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Abstract

New approaches to renewable energy sources and the growing interest in clean energy
technologies nowadays are related to the context of the war in Europe, rising electricity
prices, depletion of fossil fuel reserves, and environmental issues. Still, many European
countries can develop and exploit the untapped potential of hydropower generation and
take advantage of new solutions for emerging small-scale distributed generation. Re-
garding small-scale pico-hydro systems, many researchers have been studying to apply
reversed-flow centrifugal pumps instead of conventional turbines, as they are easy to in-
stall, low cost, less complex to operate, mass-produced, and available for a wide range of
head and flow rates. Notwithstanding, selecting a pump as a turbine (PAT) is not that
simple since pump manufacturers do not provide performance curves for reverse opera-
tion. Therefore, based on several authors, this work designed a small-scale pico-hydro
system to be implemented at the Braganga Ciéncia Viva Centre using two PATs, whose
selection and performance prediction were carried out through an easy and reliable proce-
dure. A solution is proposed considering three power generation levels in order to obtain
high self-consumption quotas, forecasting an energy generation of 57% of the total yearly
consumption. Additionally, preliminary tests were carried out in the lab, although not
sufficiently conclusive, for an innovative grid connection solution using a PAT emulation

system, a VFD in regenerative braking mode, protection circuits, and a PV inverter.

Keywords: Small-scale pico-hydro systems; renewable distributed generation; PATS;
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Resumo

Novas abordagens em fontes renovaveis e o crescente interesse pelas tecnologias de en-
ergia limpa atualmente se remetem ao contexto da guerra na Europa, ao aumento dos
precos da eletricidade, ao esgotamento das reservas de combustiveis fosseis, e a questoes
ambientais. Outrossim, muitos paises europeus podem desenvolver e se beneficiar de um
potencial hidroelétrico ainda inexplorado, aproveitando novas e emergentes solugoes para
a geracao distribuida em pequena escala. Quanto a sistemas pico-hidricos de pequena
escala, muitos investigadores tém estudado a aplicacao de bombas centrifugas a funcionar
como turbinas (BFT), uma vez que sao faceis de instalar, de baixo custo, menos complexas
de operar, produzidas em massa, e disponiveis para uma vasta gama de cota e de caudal.
Contudo, selecionar uma BFT néo é tao simples, posto que os fabricantes de bombas nao
fornecem curvas de desempenho para o funcionamento inverso. Portanto, com base em
varios autores, concebeu-se um sistema pico-hidrico de pequena escala para ser implemen-
tado no Centro Ciéncia Viva de Braganca utilizando duas BF'Ts, cuja selecao e previsao
de desempenho foram realizadas através de um procedimento facil e confiavel. Propoe-se
uma solugao considerando trés escaloes de geracao de energia para elevadas quotas de au-
toconsumo, prevendo uma geragao de energia de 57% do consumo total anual. Ademais,
foram realizados testes preliminares no laboratério, ainda que nao suficientemente conclu-
sivos, de uma solucao inovadora de ligacao a rede a partir de um conversor de frequéncia

em modo de travagem regenerativa, circuitos de protecao, e um inversor fotovoltaico.

Palavras-chave: Sistemas pico-hidricos de pequena escala; geragao distribuida renovavel;

BFTs;
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Chapter 1

Introduction

Energy generation and consumption are essential factors in the advancement of society.
Power generation solutions have been increasingly developed to meet the growing energy
demand. The availability of electricity is a prime necessity today as it can improve the
quality of life in many ways, even though a considerable percentage of the world still does

not have access to electricity [1].

Fuels still supply a significant part of the energy demand, representing emissions in
large quantities of greenhouse gases and resulting in increasing weather changes, severe
health problems, sea-level rise, and changes in the ecosystem. The energy mix cannot
depend on fossil fuels anymore, making room for developing renewable sources in various

contexts, enabling several benefits for the environment, society, and economy [2, 3].

The context of the war in Ukraine further aggravates the rising electricity prices and
presents a massive challenge considering the EU’s dependency on Russian natural gas —
spotlighting the market of small-scale renewable energy generation. Gathering resources,
knowledge base, and determination, it is possible to turn the crisis into an opportunity

3, 4].
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1.1 Motivation and challenges

New approaches to renewable energy sources and the environmental issues of fossil
fuels have increased the interest in clean energy technologies. Intensive exploration of
alternatives and renewable energy resources are currently being conducted worldwide [5].
In this respect, distributed generation (DG) is becoming part of the strategic plans of
most countries as it produces on-site highly reliable and good quality electrical power,

offering environmental, technical, and economic advantages [6, 7].

Regarding the European region, many countries can still develop and exploit the un-
tapped potential of hydropower generation, which needs to expand further to enable clean
energy transition and limit the global temperature rise in the following decades [8]. Large-
scale hydropower plants have lower electricity generation costs but are usually related to
large dams and present a matter of distributing or transmitting the energy produced. By
contrast, on a small scale, hydropower exploits the hydro potential without significant

damming, being an environmentally benign energy option available [9, 10].

Furthermore, conventional turbines and generators can neither be produced locally nor
mass-produced, which is why it is difficult, time-consuming, and costly to develop turbines
for a specific site in a low-capacity range [11]. Alternatively, many researchers have been
studying the replacement of these turbines with reversed-flow centrifugal pumps in small-
scale hydropower systems. They are easy to install, low cost, less complex to operate,
mass-produced, and available for a wide range of head and flow rates [11]. Integrating
mature technologies, which are widely available at competitive prices, it is possible to

reach both remote areas and places where the power grid is accessible [7].

Notwithstanding, selecting a pump to run as a turbine (PAT) is not that simple. Since
pump manufacturers do not provide performance curves for reverse operation, predicting
pump behavior and performance is needed, but it requires complex and expensive labora-
tory equipment to be obtained. An easy and reliable way for predicting PAT performance

is still an open issue [12].

Different types of generators and connection strategies can be applied to the interface
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between the turbine and the power grid. Generally, a commercial pump is sold with a
three-phase asynchronous motor as a prime mover, which can also operate as a generator.
The induction machine can compete with other technologies for a small-scale generation.
However, manufacturers’ catalogs only mention motor efficiency values [13].

Connecting the generator directly to the power system may imply large inrush currents
and voltage drops, and grid connection approaches aim to avoid such undesirable effects.
Moreover, integrating renewable sources in unconventional ways has proven viable and
has been studied recently. Developing reliable and cheap conversion systems, based on
mature technologies, is necessary to allow these solutions to be exploited cost-effectively
(14, 15].

The Braganca Ciéncia Viva Centre (CCVB), next to the Fervenga river, is a smart and
eco-efficient building with a conventional micro-hydro system, which has recently experi-
enced some difficulties in its operation [16, 17]. In the context of small-scale hydropower
plants, there is an opportunity to study the new approaches, taking advantage of the

available water resource and being an alternative to the existing infrastructure.

1.2 Objectives

This work aims to design a small-scale pico-hydro system based on PATs at the CCVB,
in order to exploit the available hydroelectric potential on a self-consumption basis, as an
alternative to the existing out-of-service micro-hydro system.

The specific objectives of this work are listed as follows:

o Review the literature on small-scale renewable energy generation, focusing on dis-

tributed generation and pico-hydro systems;

o Study the application of PATs in the context of small-scale pico-hydro systems,

proposing a method to select and predict the operation for a given site;

o Study grid connection strategies suitable for small-scale hydropower plants based

on PATsS;
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o Apply the selecting procedure proposed and predict the performance parameters for

the context of the CCVB;

o Forecast renewable energy generation in the applied context, discussing benefits,

drawbacks, and requirements of the system;

o Test innovative grid connection approaches within small-scale pico-hydro systems.

1.3 Structure of the Thesis

o Chapter 1: Introduction
— Contextualization of the growing interest in renewable resources and distributed
generation, introducing opportunities to investigate and develop alternatives in this

area, especially concerning small-scale hydro systems.

o Chapter 2: State of the Art
— Literature review on renewable energy generation mainly focused on pico-hydro
systems using PATs, presenting a procedure to select and predict their performance

and also approaching grid connection strategies.

o Chapter 3: Site characterization
— Description of the context of the CCVB, consumption data and site parameters,

presenting the information required to develop a design project.

o Chapter 4: Application and Results
— Application of the State of the Art within the context presented, reporting the

results to be discussed.

o Chapter 5: Conclusion

— Synthesis of the work and suggestions for future work.



Chapter 2

State of the Art

Power generation solutions are sought after to meet the growing energy demand. The
energy mix cannot depend on fossil fuels anymore, making room for the development
of renewable sources in various contexts, enabling several benefits for the environment,
society, and economy. This chapter reviews the current status of electricity demand and
generation as well as approaches to small-scale generation plants and grid connection

strategies to be applied in the context of this work.

2.1 Small-scale renewable energy generation

This section will focus on the context of electricity demand and generation and how
small-scale distributed generation and especially small-scale pico-hydro systems can inte-

grate into that scenario.

2.1.1 Current status of electricity demand and generation

Electricity availability is a prime necessity these days, as it can improve the quality
of life in many ways. Nevertheless, 9.5% of the world had no electricity access in 2020 —
concerning either electricity supply, safe cooking facilities, and a required minimum level

of consumption [1] —, as Figure 2.1 shows.
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No data 0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

Figure 2.1: Electricity access, 2020. Source: Our World In Data [1].

Reducing this amount is a great challenge, considering that some places deprived
of electricity are complicated to reach, and the cost of electricity from different power

generation sources can vary [2].

In addition, fossil fuels still supply a significant part of the energy demand, which
continues to present exponential growth, as well as the rate of civil and industrial growth
and technological advances. This scenario represents emissions in large quantities of
greenhouse gases during the combustion process, resulting, e.g., in increasing weather
changes, severe health problems, sea-level rise, and changes in the ecosystem. On the
other hand, fossil fuel reserve depletion has accelerated research in renewable energy,

intending to make energy available at low cost and higher efficiency [2, 3].

Rising fossil fuel prices and Europe’s ambition to reduce its energy import depen-
dency spotlight the market of small-scale electric energy generation units. Based on these
facts, many nations and governments started implementing energy strategies and policies
to reduce environmental impacts and develop new and efficient renewable technologies,
needing to overcome many challenges and barriers. For many years, the energy market
was dominated by fossil energy resources, setting up regulations and policies and hin-

dering the deployment of renewable energy resources. Regulatory and policy support is
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necessary to change this scenario. Energy incentives (fixed feed-in tariffs, quotas, energy
bids, and auctions), exemption from taxes, importation duties and customs, low-interest
rates, and energy credit; such measures can enable renewable energy projects [3, 13].

Replacing existing power plants with renewable ones is expensive, as well as the cost
of electricity produced from renewable energy. So it still requires subsidy policies to be
competitive with traditional sources, such as facility investment subsidy for replacement
and electricity price subsidy. Furthermore, these sources require high-level skilled labor
with specific expertise to install, commission, operate, and maintain their facilities, which
is another challenge for deploying renewable energy projects [3].

One must consider that the context of the war in Ukraine further aggravates the rising
electricity prices and presents a massive challenge considering the EU’s dependency on
Russian natural gas — which has become unreliable and expensive. The war will reinforce
speeches in favor of other renewable energy sources and foreground them, as happened in
the late 2000s when countries began to consider renewable energy as a measure of energy
independence. Gathering resources, knowledge base, and determination, it is possible to
turn the crisis into an opportunity. Nevertheless, if uncoordinated or mismanaged, this

crisis may worsen [4].

2.1.2 Small-scale distributed generation

As mentioned, new approaches to renewable energy sources and the environmental
issues of fossil fuels have increased interest in clean energy technologies. Intensive ex-
ploration of alternatives and renewable energy resources are currently being conducted
worldwide [5]. During the last decade, global energy generation from renewable sources
jumped from 4,401 TWh per year in 2011 to 7,931 TWh in 2021 [18], representing an
increase of more than 80%), as shown in Figure 2.2.

In this respect, distributed generation (DG) is becoming part of the strategic plans
of most countries as it produces on-site highly reliable and good quality electrical power,

offering environmental, technical, and economic advantages [6, 7]. It refers to small and
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Figure 2.2: World renewable energy production. Source: Our World In Data [18].

medium-sized power plants located near electricity users and is becoming increasingly
important in the global energy supply systems. Renewable energy DG technologies has
the potential to mitigate congestion on transmission lines, reduce the impact of electricity
price fluctuations, increase energy security, and provide greater stability to the power grid
[19].

Integrating renewable sources in unconventional ways has proven to be viable and has
been studied recently. DG emerges as an interesting solution to electrify remote areas and
also to make buildings more sustainable. While grid-connected small-scale PV systems are
widespread, small-scale hydropower systems are promising and have potential — especially
very small-scale [7].

Pico-hydro systems — under 5 kW —, for example, can be implemented with low-power
wind generators connected to the grid through a PV inverter [20]. Moreover, developing
reliable and cheap conversion systems, based on mature technologies, is necessary to allow

these solutions to be exploited cost-effectively [15].

2.1.3 Small-scale hydropower systems

Within the context of renewable generation, hydropower appears as the cheapest

among other sources. It generates electricity by using a turbine to convert the energy
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of falling water to mechanical energy, and generators coupled to these turbines to convert
from mechanical to electrical energy [2, 9]. As the largest source of renewable electricity
globally, hydropower generates more electricity than all other renewable energies com-
bined. By 2021, it generated around 54% of all energy from renewable sources [18].

Nevertheless, hydropower capacity needs to expand further to enable clean energy
transition and limit the global temperature rise in the next decades. In 2019, renewable
sources accounted for only 11.4% of global primary energy, so they must comprise a much
larger proportion of the world’s energy mix by 2050. Rapid electrification in all sectors
and the increasing world population show that the electricity demand will increase in the
coming decades. Thus, hydropower, wind, and solar will all have to increase significantly
to meet this demand [21]. Regarding the European region, many countries can still develop
and exploit the untapped potential of hydropower generation [8].

Despite large-scale hydropower plants having even lower electricity generation costs,
there is a matter of distributing or transmitting the energy produced, which may not
be economical. Besides that, hydroelectricity is usually with large dams. However,
hydropower on a small scale is the exploitation of hydro potential without significant
damming, being in most cases close to the consumer and run-of-river plants — which do
not have the same kinds of adverse effect as the large hydro. Therefore, small-scale hy-
dropower is one of the most environmentally benign energy options available [9, 10], even
more so in the mentioned context of DG. The classification of hydropower plants will be
shown in the next section.

Pico-hydro systems can provide electricity where there are many isolated rural com-
munities and villages near streams and rivers. Moreover, it is an economical power source
as it has very low construction costs and a short pay-back time [11]. Especially concerning
remote villages where grid supply is not feasible, standalone hydropower plants can also
be a very attractive solution [2, 9].

However, it can become expensive if conventional turbines and generators are applied
as they can neither be produced locally nor mass-produced [11]. Turbine manufacturers do

not manufacture turbines in smaller capacities. Therefore, it is difficult, time-consuming,
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and costly to develop turbines for a specific site in a low-capacity range. The cost of
electromechanical components in small-scale systems is relatively high so solutions are
being sought to lower this cost [22]. Figure 2.3 shows the differences in cost distribution

between large and micro hydropower plants.
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Figure 2.3: Cost distribution: (a) Large and (b) Micro hydropower plants. Source: Aidhen
et al. [2].

As a solution, many researchers have been studying the replacement of these turbines
with reversed-flow centrifugal pumps in small-scale hydropower systems as they are avail-
able for a wide range of head and flow rates. In addition, they are easy to install, low
cost, less complex to operate, mass-produced, and available for various standard sizes and
including spare parts [11]. These systems can take advantage of the integration of mature
technologies, which are widely available at competitive prices, to reach both remote areas
and places where the power grid is accessible [7]. The next section will discuss the above
mentioned solution in more detail.

Water distribution networks (WDNs) have been in e