NPV means that the project is financially impractical.
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Figure 4.16 Results of the Kaplan turbine economic analysis as a function of the design discharge with and
without the pipeline cost: (a) capital cost, O&M costs, revenues and net present value; (b) net present value;

(c) payback period; (d) internal rate of return.

Table 4.8 Summary table with economic values for the Kaplan turbine.

Q: Head | Power Energy Hydropowe: plant PipolinJe c.:‘:':;l OS;M cost RS:::IS.Ie Net Eavenua Total mal:a ':::3:::‘ witp::;?:;:(ne I::e:::
(ms) | (m) | (kW) [(MWhiyear) cost (10° €) cost (10" €) cost (10° €) (10%€lyear) (10%lyear) (10°€lyear) |revenue (10° €) cost (10° €) | cost {years) -
0.5 25 11 94 44.1 0.0 441 1.8 8.3 6.5 81.0 36.9 8.33 13.54%
1.0 25 | 22 160 88.3 0.0 88.3 3.5 14.0 10.5 130.9 42.6 11.10 10.19%
1.5 25 33 214 132.4 0.0 132.4 5.3 18.8 13.5 167.8 35.3 13.44 7.97%
2.0 25 | 44 261 176.6 25.1 201.6 8.1 229 14.8 184.6 -17.1 2313 3.98%
25 25 55 303 220.7 38.7 259.4 10.4 26.5 16.2 201.3 -58.1 33.06 2.19%
30 25 | 66 339 2649 50.4 ke 126 29.7 171 2125 -102.8 52.07 0.76%
35 25 77 369 309.0 61.0 370.0 14.8 323 17.5 2186 -151.5 - -0.51%
4.0 25 88 396 353.2 70.9 4241 17.0 346 17.7 2204 -203.7 - -1.67%
4.5 25 99 419 397.3 80.3 477.6 19.1 36.6 17.5 2186 -259.0 - -2.77%
5.0 25 | 110 439 441.5 89.3 530.8 21.2 38.4 17.2 214.2 -316.6 - -3.82%
Figure 4.17 shows the NPV during the project lifetime, indicating the PB of approximately 11 years.
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Figure 4.17 NPV during the project lifetime considering the design discharge of 1.0 m%/s

Table 4.9 presents a summary with all information about the solution for the Alviela case study using a
Kaplan turbine, including the technical characteristics, project costs, revenues and economic indicators.
Moreover, the 22-kW rated power turbine can work with a discharge of 1.1 m3/s and power of 24 kW for
59% of the time. Thereafter, the available power decreases gradually with the design discharge until it

stops working in 94% of the time. This means that the turbine will not work for 6% of the time.

Table 4.9 Final solution for the Kaplan turbine in Alviela.

) Q |H| P E Operation| | Capital | o e | Capital | O5M | O3M | Net Payback| IRR
Turbine - ) | kW) |(MWhiyear) hours hm? Cost cost (€) | Cost (€) Cost (% | Cost | Revenue [NPV (€) (vears) | (%)
(m/s) veanl year) | M) | memw) of CC) |(€lyean)| (€lyean) y €

Kaplan | 1.0 |2.5| 22 160 7326 |264| 4 0 88 290 4 3532 | 10506 | 42634 | 11.10 | 10.19
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4.8 Propeller turbine analysis

4.8.1 Energy harvesting assessmsitep 3)

As referred before, the difference between the scenarios is negligible and, therefore, the analysis

presented herein corresponds to the intermediate scenario, Scenario .

Figure 4.18 shows the flow rate duration curve with the probability or frequency of occurrence of each

one of the design discharges set in the flow rate range between 1.5 and 15.0 m3/s, divided into 10

intervals.
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Figure 4.18 Alviela flow rate duration curve for the propeller turbinei Scenario Il.

The value of 6 m3/s represents the optimal design discharge in terms of technical analysis that is the
discharge that leads to the maximum energy harvested in the system. However, the optimal design
discharge does not depend only on the energy harvesting assessment, but also on the economic
analysis since the capital cost increases according to the power of the turbine. The economic analysis
is carried out in the following section.

Figure 4.18 shows that the turbine cannot operate for more than 60% of the time. For design discharges
between 1.5 and 3.0 m?/s, the turbine can operate between 40 and 60% of the time, from design flow
rates between 4.5 and 7.5 m3/s it can operate between 20 and 40% of the time. For design discharges
higher than this value, the turbine operates for less than 20% of the time. The frequency of occurrence

of 47% corresponds to a design discharge of 3.0 m3/s.

The turbined volume, the harvested energy and the turbine operating time per year, as a function of the
design discharge are presented in Figure 4.19. The turbined volume and the harvested energy reach a
maximum point at the design discharge value of 6 m3/s, with a harvested energy of 312 MWh/year, a
volume of 53 hm? and 2419 hours of operation. Figure 4.18 shows that, for this flow rate, the turbine will
not work for 74% of the time, which is a value that can be harmful to the turbine due to idleness. This

happens because the propeller turbine can operate approximately between 75 and 110% of the design
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discharge, due to its fixed blade pitch and guide vanes and the Alviela River has a great variation

concerning the flow rates.
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The available power duration curve is illustrated in Figure 4.20, showing the estimated frequency of

occurrence of the available power. A propeller turbine with a design discharge of 1.50 m%/s and a

maximum power of 36 kW can operate for approximately 60% of the time, while a turbine with 15 m3/s

and a maximum power of 364 kW can work for less than 10% of the time. The frequency occurrence of

47% corresponds to a design discharge of 3.0 m3/s and a maximum power of 73 kW.
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Figure 4.20 Available power duration curve for propeller turbine i Scenario Il.

All the numeric results, such as turbined volume, V, head, H, harvested energy, E, turbine rated power,

P~ and the turbine operating time, OT, as a function of the flow rate scenarios are illustrated in Table

4.10.
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Table 4.10 Summary table with technical parameters for propeller turbine.

Operating

Qg (m*s) |Volume (hm®)| Head (m) | E(MWhiyear) | Py(kW) hours
(hiyear)

15 20.58 2.50 179.49 33 5479
3.0 46.93 2.50 283.24 66 4345
4.5 52.14 2.50 308.91 99 3218
6.0 5295 2.50 312.00 132 2419
75 52 62 250 31137 166 1949
9.0 51.89 2.50 306.66 199 1602
10.5 50.48 2.50 298.63 232 1336
12.0 4932 2.50 288.47 265 1142
135 46.41 2.50 268.50 298 955
15.0 41.68 2.50 238.58 331 772

4.8.2 Economi@nalysig{Step 4)

In the economic analysis was verified that the flow rate range more profitable was much less than the
optimal design discharge in technical aspects. Figure 4.21(a) shows the costs and revenues as a
function of the design discharge. The O&M cost and the net and gross revenue are the sums of 20 years

of the project lifetime. Also, it compares the NPV with and without considering the pipeline cost.

Figure 4.21(b) shows that the discharge that leads to a higher NPV is 1.5 m3/s. This is because the NPV
is highly dependent on capital cost. Despite the energy harvesting increases with the discharge until
reaches 6 m3/s, the capital cost increases in a larger proportion, making the optimal design discharge
in technical terms less profitable. Another crucial aspect of the propeller analysis is the necessity to build
a new water pipeline for design discharges above 1.5 m?®s, making them less advantageous. For these
reasons, the economic analysis was made with the flow rate range between 1.0 and 6.0 m3/s to obtain

greater accuracy in results.

Figure 4.21(b)-(d) shows that for Scenario I, the optimal design discharge that leads to the higher NPV
of 717050 i ryeats With an adequate PB and IRR is 1.5 m?%s. The results for this discharge are a
propeller turbine of 33 kW rated power, a PB of 9.13 years and an internal rate of return of 12.51%. The
figure also compares the NPV, PB and IRR to the hypothetical situation without considering the pipeline

cost and shows that it does not influence the result.

Table 4.11 is a summary of the values obtained in the simulation and technical values, that are important
to the economic analysis. The higher NPV is highlighted in blue and the negatives NPVs are highlighted

in red. Negative NPV means that the project is financially impractical.
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Figure 4.21 Results of the propeller turbine economic analysis as a function of the design discharge with and
without the pipeline cost: (a) capital cost, O&M costs, revenues and net present value; (b) net present value;
(c) payback period; (d) internal rate of return.

Table 4.11 Summary table with economic values for propeller turbine.

Q Head | Power Energy Hydropower plant | Pipeline | Total capital| O&M cost Rf:::la o L UEE]T NII’V:viIh Wil::yl:mc:( IR_R ‘:{“h
(m¥s) | (m) | (kW) | (MWhiyear) cost (10°€)  |cost (10° €)| cost (10° €) | (10%€lyear) (10%iyean) | (10°eyear) | (10°€) co's; (10°¢) cost"(;em) e
1.0 2l 22 136 66.2 0.0 66.2 1.3 1.9 10.6 1321 65.9 7.46 15.04%
1.5 25 33 179 99.3 0.0 99.3 2.0 15.7 13.7 171.0 7 9.13 12.51%
2.0 25 44 219 132.4 251 157.5 3.2 19.2 16.0 199.5 420 13.44 7.98%
25 25 55 255 165.5 38.7 204.2 4.1 224 18.3 2277 23.5 15.80 6.32%
3.0 25 66 283 198.7 50.4 249.0 5.0 248 19.8 246.9 -2.1 20.11 4.90%
Bt Pl 77 299 231.8 61.0 292.8 59 26.2 20.3 253.4 -39.4 26.02 3.36%
4.0 25 88 305 264.9 70.9 335.8 6.7 26.7 20.0 248.8 -87.0 37.11 1.71%
45 25 LX) 309 298.0 80.3 378.3 76 27.0 19.5 2427 -135.6 72.02 0.28%
5.0 25| 110 309 3311 89.3 420.4 8.4 271 18.7 2325 -187.9 - -1.11%
5.5 25| 121 308 364.2 98.0 462.2 (el 26.9 17.7 2206 -241.5 - -2.41%
6.0 25| 132 311 397.3 106.4 503.7 10.1 272 171 2135 -290.2 - -3.37%

Figure 4.22 shows the NPV during the project lifetime, indicating the PB of approximately 9 years.
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Figure 4.22 NPV during the project lifetime considering the design discharge of 1.5 m¥/s.

Table 4.12 is a summary with all information about the solution for the Alviela case study using a
propeller turbine, its technical characteristics, project costs, revenues and economic indicators.
Moreover, as seen in Figure 4.18 and Figure 4.20 the 33-kW rated power turbine can work with a
discharge of 1.65 m3/s and the power of 36 kW for 51% of the time. Thereafter, the available power
decreases gradually with the design discharge until stops working in 58% of the time. This means that

the turbine will not work for 42% of the time.

Table 4.12 Final solution for propeller turbine in Alviela.

Operation Capital - ; o&Mm 0&M Net
\

Turbine Cid H (m) (k;’,) (MWEI ear) hours hm? Cost 2?;';2? g;sptlt(zl} Cost (% Cost | Revenue h:z;/ F;ai:?:)k I(;R)
(m’/s) vean| yearn) || (Memw) of CC) | (Elvear) | (€lyean) y

Propeller | 1.5 | 2.5 33 179 5479 208 3 0 99 326 2 1987 13724 |71705| 9.13 12.51

4.9 Finalrecommendatior(Step 5)

4.9.1 Comparison of the solutions

The previous analyses show that the most viable solutions are:
- for the AST, the rated discharge of 3.0 m3/s and the rated power of 55 kW;
- for the Kaplan turbine, the rated discharge of 1.0 m3/s and the rated power of 22 kW;

- for the propeller turbine, the rated discharge of 1.5 m3/s and the power of 33 kW.

The comparison of these three solutions is carried out considering these rated values and the discharges

from the reference Scenario Il.

Figure 4.23 shows a comparison between the three types of turbines. The 20-year maximum NPV and
PB, are 42 634 G and 11 years, for the Kaplan turbine, 71 7050 a %1@® years for the propeller turbine
and 137260 0 a n d ye8rs rethe AST. The Archimedes screw and the propeller turbines are the

options that fulfil the 10 years maximum PB (established by the water utility). Moreover, the internal rate
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of return for the Kaplan turbine is lower than the propeller and AST, 10.19%, 12.51% and 13.74%,

respectively. Using these indicators, the Kaplan turbine solution can be discarded.

Figure 4.23(d) shows the NPV during the 20 years project lifetime. The three solutions are feasible since
they have a positive NPV. The AST is the one that has the highest capital cost, but also the highest NPV

at the end of the project lifetime.
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Figure 4.23 Parameters comparison between AST, Kaplan and propeller turbines; (a) NPV; (b) Payback
period; (c) Internal rate of return; (d) NPV during the project lifetime.

As shown in the technical-economic, the most viable technological solution for Alviela case study is the
Archimedes screw turbine. Despite the lower efficiency, the screw turbine is more advantageous due to
its lower unit cost and lower O&M costs. The gain in energy harvesting that happens in Kaplan and
propeller turbines due to the higher efficiency is not sufficient to counterbalance the difference in the

investment when comparing to the AST.

Although the propeller and AST solutions have similar values of PB and IRR, the AST has a higher NPV
and recovers more energy per year. The screw turbine has a lower capital and O&M costs, making it
possible to install a more robust machine working with a higher design discharge leading to higher
energy harvesting. Another positive aspect of the AST is the fact that it can work in a higher range of
flow rates than the propeller and, for Alviela, this is a crucial characteristic because this location has a

great variability of flow rates.
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Table 4.13 shows the comparison between the three solutions in terms of rated conditions, harvested
energy and the referred economic indicators. The AST has the lowest operation hours, 5183 hours, but

it recovers more energy due to its higher rated power.

Table 4.13 Parameters and economic indicators comparison.

Operation v Capital 0O&M O&M Net

Turbine %" H (m) |P (kw) (MWth cany| hours | ol Cost ':':’;"g g:;"(:') Cost (% | Cost |Revenue |NPV (€) P(azgf:)" '(;R)
(m/s) y tiyean) | M) [imemwy of CC) | (€lyear)| (€lyear) v

AST | 30 | 25 | 55 282 5183 |5598| 2 | 50372 |160734| 05 | 804 | 23912 [137260| 826 | 13.74

Kaplan | 10 | 25 | 22 160 7326 | 2637 4 0 |88200| 4 | 3532 | 10506 |42634 | 11.10 | 10.19

Propeller] 15 | 25 | 33 179 5479 |2058| 3 0 |99326| 2 | 1987 | 13724 |71705| 913 |12.51

4.9.2 Sensitivity analysder the Achimedes screw turbine

The comparison of the NPV, PB, IRR and the NPV during the project lifetime for the different scenarios
of the Alviela transmission system and the available flow rate for energy harvesting for Archimedes
screw turbine is presented in Figure 4.24.

Figure 4.24(a) shows through the maximum value attained in the NPV that the design discharge is

3.0 m3/s for Scenarios 0 to Il and that only for Scenario Il the design discharge is lower (1.5 m3/s).

Figure 4.24(b) and (c) show the PB and internal rate of return as a function of the design discharge. The
economic indicators for the design discharge of 3.0 m3/s and a rated power of 55 kW are described in
Table 4.14. The payback periods for all scenarios are lower than 10 years, varying from 7.20 years in
the most favourable scenario, the one that assumes no intake discharge, to 8.57 years in the scenario
that derives more water to the Alviela transmission system. The IRR is always higher than 12%, varying
from 12.97 to 15.82% and the NPV varies from 1238800 t 081407 3

The harvested energy and the AST operating time per year, for the four scenarios, are also presented
in Table 4.14. The energy harvesting varies between 270 and 316 MWh per year. Moreover, the
operating time are above 5 000 hours for the first three scenarios and for Scenario Ill is slightly lower.
The turbine working 5 000 hours per year is an acceptable value to avoid technical problems due to
idleness.
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Figure 4.24 Results of the AST economic analysis as a function of the design discharge for the four

scenarios: (a) net present value; (b) payback period; (c) internal rate of return; (d) net present value

during the project lifetime considering the design discharge of 3.0 md/s

Table 4.14 Economic indicators for all scenarios.

e Operatin Payback
Scenarios energy hou?s . e‘ir) NPV (€) | ;ars) IRR (%)
(MWh) Y Y
Scenario 0 316 5832 173814 | 720 | 15.82%
Scenario | 294 5415 150344 | 765 | 14.49%
Scenario I 282 5183 137260 | 8268 | 13.74%
Scenario 270 4979 123880 | 857 | 12.97%

Figure 4.25(a)-(d) compares the NPV, PB, IRR and the NPV during the project lifetime for different
values of micro-hydropower capital cost. This analysis aims to assess the effect of the uncertainties in

the capital cost in the final solution.

Figure 4.25(a) shows that, for capital costs equal or higherthan2.5M4d/ MW, t he desi gn di sch.
from 3.0 to 1.5 m3/s and the NPV drops from around 1370000, i n t he -byarspeweochpitahi cr o

cost of 20 MU/ MW, (@O®U ,50i n t hhydropaver @lanbcdost of 3.5M0/ MW, f or the de:
discharge of 3.0 m?/s. For this same flow rate, the PB increases from 8.26 to 14.46 years (Figure 4.25b)

and the IRR drops from 13.74 to 7.29% (Figure 4.25c). Figure 4.25(d) shows the NPV during the project

lifetime, indicating the PB for each one of the micro-hydropower capital costs.
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Figure 4.25 Results of the AST economic analysis as a function of the design discharge for different values of
hydropower plant cost i Scenario II: (2) net present value; (b) payback period; (c) internal rate of return; (d)
NPV during the project lifetime considering the design discharge of 3.0 m¥/s

4.9.3 Design of thé\rchimedesscrew

Concerning the physical characteristics of the screw, as Figure 4.26 shows, the diameter, D, of an AST
of 3.0 m¥/s varies from 2.6 and 2.8 m for an angle with the horizontal plane, a of 22° and 30°,
respectively. The values for length and angle depend on the local characteristics and the manufacturer.

In Alviela, according to the topographic study (Appendix A), the weir width is 4.20 m and the available
length is 14 m, thus the AST can be installed with any of the referred angles.

=)

Figure 4.26 AST diameter as a function of discharge for inclinations of 22° and 30° [85].

Figure 4.27 shows an example of configuration of an Archimedes screw turbine of 2.6 m diameter and inclination
of 22° in Alviela river and an arbitrary value for the length of the turbine. The length depends on the manufacturer

and the company responsible for the installation. Figure 4.27(a) indicate that there is no area problem in the weir to
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