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Abstract

The story behind renewable energy source dates centuries back. However, only today
the world witnesses a major shift towards these energy sources. Although, a bit late, this
trend has knocked on every country’s door and motivated many scientists to explore the
full potential of it. In this thesis, the main focus would be put on hydroelectric energy
and how it is used today. The need for a change in world’s energy supply systems is more
then important, and the renewable energy sources lead the way. The thesis explores
different studies conducted throughout the year while making a hybrid of the most
important facts that concern hydro energy. This paper is mainly concentrated on
pointing out the importance of implementing RES into the systems across the globe.
Developing this technology could potentially help develop more sophisticated and more
efficient mitigation solutions to leave even smaller carbon footprint. The given topic is
of greater importance after the last year where the world was faced with a pandemic.
Although it resulted in drop in demand, this year showed an enormous rebound effect
that could potentially push back the progress made in reducing CO2 levels.
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Preface

The present paper is the outcome of the Master Studies of the International Hellenic
University of Thessaloniki, Greece. The objective of the courses taken was to familiarize
the student, and author of this thesis, with deep knowledge in Energy & Finance. This
programme was followed by the author after finishing undergraduate studies in
Electrical Enginnering and Information Technology, in the field of Power engineering,
Automation adn Renewable energy source.

The present paper is a combination of the knowledge gained in the author’s
postgraduate and undergraduate studies. Due to the pandemic and aggravated
conditions for getting permissions, it was avoided conducting a field research and the
paper is focused on literature review, gaining in-depth knowledge, and transfering it to
the readers in a most reader-friendly way.

-i-

Contents

ABSTRACT .................................................................................................................. III
PREFACE........................................................................................................................ I
CONTENTS .................................................................................................................. II
TABLE OF FIGURES................................................................................................. III
TABLE OF TABLES..................................................................................................... V
INTRODUCTION ..........................................................................................................1
HISTORY OF RENEWABLE ENERGY SOURCES ................................................................3
HISTORY OF HYDRO ENERGY ........................................................................................5
ELECTRICITY AND DEMAND .......................................................................................10
LITERATURE REVIEW ............................................................................................16
TECHNICAL ASPECT OF HYDROPOWER ..........................................................29
HYDROPOWER IN NORWAY .................................................................................42
GEOGRAPHY AND CLIMATE ........................................................................................42
CURRENT TRENDS ......................................................................................................47
FUTURE DRIVERS .....................................................................................................48
QUESTIONNAIRE ......................................................................................................62
PROJECT ......................................................................................................................67
CONCLUSION .............................................................................................................71
ACKNOWLEDGMENTS ............................................................................................75
BIBLIOGRAPHY .........................................................................................................76

-ii-

Table of Figures

Figure 1 Total hydropower installed capacity in 2020 [8]................................................ 2
Figure 2 World share of electricity production by source [14]......................................... 6
Figure 3 Water-powered mills used in Ancient Rome to produce flour from grain [53] . 7
Figure 4 Electricity production from hydroelectric sources (% of total) [11] .................. 8
Figure 5 Electricity market report of the global rebound electricity demand after the
pandemic [source: https://www.iea.org/] ........................................................................ 11
Figure 6 World energy consumption by energy source (1990-2040) [15] ..................... 12
Figure 7 Rebound effect in energy consumption and CO2 emissions [source:
https://www.enerdata.net/] .............................................................................................. 13
Figure 8 Rebound effect in

India, China, EU, Japan, and Russia [source:

https://www.enerdata.net/] .............................................................................................. 14
Figure 9 Share of the total for coal, oil, gas, electricity in G20 [source:
https://www.enerdata.net/] .............................................................................................. 15
Figure 10 Evolution of power generation by source in G20 countries [source:
https://www.enerdata.net/] .............................................................................................. 16
Figure 11 Types of turbine runners [26] ......................................................................... 32
Figure 12 Typical efficiency curves for different types of hydropower turbines [28] ... 36
Figure 13 Top left corner: Map of Norway showing the normal precipitation (annual
average) 1061-1990 [50]; Right side: Locations of the hydropower projects in the
geological map of Norway with direction and magnitude of horizontal rock stresses
superimposed [51]........................................................................................................... 43
Figure 14 Hydropower Norway - Max MW (left) Hydropower Norway – Efficiency
(right) [52]....................................................................................................................... 44
Figure 15 Norwegian energy supply system [31] ........................................................... 45
Figure 16 Precipitation, consumption and production of electricity in Norway, 2019,
source: [54] ..................................................................................................................... 46
Figure 17 Cumulative installed hydropower capacity in Europe in 2019, by country(in
megawatts) [source: https://www.statista.com/] ............................................................. 48
Figure 18 Gross electricity generation in the EU calculated growth rates [43] .............. 52

-iii-

Figure 19 Projections of electricity generation from RES in multiple studies and scenarios
[35] .................................................................................................................................. 53
Figure 20 Mean values for the nine variables by year [18] ........................................... 56
Figure 21 Present values of mean values for the nine variables by year [18] ................ 57
Figure 22 Mean present values for the fourteen variables in the model by year [36] .... 59
Figure 23 Total installed hydropower cost rages by country [38] .................................. 60
Figure 24 Cost Breakdown of an indicative 500 MW greenfield hydropower project in
the United States [38] ..................................................................................................... 61
Figure 25 Results from the question: “From 1 being “no knowledge at all” and 5 “expert
knowledge”, how much do you know about hydro energy?”. ........................................ 63
Figure 26 Results from the question: "Although renewable energy sources are a huge
trend, I am not familiar with the topic that much." ......................................................... 63
Figure 27 Results from the question: “From 1 being the least to 5 being the most how
much do you think is being done in hydropower plant development?”. ........................ 63
Figure 28 Results from the question: "From 1 being the least to 5 being the most how
much do you know about the Conference of Parties (COP)?” ....................................... 64
Figure 29 Results from the question: “The COP26 is meant to deal with the COVID19
economic crisis?” ............................................................................................................ 64
Figure 30 Results from the question: "Hydro energy, from all renewable energy sources,
contributes the most in energy production (true/false)".................................................. 65
Figure 31 Results from the question: “Hydropower plants do more harm than good to the
environment” .................................................................................................................. 66
Figure 32 Results from the question: "The Paris Agreement is an agreement that binds
countries to produce electricity solely from solar, wind, and hydro energy sources. ..... 66
Figure 33 Results from the question: "I believe that renewable energy sources, especially
hydro, could help fight global warming?" ...................................................................... 67
Figure 34 Organizational structure of website "Hydro Energy Information Center" ..... 68
Figure 35 Website segment "Renewable Energy events" ............................................... 69
Figure 36 Website segment "Useful links" [sources: www.energy.gov, www.eia.gov,
www.irena.org, www.iea.org] ........................................................................................ 70
Figure 37 Website segment "Hydropower 101" ............................................................. 71

-iv-

Table of Tables

Table 1 Milestones in the development of water power machines [10] ........................... 8
Table 2 Impulse and reaction turbines [29] .................................................................... 41

-v-

Introduction

“Water is the driving force of all nature”
-

Leonardo Da Vinci, 1452-1519

In the past decade and more, renewable energy has become a very popular topic all around the
globe. Impacts of the global warming have been greater than anyone could expect, affecting every
country in the world. Global leaders have been trying to find a solution to stop the damage and
"undo" everything that can be undone. Not only that people feel the change in the air quality and
the rise of temperatures, but indigenous people have also been fighting the war with global
warming on the front line. It is undeniable that this problem is not a matter of someone's belief
in the topic, but rather pure facts that affect the most vulnerable with the greatest intensity but
everyone else as well. As a matter of fact, this is a problem of every single individual and it is
crucial to fight it together and unite forces. The previous year, when the pandemic appeared, was
a clear sign that common sense and a united front can achieve any given goal. The solution that
seems most appropriate for today given the technology we have, is to turn the focus away from
fossil fuels and invest in renewable energy sources (RES). The term hydropower generally implies
energy obtained from water resources, such as rivers, dams, tidal energy, and the energy of
waves. In addition, potential or kinetic energy is converted into mechanical, and after it is
converted into electrical. On a worldwide scale, electricity production that is obtained from water
resources is included in about 20% of the total amount of electricity production from all
resources. [8] In other words, 2% when it comes to meeting all the energy demands. In 2020 the
installed capacity for hydropower reached 1330 GW, as seen in Figure 1.[8] Hydropower has been
used for more than 6000 years, for acquiring mechanical energy that is later used for irrigation,
forging metals, milling flour, removing ores, etc. Data for the utilization of hydropower energy
was available for China, ancient Greece, India, as well as Egypt; and from there on, it has spread
to America and Europe. The first real project of the so-called water wheel binds to the name
Leonardo da Vinci (1452-1519), while the first practical experiments to exploit the great potential
of water through water wheels were performed by Bossut and Smearrn in 1759.
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Figure 1 Total hydropower installed capacity in 2020 [8]

A significant contribution to the theory of energy conversion of water has the Swiss scientist
named Daniel Bernoulli (1700-1782), who first described the theory of conversion of hydropower
in other forms of energy. He described it in his book called "Hydrodynamics". The basic principles
for hydraulic machines were given by the Swiss scientist Leonard Euler in 1750. The main feature
of these hydro mechanical systems is that the use of water energy is at the source itself. In other
words, there are no possibilities for transferring energy to remote consumers. Since 1895, with
the construction of the first hydroelectric power plant in Niagara Falls, as well as the electricity
transmission to remote consumers, the era of exploitation of hydro potential for obtaining
environmentally clean, renewable electricity began. The focus in this thesis would be mainly on
hydropower, however, it is undeniable important to mention the significance of other types of
RES as well. In this chapter, Introduction, the reader could take a look at brief history of renewable
energy source, history of hydro as well as the electricity and demand today. The introduction is
meant to inform readers about basic information about today’s energy demand and how it grew
throughout the years. The second chapter is Literature Review and it contains some of the most
important works, according to the author, for this thesis. All of the studies reviewed in this
chapter published in recent years with the intention to “feed” this paper with updated
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information. Next in this thesis, is the chapter Technical aspect of hydropower where the reader
can introduce herself/himself, with basic equations and technical aspects behind the story of
hydro energy. There is a specific focus on small hydropower plants because they appear to be
quite popular in the last couple of years around the world. After this chapter, the next chapter is
focusing on Europe’s greatest hydro energy producer, Norway. The importance of having Norway
in this thesis is undeniable considering that this country has one of the most sophisticated
technology for production of electricity from this RES. Here in this chapter, the reader can find
information about the geography and climate in Norway, the potential of hydro and the energy
supply system as well as their current trends. The next chapter talks about Future drivers in this
sector, or, what is affecting hydro sector’s development. Later, there is an Economic Approach
chapter which analyzes and discusses the findings of particularly two studies conducted in the
previous years. To research the interest in this topic, the author has decided to do research by a
Questionnaire, which is the following chapter after Economic Approach. Here the reader can see
feedback for the common knowledge in hydro and the importance of promoting this energy
source even more. The chapter Project is a small project to impose an idea how to respond to the
need for more accessible information about this energy source. It is intended to allow every
reader to easily get access to it, understand the data without being confused, and expand their
knowledge about RES. Last but not least, the chapter Conclusion makes a nice summary of
everything said in this thesis. To start discussing hydro, it is important to introduce its “family”,
renewable energy sources, first.
History of renewable energy sources
Throughout the years, RES has been available for use. However, people back then were not aware
of the benefits it had, as well as the potential impact. Only in the latest centuries, people have
started using fossil fuels and in recent years, nuclear energy is taking a huge part in producing
energy. The only reason why coal and other energy sources have taken over is that it was cheaper
by a lot. However, in recent years, the wide consumption of non-renewable sources has taken a
significant toll on Earth, resulting in damaging the Earth's core, as well as the ozone layer that
protects all life from dangerous radiation emitted from the Sun. Today, governments are looking
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for ways to implement renewable energy to save the planet. Even though RES has been available
forever, people have not used it to its fullest potential.
Even though people back then were not fully aware, they have harnessed the benefits of
renewable energy; for example, radiation from the Sun provided huge amounts of heat for
habitats that are suitable, and it provided the energy that has high-quality that was necessary for
growing food. This way, energy was exploited in some ways for external work as well as
maintenance. Wind energy has been widely used for sail ships, especially in Europe over five
thousand years ago. However, there is other evidence that shows the presence of windmills from
three thousand years ago, in the country today known as India. Other evidence is showing
experiments with glass mirrors for the purposes of harnessing solar energy. They used it for
starting altar fires from long ranges. Other renewable source that was used is hydropower,
especially for a water-wheel, and a water clock.
The Romans, even though known for their excellent Emperors, they used technology as an
advantage. They were known for using human power for potter's wheels, as well as operating
water pumps. Other ways of harnessing energy were used for developing wind-powered
instruments as well as the development of the steam engine.
In the 16th century, in the period of the Renaissance, renewable energy had become very
interesting for people, especially in the field of technology. Many devices back then have started
to be commonly used for supplying energy, such as muscle power, hydropower, as well as wind
power. In the next centuries, Italy has started to experiment with burning mirrors and many more
experiments that resulted in introducing the steam engine that took over the industry of water
power. In the 18th century, solar furnacing has started to be used for melting many sorts of
metals. J. Cassini successfully achieved temperatures above 1000 degrees Celsius; thus, making
this sort of furnacing a very practical method for melting metals. Near the end of the 19th century,
a hot air engine cycle made by Ericsson was introduced, and this resulted in opening a lot of
possibilities for solar-thermal conversion. [1]
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History of hydro energy
The power of water was a big technological revolution for mankind. The gravity and height of the
waterfall provide the primary hydro energy. This is also known as potential energy. In other
words, the product of the gravity factor, the mass of the water, and the difference between the
tail water and dam level is the potential energy. Changing these three factors will change the
potential electricity generated. The story of hydropower starts much sooner and in a more brute
form compared to today’s hydroelectric power plants. Aqueducts and the power of gravity have
been used in the Far East since 4000 BC.[2] A little bit later than that, around the 3rd century BC,
a more sophisticated water wheel appeared in the then centers of the world we know today as
Egypt and Turkey, Alexandria and Pergamon accordingly.[2] As the scripts and data suggest the
first vertical form of a water wheel didn’t appear until the 1st century BC.[3] The further
development of water wheels at the time, allowed mankind to exploit many of the potentials of
the water energy. Humans used it to saw marble, grid different grains, and other industrial
purposes, as seen in Figure 3. This revolutionary development helped mankind grasp the
possibilities of the power of water and make sure to invest and develop for better and easier
processing of goods as can be seen in Table 1.
The history of today's technology for RES starts much later. Cistercians and Benedictines, among
other monks, with their technological skills, were a crucial part of the development of the
watermills. In France, the famous Abbey of Saint-Germain-de-Prés owned over 80 waterwheels.
[4]. The power of water was greatly used, to that extent that coal was considered a secondary
energy source. When looking throughout history it is clear that the beginning of the industrial
revolution was greatly assisted by the development of hydro technology at the time. However
impressive, the efficiency of the technology could reach only 40%. [5]. For that reason, scientists
focus on finding a solution to improve the technology and extract the maximum efficiency
possible. For a hundred years, starting in the early 18th century, different solutions were offered.
In the middle of the 19th century, Alphonse Sagebien, a French engineer developed a water wheel
with an efficiency of around 85%. [6] This was the beginning of a journey that brought efficient
turbines, introducing to mankind the parents of today's turbines. The vertical water wheels have
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been used almost throughout the entire human history and in the late 19th century have reached
a level of efficiency where they were considered a matching technology for fossil fuels.

Figure 2 World share of electricity production by source [14]

The sources for electricity production have changed throughout the years. New, innovative ways
are found every day to reduce the human carbon footprint which eventually contributes to the
global share of electricity production. Before renewables were embedded in our systems, coal,
and oil were used for electricity production. Solar energy's share has reached something more
than 3% in 2020, wind energy has been contributing with around 6% in the total electricity
production, hydropower with 16,85%, etc. [7] Although the energy sources, shown in Figure 2,
seem independent from each other, there is a connection between them that changes the total
share of an independent source in the global electricity production. By analyzing different graphs,
it is easily concluded that the share of a source can vary for many reasons such as the introduction
of new and better energy sources, political situation, economic situation, GDP, population
growth, etc. Assumptions can be made just by looking at the graphs, but there is a need for a
statistical analysis that will prove the correlation between several variables.

-6-

Figure 3 Water-powered mills used in Ancient Rome to produce flour from grain [53]

For some of the peaks and dips, it is easy to give an answer just by looking back in recent history.
After World War II and before the 1970s, many countries decided to invest in the energy sector.
State-owned utilities were contributing to building hydropower plants and focused on developing
this new existing sector. [8] The population started growing and on the other hand the economy
started to recover very fast. To respond to the growing demand, researchers and investors
decided to help in hydropower development which was a low-cost source of electricity. Just as
the hydropower sector took its big swing and increased its share in the total electricity production,
environmental and social concerns began. These kinds of concerns that were being raised around
the globe are a reasonable explanation of why hydropower production slowed down so drastically
and rapidly in the 1990s, as seen in the Figure 4.
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Figure 4 Electricity production from hydroelectric sources (% of total) [11]

But as the century was coming to the end, a lot of global understanding about this particular
renewable source made things take another course. What is more remarkable, in 1990 Norway
announced a free electricity market which motivated investors to start taking advantage of the
suitable terrain, as discussed later in the thesis. [9] Norway, back then, and today as well, is one
of the biggest electricity producers from hydro energy, which is discussed later.

Table 1 Milestones in the development of water power machines [10]
Year

Designer

Development essence

Year

Inventor

Development essence

1750

J.A. Segner

Segner mill – the first reaction

1904

F.

reaction turbine with a diagonal runner

Lawaczeck

without

water turbine

an

outer

ring (Harnrode,

Germany)
Théorie
1754

L. Euler

plus

complète

des

1917

machines qui sons mises en

V. Kaplan

turbine with an axial runner with
adjustable blades (Austrian Patent No.
74 244; August 1913 )
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mouvement par la force de
réaction l’eau
– fundamentals of the water
turbine theory
1828

F.Girard

impulse turbine with vertical

1919

shaft and axial flow
1827

B.

high-head reaction turbine with

Fourneyron

radial

guide

vanes

V.Kaplan/

the first hydroelectric set with Kaplan

I.Storek

turbine (Velm, Lower Austria)
tubular turbine (straflo) with runner

and

1919

L.S. Harza

centrifugal runner with vertical

blade tips mounted in the generator
rotor(U.S. Patent No. 1 485 186)

axis
1836

S. Howd

reaction

turbine

with

a

1930

E. Wyss

centrifugal runner (U.S. patent)
1837

C.A.

low-head

vertical

Henschel

turbine with axial-flow, the first

the first axial pump-turbine (Baldeney,
Germany)

reaction

1936

J.M. Voith

the first radial pump-turbines (Pedreira,
Brazil)

use of a suction tube
1848

1848

F.W.

impulse turbine with horizontal

1936

the first bulb turbines (Rościno at the

Schwamkru

axis, fed by nozzles from the

A. Fischer/

g

shaft side

E. Wyss

J.B. Francis

research and upgrade of the

1937–

73 straflo hydroelectric sets in the Lech,

Howd turbine (later known as

1951

Iller, and Sallach rivers (Germany)

Parsęta River, Pomerania)

Francis turbine)
1851

1859

L. D. Girard

C.L. Fink

regulated impulse turbine with

1956

P. Deriaz

double-regulated

diagonal

pump-

vertical shaft and axial flow

turbines (Niagara Falls)

Francis turbine distributor with

bulb pump-turbines for La Rance tidal

adjustable vanes (patent)

1962

Neyrpic

power station (pump and turbine
operation in both directions)

1869

A.M. Swain

flow deflection in Francis runner

1982

E. Wyss

in the axial direction
1880

1881

the first straflo hydroelectric set with
adjustable runner blades

Pfarr/J.M.

spiral chamber upstream of

Voith

Francis turbine distributor

rotational speed (Yasagawa)

T. Edison

the first hydroelectric power

systems for sea wave energy conversion:

plant

(Appleton,

1990

Wisconsin,

after

USA)

1990

Toshiba

various

reversible hydroelectric set with variable

Limpet (Wavegen/Voith), Wave Dragon
(E.F. Madsen), Pelamis (Pelamis Wave
Powerl), etc.
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impulse turbine with the runner
1883

L. Pelton

underwater marine power plants with

driven by liquid jet(s) directed

after

tangentially to its circumference

2000

and striking the buckets placed

various

hydroki-

netic

(MCT/Siemens),

turbines:
MeyGen

SeaGen
(Andritz),

OpenHydro, TGL, etc.

on it

Electricity and demand
One of the most important commodities of today is electricity. Electricity is used in almost every
aspect of a person's life and it is close to impossible to survive without the proper supply. Mankind
has been relying on constant electricity supply since 1882, when the famous American inventor
Edison brought electric lighting into homes in Manhattan, USA. Direct current (DC), was the first
form of electricity that people could use to light their homes and forget about the inconvenience
of candles and gas lights. Although DC was quite practical compared to conventional forms of
lights for the homes and streets, it had its disadvantages. The motors that ran on direct current
at the time were very complex to design, and for that matter weren’t very efficient. Furthermore,
as the name speaks, the electric current in DC flows only in one direction. This made it more
complex and expensive to distribute electricity on large distances. Robust generators, sources,
needed to be close to the place where the demand is in order to deliver the proper electricity. It
wasn't long after that when another inventor found a solution to this problem. This inventor was
Nikola Tesla, and he strongly believed that although a remarkable invention, DC wasn't the best
choice possible for wide transmission. In 1882, he came up with the perfect solution called
alternating current. A decade after that, he designed the first hydroelectric power plant that
generates AC in Niagara Falls. Since then, humanity has witnessed breathtaking technological
advancement.
Electrical power plants are plants that convert various types of energy into electrical energy. They
are one of the most complex inventions of today's technology. They are mainly built from
different machines that are connected to each other and make a whole system called an electrical
powerplant. These electrical power plants can be categorized by the type of energy they are
producing (AC or DC), by the machines used to produce this energy, and by the area that they are
supplying this energy to. DC electrical power plants, today, are only used in small areas or in places
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where they only serve their purpose for a specific industry. The main reason for this, as mentioned
above, is the lack of ability for classic DC transformation to higher voltage levels hence hard
transfer to large distances. On the other hand, AC electrical power plants are the main source of
electricity generation these days. The frequency on which the electricity will be transmitted
doesn’t represent a problem due to the fact that this can be modified and changed at the place
where the electricity is being consumed. Dividing electrical power plants by the machines used to
produce energy can be done in several categories today from which: power for fossil fuels,
hydroelectric power plants, wind, nuclear, solar, etc.
Electricity has been one of the most important goods in the economy. As the technology improved
over time, the demand for electricity grew continuously. However, reaching out the perfect
equilibrium for demand and supply posed problems then and it continues to do so until today. If
supply exceeds demand and the other way around, the system could break. In large blackouts, it
could be seen that the failure of the system affects the economy gravely. [32] Understanding the
system and reaching close to perfect equilibrium when it comes to supply and demand is of crucial
value for a stable economy of every country.

Figure 5 Electricity market report of the global rebound electricity demand after the pandemic
[source: https://www.iea.org/]

To understand why is a difficult task to reach the balance between suppliers and consumers, it is
reasonable to start with analyzing the system itself including the needs of the consumers as part
of it. The transmission network is used to deliver electricity from one place, generators, to another
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place, consumers. Although today we witness a technology with the highest efficiency, there is
still a loss of energy in the transmission network. This loss is manifested in the form of heat and
it is governed by the physical law. The electricity being delivered in the United States and Japan
is between 110 and 120 volts and a frequency of 60 hertz, while in Europe it is between 220 and
240 volts with a 50-hertz frequency. Although Europe once used the same voltage of 120 volts,
there was a necessity to achieve higher levels of power. To not change every copper wire,
engineers decided to increase the voltage and by that reduce losses and voltage drops.
In 2020, the world witnessed a 1% drop in electricity demand, due to the pandemic, but now the
world is facing a rebound effect that implies growth in demand by 4% in 2022. [13] Furthermore,
United Nations has made an estimation that by the year 2050 the growth in population will reach
9.7 billion. [14]. With that said, it is expected the demand for electricity to grow exponentially and
at a faster pace.

Figure 6 World energy consumption by energy source (1990-2040) [15]

Analyzing the electricity demand, Figure 6, is crucial if the world wants to find solutions on how
to cope with rapid changes and meet future requirements. Reducing CO2 emissions can be done
by a global energy transformation. What this means, is that every country needs to find a way to
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produce the same amount of electricity whilst reducing CO2 levels hence finding alternative
energy sources. For example, the chemical industry is still one of the leaders in CO2 emissions.
[16] Finding solutions that can only reduce our carbon footprint is not enough. The perfect
outcome and invention should also be efficient, a reasonable investment, and long-lasting.
Investigating new sustainable materials, achieving an industrial symbiosis, and improving the
means for recycling is one of the main points to deal with when it comes to meeting demand and
supply while reducing CO2 emissions.
An often-forgotten sector that is highly energy-consuming is the building sector. The building
sector today is part of the total consumption representing almost one-third. [16] In 2010 there
was a decrease in the energy consumption in the industrial sector going from 48% to 31%, but at
the same time the commercial consumption reached almost 20% in the same year, which is 10%
higher than it was in the year 1949. [16] Although these numbers might seem insignificant
compared to the industrial sector, they actually are contributing greatly to greenhouse gas
emissions.

Figure 7 Rebound effect in energy consumption and CO2 emissions [source: https://www.enerdata.net/]
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With this increasing trend, countries realized that it was necessary to limit the global CO2
emissions that are contributing to global warming. Since 1995, the Conference of the Parties
(COP) has been held every year in autumn and it is a conference that lasts two weeks. It is
primarily a negotiation session in a formal way for governments to progress their climate
promises and measures, but it has also evolved into a major venue for a wide range of
stakeholders from around the world to convene and discuss the climate crisis and potential
solutions. In December 2015, 196 parties adopted the Paris Agreement that is a legally binding
treaty on an international level for climate change. The 196 parties agreed to decrease the
temperature by 1.5 degrees Celsius, in comparison to pre-industrial levels. Countries are focused
to produce a climate-neutral world by mid-century in order to meet this long-term temperature
objective.

Figure 8 Rebound effect in India, China, EU, Japan, and Russia [source: https://www.enerdata.net/]

The Paris Agreement is a watershed moment in the international climate change process because
it is the first time that a legally binding agreement binds all nations together in a common cause
to fight climate change and adapt to its repercussions. The Paris Agreement's implementation
necessitates economic and societal transformations based on the best available knowledge. The
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Paris Agreement is based on a five-year cycle of countries taking progressively ambitious climate
action. Countries must submit their climate action plans, known as nationally defined
contributions, by 2020. (NDCs). However, an aggressive and unexpected turn of events took place
in 2020, see Figure 5. Last year, 2020, due to the pandemic the energy sector has seen a significant
decrease in demand hence consumption. However, this year, 2021, the world has seen an
incredible rebound effect in consumption and CO2 emissions, Figure 7. An economic recession
was noticed in almost every G20 country, in the year 2020, marking a 3.4% decrease in GDP
compared to the previous year's average. A huge rebound effect can be seen in Figure 8 in India,
China, EU, Japan, and Russia, in decreasing order. The energy consumption, as seen from the
tables, decreased in every G20 country without China. [17]

Figure 9 Share of the total for coal, oil, gas, electricity in G20 [source: https://www.enerdata.net/]

These figures 7, 8 & 9 clearly show that last year disrupted the plans and goals of the Paris
Agreement on a large scale. Although there was an unexpected decrease in energy consumption,
CO2 levels, and energy production, there was a major rebound effect that could potentially
disrupt the so-far made plans. Countries report huge energy demand and increased power
generation (Figure 10) in 2021, and fear not being able to meet this demand, or not at least while
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reducing CO2 levels. The unexpected turn of events brought the question of how should the world
proceed in the following years and how to meet the 2050 goals.

Figure 10 Evolution of power generation by source in G20 countries [source:
https://www.enerdata.net/]

Producing
electricity whilst reducing CO2 and at the same time meeting the energy demand with renewable
energy sources has come to question in many countries worldwide. The 26th Conference of Parties
was meant to take place in November 2020, but due to the pandemic, it was postponed for 2021.
With everything being said above, it is more than obvious that this year's conference is of great
value and importance for limiting global warming and reaching the goals set by the Paris
Agreement. The COP26 is of great importance since it is the first summit after the Paris Agreement
where significant decisions were brought to the table. However, it seems like this years COP26
only affirmed the already brought in action measures without expanding the picture more
aggressively and strongly. (https://ukcop26.org/)

Literature review

Since renewables became popular, more and more research was conducted to test all the
advantages and disadvantages of technologies that nourish the power of renewable energy
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sources. Many papers state that there is an environmental impact caused by the RES technology
that cannot be ignored while others state that the impact is on small scale compared to
conventional fossil fuels. Decades of research have been done on the topic and still, today, there
is a difference in opinion mainly due to the fact that the impacts can be quite subjective and are
not explained well. This makes the assessment of the environmental impacts tricker and harder
to implement on a global level. In this thesis, both of the perspectives have been taken into
account while doing a review on both types of papers.
One study "Development of small versus large hydropower in Norway-comparison of
environmental impacts” (Bakken et al., 2012) compares small and large hydropower plants with
the purpose of seeing which leaves a higher impact on the environment. The paper has been done
by research conducted for 3 large hydropower plants and 27 small ones in Norway. Before the
1990s began, or more specifically between the 70s and 90s, people in Norway started raising
questions about the benefit of the hydropower plants being built across the country. The common
belief at the time was that there is a severe impact on the environment as well as a social one. As
it can be seen later in the chapter, that belief is still present today. This slowed down the
development of hydropower plants rapidly. In 1990 Norway announced a free electricity market
which gave strength to the hydro sector once again. This is one of the reasons why Bakkena,
Sundtb, Ruuda & Harbyb started their research on the topic. They also state that the common
belief is that small hydropower plants leave a smaller impact than larger ones. They believe that
this is the reason why small hydropower plants (smaller than 10MW) are being built more actively
compared to large hydropower plants. To make the study reliable, they state that the comparison
between the plants needs to be done only when the output power in MW is equal for both of the
analyzed parties. However, a small plant produces significantly less electricity than a large one,
and that is why they are using 27 small plants. On the other hand, the authors believe it is sensitive
to choose only one large hydropower plant hence they choose 3 large ones. All of the hydropower
plants are located in the same area so there are no big differences in biodiversity, climate, and
geological characteristics. In their study, using EIA they've found that large hydropower plants
have slightly less impact on the environment compared to small ones. However, they state that
the methodology lacks precision and more data to be considered completely reliable. Also, the
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comparison technique might be seen as subjective depending on the perspective. They believe
that there is a need to further expand the knowledge in building ways to assess environmental
impacts from hydropower plants. This study is quite useful for decreasing the intensity of
opposition being raised globally for large hydropower plants. There is a need for more studies like
this, so there is a deep and thorough understanding of how one plant, whether small or large,
affects the environment. However, as it can be seen later in the chapter a larger effort is done in
researching small hydropower plants since they are more sociably acceptable at this time.
Another interesting paper regarding hydro energy is “Hydropower in the Context of Sustainable
Energy Supply: A Review of Technologies and Challenges” (Kaunda et al., 2012) open the
discussion by referring to climate change as one of the most important problems of today. They
discuss the importance of realizing that climate change cannot be overlooked or denied. In their
paper, they explain in detail the hydropower technology and the working principle. In the paper,
a couple of important definitions can be also found such as the various definitions of climate
change given by several organizations. Nevertheless, they conclude that all of these definitions
prove the same point, which is that humans have an impact on climate change. They state that
hydro energy is one of the most important types of energy that can be used today to generate
electricity. They further explain their conclusion by comparing different types of energy sources
and how much is their share in today's market. Although coal and fossil fuels, according to their
study, are abundant today, they will eventually run out and the world needs to be prepared to
find a sustainable solution to secure a stable electricity production. They also discuss the areas
where there is abundant hydro potential but is not being used due to economic, political, or social
reasons. These regions, areas, are usually places where there is also a lack of stable electricity
network or there is no electrification at all. Authors talks specifically about the water-energy
potential in Africa. They also analyze the disadvantages of the technology, which are primarily
costs for installation and building the infrastructure for a large hydropower plant. However, they
suggest that economically weak countries can manage to build smaller hydropower plants that
are more affordable but still a good solution towards a greener future. The authors conclude that
hydropower technology is one of the most environmentally friendly ones. Although this paper
suggests at the end that SHPP are more recommended, this is only due to the fact that they cost
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less. The authors of this paper emphasize the need for clean energy and they encourage further
investment in this field. Studies like this need to be highlighted, with the purpose to avoid
environmental concerns about hydropower plants. This study doesn't pose that there is no
environmental cost, just points out the fact that with properly developed mitigation plans, hydro
is one of the cleanest RES.
An interesting study, that has a couple of similar main points like the one of (Kaunda et al., 2012)
is “Hydropower and its development”, (Steller, 2013) published in 2013. The author of this paper
opens the discussion by presenting to the reader the most important trends and barriers of
today's hydro sector. This author has divided the paper into several segments which are focused
on technological development, specific barriers, and trends in the hydro sector in Poland.
However, such specifications are not of particular interest in this thesis, so greater attention will
be given to segments that include the hydro section in the whole of Europe. The author states
that the hydropower sector is underrated and that the environmental concerns, which have been
raised globally, are not fully grounded. What he means by this is that people tend to ignore the
environmental impact of conventional energy producers and the emissions of gasses into the
atmosphere. After that, he makes a small overview of the Water Framework directive and points
out that the WFD focuses mainly on protecting the water resources and improving the quality of
water bodies which is, in a way, interfering with the development of the hydro sector. He states
that a more important factor in hydro development is the rational management of water
resources. Later in the paper, Steller focuses on the technological aspects of hydroelectric power
plants. He states that the technology has been greatly advanced especially when it comes to
generators. He believes that in the last decade, a great emphasis is put on the efficiency of the
generators which are mainly used in small hydropower plants. He mentions that the introduction
of the asynchronous generator in the hydro sector has brought many advantages that are being
used worldwide. Just like Kaunda, Kimambo, and Nielsen, this author mentions the unused water
energy potential in the territory of Africa. Later in the paper, Steller, analyzes what were then
future projects regarding the hydro sector. He states, that although it looks like the hydro sector
had a pullback, in fact, is still being developed in many countries around the world. Like Kaunda,
Kimambo, and Nielsen, Steller also agrees that the costs for installing a hydropower plant, aside
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from the environmental concerns, are one of the highest constraints in the technology. He also
divides one part of his paper to analyze the expenditures in different renewable energy
technologies. The expenditures, as he points out, are especially important for countries that are
not economically strong, like Poland. He also points out that administrative and legal barriers are
the main reason for the technological pullback in the hydro sector. He believes that this is a direct
product of the narrow understanding regarding sustainable development. He points out that
although there are 25% used of the inland water potential, the sea and ocean are not being used
enough to extract the potential energy. However, based on the research he conducted, he
believes that this sector is expected to grow and is a subject of technological development.
Another paper that includes the development of hydropower plants is “The future of hydropower
in Europe: Interconnecting climate, markets and policies”, (Gaudard & Romerio, 2013). They start
the paper by asking what, according to them, are three important questions when it comes to the
development of this sector. They start with analyzing the future of hydro, transition into how it
will be impacted by climate, and which are the problems that need the most focus to be resolved
in order to ensure sustainable development. The authors state that to approach this subject you
can go two ways: by analyzing the impact of climate change on a specific plant and/or making a
complementary approach by developing a comprehensive analysis of hydropower. The first
approach is already discussed in another study by the author, so the two authors implement the
second approach for this study. The important thing to mark here is that they say that quantitative
analysis is almost impossible to conduct due to complex problems and poor data, so the best way
to continue is to conduct a qualitative analysis. They do this by using climate, electricity market,
and policy to observe the behavior of the hydro sector. The first part of the paper talks mainly
about the technical characteristics of hydropower plants so the reader gets familiar with all the
necessary terms. They discuss classifications, installations, costs, storage, and potential and divide
different hydropower plants into different categories. This part is not only important so the
reader can get familiar with the terms but also to understand how each segment of a plant can
affect differently the economic, environmental, and social aspects. The second part focuses
mainly on electricity markets, definitions, and explanations about the basic terms. Here, they
state that even the smallest change in demand could affect the prices hence creating strong
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fluctuations. Some countries across Europe, as shown in this study, are keeping constantly low
prices and have the so-called "missing money problem". The authors believe that this could be
the reflection of economic crises or even the growing share of other types of energy sources. An
important part of this paper, which is not seen a lot in other papers, is the impact of climate
change on the hydropower sector. Usually, other papers focus on the impact done the other way
around. However, the authors of this paper clearly show that climate change affects the
production of electricity from hydroelectric plants. The paper discusses how temperature and
humidity can be directly connected to the production of electricity, consumption, and
transmission. Gaudard and Romerio take other surveys that have been carried out and compare
them just to get to the conclusion that the hydro sector might be the one that can be most
affected by climate change. In this study, a detailed analysis of why climate change affects the
hydro sector so much can be found. Another important part of the paper of Gaudard and Romerio
is addressing the need for smart, super, and micro-grids. They believe that these grids can
improve the efficiency of the network as well as provide relevant information from and to
consumers. According to their paper, a smart grid can be the solution to make demand more
elastic and reduce seasonal and daily peaks.
When it comes to the hydro sector in Norway, there are several relevant studies from which
“Small Scale Hydroelectric Power Plants in Norway. Some Microeconomic and Environmental
Considerations”, (Idsø, 2017) stands out. This paper was published in 2017, and it is focused on
small hydropower plants (SSH). The author analyzes SSH that, in Norway, are divided into three
categories depending on their electricity production in MW. The paper starts by giving some
important facts about the Norwegian energy sector. The author emphasizes the fact that Norway
gets 95% of its electricity from the hydro sector. Another factor that Idso believes is important is
that almost 90% of the hydroelectric power plants are owned by the public sector. At the
beginning of the paper, Idso focuses on the new market implemented in 2012 between Sweden
and Norway for entitling plants with green certificates. He believes that Norway's production
from RES is being encouraged with exactly these green certificates that can be sold. The
methodology used in this paper is divided into two parts. The first part is interviewing river owners
(RO) so the author can get relevant data and information regarding this topic. After getting the
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necessary information, he decided to use Excel macro with a loop inside a loop. This was done in
order to systematize the information and organize it well and use SPSS software for final results
and analysis. Idso starts by using the equation Norwegian Water Resources and Energy
Directorate (NVE) uses to assess if a certain individual or a company should get a license for
building an SSH. The author is considering both the negative and positive outcomes of building a
new SSH and draws a conclusion from several results. He mainly focuses on the NVE requirements
and assesses the whole process from beginning to the very end. He then concludes that the
development and building of SSH in Norway can be determined by several factors including
policies, property relations, natural conditions, and attitudes. He points out that each case is
different and the RO or a group of ROs can be decided differently on which way to proceed when
thinking about investing in small-scale hydropower plants. An interesting thing the author noticed
during his study is that investors tend to calculate almost double the amount needed for building
a power plant compared to an independent consultant. He suggests that there is a higher chance
that an RO will sign a contract with an investor if the cost of the investment is also higher.
A brief report on the current status of hydropower in Norway was made in the paper "The current
status of hydropower development and dam construction in Norway", (Lia et al., 2015). Like most
papers in the last decade, this too talks about the new trend of small hydropower plants and
analyzes the environmental aspect of it. The authors of this paper introduce the reader to basic
numbers about electricity generation from hydro energy in Norway and point out the importance
of hydro development. They also emphasize the need for upgrading, both to increase the
efficiency of the plants and from an environmental aspect. Building new power plants, as they
say, leave a higher carbon footprint compared to only upgrading the necessary departments of
an old hydro powerplant. A small part of the study is dedicated to the green certificate and its
impact on new investors in the sector. They believe that these green certificates could boost new
investments in this particular renewable energy source. They also talk about specific examples,
hydro plant in Hallingdal, where the owner decides to change the turbines in the plant in order
to increase the efficiency of the plant. They state that although it is a big investment, it is without
a doubt the right move to make for a favorable future. The authors also remind the readers that
the Norwegian Government committed to introducing an additional 13.2 TWh/year, which will
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significantly increase the building of small hydropower plants in the time period to come. In this
paper, it is also mentioned that SSH can impact the environment on a higher scale than large
hydropower plants. That is why these authors feel that upgrading is a better solution than building
new power stations. According to their research, Norway will build new stations across the
country until 2020, and after 2020 the country will focus mainly on reconstructions and
upgrading.
Many studies discuss the current trends in Norway and worldwide for that matter. They analyze
the year, or monthly data (electricity generation) and they predict the future of hydro based on
their expert knowledge. However, to predict the future, as precise as it goes, there is a need to
make a specific model which will explain the drivers of hydro. There is such a study that in detail
explains how the hydropower sector is connected with other factors, “Determents of regulates
hydropower supply in Norway” (Birkedala & Bolkesjøb, 2016). They analyze the factors that seem
to impact the Norwegian hydropower supply. The reason for this, as suggested before, is so they
can determine and show the drivers of this sector. They believe an econometric model is sufficient
to predict the future of hydro. As a method, they use an econometric model where the
responsible variable is the supply of regulated hydropower, or RegHP, and explanatory variables
on the other hand are temperature, the short-run marginal cost for coal generation, inflow,
hydrological balance, price expectations, and power prices. Using OLS and 2SLS they conclude
that hydro balance, power prices, inflow, temperature, and short-run marginal cost for coal
generation affect the short-run hydropower supply. The model that they have designed and
analyzed, containing a few simple variables, can be used to explain the weekly hydropower
variations, according to them.
Analyzing solely hydro energy might give a wider picture about the potential of water and how
countries are handling their hydro sector. However, these days all of the energy sectors are
interconnected with each other, and as the previous study “Determents of regulates hydropower
supply in Norway” from Birkedala, and Bolkesjøb suggests, there are many things that affect the
hydro supply and production in a particular country. However, another study suggests that the
hydro sector might affect other sectors such as wind production. A study "The effects of wind
power on CO2 abatement in the Nordic countries", (Holttinen & Tuhkanen, 2004) analyzes mainly
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the influence of wind production on the abatement of CO2 in the energy sector. Although wind
production and CO2 emissions from the wind production sector are not a matter of particular
interest in this thesis, the connection between wind and hydro might be. The authors of this paper
run simulations on the EMPS model of the Nordic electricity markets to understand the effects of
wind generation on the Nordic electricity system. As it is quite familiar so far, the Nordic countries
depend a lot on hydro energy. There is a high collaboration between Nordic countries, as the
authors suggest, both in dry and wet years. In wet years, Sweden and Norway export electricity
to Denmark and Finland whilst in dry years Sweden and Norway import electricity from Denmark's
and Finland's thermal plants. Since wind is an intermittent energy source, it can be complicated
to implement it into a system without a flexible energy source, such as hydro. Based on the
authors' research, hydro and wind are not correlated meaning that all combinations of production
might occur without hydro affecting wind and the other way around. The authors conclude that
if a source were to be replaced in the Nordic countries by wind, it would probably be the thermal
energy source in Central Europe, Denmark, and Finland. These areas are areas where
implementing or replacing, one energy source with wind shows to be most cost-effective. The
hydro sector in Sweden and Norway is unlikely to be replaced with wind production, according to
the authors’ study. However, a couple of times in their study, which is a matter of interest in this
thesis, they suggest that the flexibility of the hydro sector could come in handy when
implementing wind production. Wind power plants generate electricity with high fluctuations
during the day. These fluctuations can be nulled or controlled with flexible hydroelectric power
plants.
(R. Morimoto & C. Hope, 2001) published two papers "An extended CBA model of hydro projects
in Sri Lanka" and "Applying a cost-benefit analysis model to the Three Gorges project in China" in
2001 and 2012, respectively. [18] In both of their studies they use the CBA model to analyze the
impact of different variables on NPV. The first study is conducted on projects in Sri Lanka, whilst
the second one is done on the largest hydropower plant in the world, Three Gorges Dam. Both of
the studies use similar variables with the exception of five new variables presented in the study
from 2012. They believe that implementing these five new variables in the model will give a
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clearer and more precise picture of the whole impact of a particular project, in this case, the dam
in China. These two studies are further discussed in chapter "Economic Approach".
A 2021 study (Kumar Nag & Shibayan Sarkar, 2021) named "Techno-economic analysis of a microhydropower plant consists of hydrokinetic turbines arranged in different array formations for
rural power supply" talks about making a hybrid between several renewable energy sources to
achieve greater efficiency. [19] The authors of this paper mainly focus on India and the rural areas.
This thesis considers this paper as a valuable one, no matter the fact that India is not a matter of
specific interest. This paper has valuable points which are interesting for discussion and analysis.
For example, there is a problem with electrification in rural areas, which this paper focuses on.
Another important thing is that big pressure is put on India and China on this year's COP26 to
implement technology for clean energy generation due to its high level of GHG emissions. [12]
This paper, however, is mainly discussing how to achieve successful electrification in a rural area,
or in other words, how to find an optimal solution for easy, and simple generation of electricity
in developing parts of a country. The authors are focused on hydrokinetic turbines and the most
popular types in India. From their research, when it comes to hybrid RES, the combination of wind
and hydro energy reduces the initial capital cost and it is the best mix compared to other
combinations. They analyze triangular and staggered aliment of the hydrokinetic turbines and
with the help of ANSYS-CFX and HOMER software, they find the most optimal solution for
different situations. This study is just one example of how many different aspects can affect the
efficiency of a hydropower project.
A similar study to this one is the "Techno-economic evaluation of small hydropower plants in
Greece: a complete sensitivity analysis", (Kaldellis et al., 2005). Unlike the previous study, this one
is focused solely on Greece and the development of small hydropower plants in the country. The
authors of this paper, again, emphasize the increased interest in small hydropower plants and
suggest that for large hydropower plants the potential is either being exploited or there is a lot of
opposition from the local societies, defining large hydro as environmentally unacceptable. The
authors use CBA analysis to understand the behavior of small hydro power plants in Greece. Their
research has shown that there is an almost 18% positive difference between the predicted
internal rate of return and annual capital cost along with the inflation rate. An important thing
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they noticed in their results is that after 10 to 15 years, the internal rate of return maximizes.
They concluded that if the projects are built properly, Greece could profit considerably and could
potentially be independent of importing other energy sources. Furthermore, this could allow the
country to fulfill its obligation according to the Kyoto protocol. This study, as the others analyzed
before, shows the increased worldwide interest in building renewable energy sources. Even if the
studies suggest there are some negative impacts from building a hydropower plant, they are
considered normal and something that can be mitigated in the near future effectively. The
increased interest in the topic can be seen from a large number of papers.
A well-constructed combination of multicriteria analysis and stakeholders analysis can be found
in the study (M. Rosso et al. , 2014) "Integrating multi-criteria evaluation and stakeholders
analysis for assessing hydropower projects" published in 2014. [20] Eye-catching part of this study
is that its part of the European project "Alp Water Scarce (AWS) -Against Water Management
Water scarcity in the Alps". [21] The authors of this paper take a specific example on which they
are doing their analysis, Sesia Valley in Italy. As it is easily noticed so far, environmental concerns
have been raised from around the world concerning the construction of new HPP. The authors of
this paper try to make a combination where investors, stakeholders, could increase the
production of electricity from HPP whilst protecting the environment.
They are developing multicriteria analysis to help the process of planning a hydropower plant in
mountain areas. On one side they have the AHP, Analytic Hierarchy Process, and on the other side
the stakeholders' analysis with a power/interest matrix. The authors are trying to reduce or at
least decrease the potential conflicts between scientific researchers, users of the resources of
water, and support the collaboration. The Analytic Hierarchy Process in their study is mainly based
on three parts: finding the problem, finding the potential alternative, and making a synthesis of
the preferences. They believe that trend in SHPP is increasing rapidly because of a smaller
environmental cost. However, they point out that mini and micro power plants are not
contributing to electricity generation on a national level greatly. Instead, they believe that such
hydropower plants can make a difference only on a local level, or in other words, electrify a rural
area that has been having such problems in the past. From the results they got from their study,
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they concluded that this approach is a creative and effective way to combine parts that are of
great importance when considering building a SHPP in a mountain area.
A case study on a SHPP in Spain was made in a study called “Small Hydropower plants in Spain: A
case study” from (Tristán et al., 2011). They are analyzing a grid-connected run-of-river
hydropower plant in Astudillo (Palencia) on the Reiver Pisuerga. With the help of RETScreen
software, renewable energy technology screen software, they are constructing a model which
helps them develop to address a pre-feasibility, and planning stage perspectives and be prepared
for potential obstacles that can arise during the operation of the plant. The SHPP on which this
case study was done is a 400MW plant and it is a real case. They state that the software they are
using is quite practical and grabs all the necessary information for such a study. Another huge
advantage of this software is the incorporated worldwide meteorological data which eases the
process of finding such data for specific regions in the world. They provided the software with
seven different worksheets including cost analysis, hydrology analysis and load calculation, an
energy model, equipment data, GHG reduction analysis, sensitivity, a risk analysis, and a financial
summary. They state that this particular powerplant has functioned properly and with full
capacity during the past 10 years. At the same time, this installation has been shown to have a
positive economic result, as well as an environmental and energy-efficient one. They estimate
that the repayment time will be 12 years, which is an important benefit considering that it is
assumed the lifespan of the plant to be 50 years. According to the sensitivity analysis of this study,
this powerplant has proved to be profitable. However, they point out the need for a centralized
procedure. This procedure would help the implementation of new parts/facilities as well as
successfully prevent loss of competitiveness and delays.
The studies that are presented so far in this chapter, are mainly focused on one particular project
and from there all the methods are developed. Although this is quite practical when there is a
need for precise results, it is also important to review the studies published so far on the topic
and point out the most efficient methods for delivering results. A study that does exactly that was
conducted back in 2011. The study is called “Optimal installation of small hydropower plant—A
review”, (Mishra et al., 2011). They make a review on the so far conducted papers and researches
on the topic of optimal work of SHPP. Their research has led them to a conclusion that in the
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several studies analyzed there are different equations used for the same parameter. This is, they
point, due to the fact that there are different configurations and layouts where the hydropower
plant is being built. Although there is a large number of studies that represent this topic, there is
a lack of studies that analyze the speed and number of poles of the generator, the parameters for
discharge, etc. On the other hand, there are quite a few techniques for making an optimal
investment and they are all quite simple, according to the authors.
On the other hand, there is a study that also collects data from different papers and makes an
assessment of the optimal performance of a HPP. In 2014 "Operation, performance and economic
analysis of low head micro-hydropower turbines for rural and remote areas: A review" was
published (A. H. Elbatran et al., 2014). In the first segment of the paper the authors give a
technical and deep analysis of every type of turbine. They briefly talk about the history of that
particular turbine, then continue analyzing where these turbines are being used most, and what
is their efficiency. In the next part of the paper, there is a part dedicated to the efficiency of low
head micro-hydropower turbines and how to select the most efficient one. The last part is the
economic analysis where the authors point out the importance of the cost of the hydropower
plants, especially in rural and small areas. The paper finishes with a summary of the advantages
and disadvantages of different turbine types. Additionally, they conclude that low head microhydropower turbines are the most effective and secure investment for places where there is a
lack of electrification. An important fact, according to them, is the need of making a correlation
between sustainability and hydropower sectors.
So far, different studies have been analyzed from which, one puts focus on environmental and
social aspects, whilst others discuss the technical efficiency or optimal capacity of a particular
project. From what has been analyzed so far, it is safe to say, that there is a large number of
studies and a lot of literature regarding hydropower plants. This may be due to the fact that HPP
is a relatively old technology, and throughout the years a lot of investment has been made in this
field both in research and tech efficiency. An interesting thing to notice and to take as the main
point from these studies is that there is a huge trend nowadays for small hydropower plants. On
the other hand, what can be noticed for large plants is only upgrading or changing parts of the
dam. Although upgrading the large hydropower plants is definitely needed and encouraged
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worldwide, it is also important that the installation of such a project doesn't stop. LHPP although
massive, with the technology today, can be both environmentally friendly and produce enough
electricity for many households. However, the location of large plants needs to be carefully
analyzed and considered considering that not every region is suitable for such infrastructure. For
that matter, many countries do not possess the geographical advantages, high mountains, and
steep waterfalls, or rivers, to build infrastructures of such magnitude. In those cases, SHPP is
strongly encouraged. The studies above are only a couple of many. In fact, if "hydropower" is
entered as a keyword on ScienceDirect there are 38,359 results. [25] This is a clear indicator of
the effort made in this field and its importance. The technological development of the hydro
sector is discussed also on this year's COP26 by experts and engineers as one of the most
prospective RES. New trends are expected to arise in the near future considering that mitigation
techniques have improved greatly. There is a need to find techniques that would easily combine
the economic, environmental, and social aspects and give reliable results.

Technical aspect of hydropower

When referring to hydropower it is usually referring to the process of generating electricity from
falling water. The water has potential energy when it "stands" on certain heights. When it starts
falling down this potential energy is converted to kinetic energy that can be later converted into
other forms of energy, most mechanical. Here is where the discussion about the word
"production" in electricity production begins. Many argue that the term is not appropriate due to
the fact that you cannot create energy but rather only convert it from one to another form. But
the term is used widely and it is accepted worldwide. In hydroelectric power plants, the kinetic
energy of the falling water is converted into mechanical energy with the help of turbines. Tidal
power plants on the other hand use the energy from the tides and waves.
The basic design of a hydroelectric power plant is made in such a way that it produces electricity
by converting one form of energy to another. In order to do so, the generator is coupled with the
first on the front line, turbine output shaft. Generators are built, or made, of an electromagnetic
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rotor. This rotor is located in a stator. As the name suggests, the rotor is the moving part, while
the stator is the static part of the generator. The rotor has electric wires that are winded, and it
is known as the conductor. When there is an ongoing operation, the basic principle of working is
that the rotor moves, or rotates, inside the stator and by that generating electricity. This is the
basic principle of electromagnetic induction. Later, this generated electricity is transferred
through transformers and transmission lines so it can be delivered to the final destination, usually
consumers. Generators have wide usage everywhere today. To explain how electricity is being
generated in a hydroelectric powerplant, there is a need to express all the variables in an
equation. If Q is the volume of water that falls down per second [m3s-1], and ρ is the density of
the fluid [kg m-3], the mass falling per unit time will be ρQ. The rate of potential energy being lost
will be:

𝑃0 = 𝜌 𝑄 𝑔 𝐻

(1)

where, P0 is the energy chance per second, measured in Watts [W], g is the acceleration of the
fluid due to gravity [ms-2] and H is the vertical component of the water path [m]. [26]
The purpose of every power plant is to convert one form of energy to the other. The same goes
for hydroelectric power plants or systems. In hydro systems, kinetic energy needs to be
transformed into mechanical energy and later in electrical energy. In other power plants, the
conversion from one form to another form of energy can result in losses which are considered
during the process of building the plant. However, in hydro systems, there are only small frictional
losses which are not considered very significant when calculating the capacity of the machine
needed. If there is a given site, the vertical component H is a fixed component of the equation.
Furthermore, the volume of the water falling down, although not constant throughout the year,
can be considered constant if the supply pipe is considered full. Other power plants, usually
require getting a machine with higher capacity than the one that has been priorly calculated.
Unlike these cases, in the hydro sector, there is no need for that, considering that there are no
losses during the process that can be overseen. So far, from (1), it is clearly seen that all the
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unknown components are constant. This implies that considering g and ρ cannot be changed,
there is a large need of having a significantly large volume of water as well as a vertical
component. [26] In general, hydroelectric plants can be classified according to:
-

The height difference of the pipeline (for flow and accumulation)

-

Nominal output power

-

Type of turbine

-

Location and type- with a dam, reversible, etc.

According to the height difference, hydroelectric plants can be classified into two types:
-

Flow rate, with a height difference of up to 10m, while in the same time kinetic energy of
water is going on

-

Accumulation, which works with converting the potential energy of water. Accumulations
can be small, can go up to 100m, or might go over 100m.

From a power perspective, hydroelectric plants can be classified into:
-

Small (up to 10 MW),

-

Medium (from 10 to 50 MW) and

-

Large (over 50 MW)

Pressure in gases and liquids is the same in all directions and depends on the height difference.
Hydroelectric plants, as mentioned before, are using kinetic or potential energy for water.
However, to understand fully (1), it is important to start from the beginning and analyze the
parameters involved using the expressions:
𝑚 ∗ 𝑣2
𝐸𝑘 =
2
𝐸𝑝 = 𝑚 ∗ 𝑔 ∗ 𝐻

while m stands for the mass of water, v is the speed of water flow, g is the gravitational
acceleration (9,81 m/s^2), and H stands for the height difference. Ek stands for kinetic energy,
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whilst Ep stands for potential energy. To calculate the power, the flow Q is included in the
expression of potential energy (expressed in m3s-1), leading to

𝑃=

𝐸𝑝 𝑚 ∗ 𝑔 ∗ 𝐻
=
= 𝜌∗𝑄∗𝑔∗𝐻
𝑡
𝑡

where P is measured in Watts (W). So, the basic parameters needed to assess the power and
energy of hydroelectric plants are the flow and the height difference.
When planning hydropower plants, it is necessary to know the hydrological state of the location
in the terms of rain, annual variations of water flow, during one year, as well as over a bigger
period. This is important especially when you need to consider other annual variations, that can
deviate from +/- 30% of the average value. [26]

An essential element that turns the kinetic energy of water into swirling mechanical energy is
the turbine. They can be seen in different forms and with different sizes, with a diameter of
thirty centimeters, up to a few meters.

Figure 11 Types of turbine runners [26]

Turbine runners, Figure 11, are permanently developed and perfected, and today the most used
types of turbines are:
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-

Francis

-

Pelton’s

-

Kaplan’s

-

Fixed pitch propeller

-

Turgo

-

Crossflow

Francis’ turbine

Francis' turbine is the most common turbine in hydroelectric plants with medium and high power.
It is used for aggregates with small heights (up to a few meters), and with plants of several
hundred meters. This turbine falls into the category of jet turbines category.
In principle, this type of turbine is of a radial type, completely sunk in water in which water radially
moves from the outer to the inner part. Because it is completely underwater, Francis' turbine can
be applied in plants with a horizontal and vertical axis of the generator and the turbine. Modern
turbines can generally achieve efficiency by 95% but under certain optimal conditions, such as
maintaining constant water flow. If it is necessary to reduce output power, this is possible by
reducing the amount of water (flow) through the turbine. In Francis' turbine, this can be done
with directional assistants, but with this, the angle at which the water affects the fins will change,
thus, the efficiency is significantly decreased. This problem is alleviated in propeller turbines with
regulations of tilting the fins (Kaplan turbines). Francis turbines are most efficient if the speed of
water is equal to the speed of the turbine. Limits on the Francis' turbine come from the fact that
they are the most efficient when the speed of water and the turbine are the same. In the event
of small height differences, this would mean that large amounts of water are needed, and with
that, a large dimension of the turbine is needed. In the event of large height differences, altitude
drops lead to a higher speed of the water, which should be taken into account due to the
mechanical speed limits because of the centrifugal forces.
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Kaplans’ turbine

In propeller turbines, the water flow is in an axial direction. The surface through which water
flows is the same as the area covered by the propeller. So, these turbines are actions for large
flows with a small height difference, up to several meters. Propeller turbines are made with a
fixed or adjustable inclination of the fins, wherein the last ones are known as Kaplans' turbines.
The main advantage of Kaplans' turbine over turbines with the radial flow is that the efficiency
when changing the load can be changed by changing the inclination of the propeller fins. A feature
of the propeller turbines is that the speed of the fins is greater than the velocity of the water,
which allows relatively high rotational speeds and low water speeds. Because the line speed of
the fin increases with diameter, it is necessary for the fins to be performed with a certain radial
twist.
Pelton’s turbine

For large height differences (waterfalls), magnitude above 250m, as well as lower heights, for
smaller systems, the Pelton's turbine comes in use. Structurally, it is fundamentally different from
Francis and propeller turbines. Along the circumference of the rotor evenly spaced are double
cups in which the water hits tangentially. The jet of water, because of the pressure from the height
difference, strikes at high speed in the dividing edge between each pair of cups, causing a twisting
movement. The water passes around the rounded cups, and, at optimal conditions, transmits
almost all its kinetic energy. Power can be adjusted by changing the amount of water through the
nozzle, or by tilting the turbine. The efficiency of the Pelton's turbine is greatest when the speed
of the cups is equal to half the speed of the water jet. The Pelton's turbine is of the impulse type,
in contrast to Francis and propeller turbines which are inward-flow reaction turbines. One of the
main differences between these two is that the inward-flow reaction turbines are completely
immersed in water at different pressures at the inlet and outlet parts, while the impulse ones are
basically placed in the air, at normal atmospheric pressure.
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From what has been discussed so far, it can be concluded that, in general, the Pelton's turbine is
most suitable for large waterfalls, whilst the propellers and Kaplan's for small waterfalls, and the
Francis' for medium height falls. In doing so, it should be borne in mind that not only the fall but
also the desired output power is an important parameter that defines the type of most suitable
turbine. Additionally, as seen from Figure 12, every turbine has different efficiency level. [27]
Large hydropower plants are quite a magnificent pie chartce of work, but as can be noticed in the
last couple of decades more and more research is focused on small hydropower plants. They have
become even more popular in the last couple of years since they are easier to construct, smaller
investments, and, in general opinion, leave a smaller impact on the environment. In the last part,
the intensity of the impact and whether or not is lower compared to large hydropower plants is
discussed in another chapter in this thesis.

Small hydroelectric power plants
For the categorization of small hydroelectric power plants (SHPP), there are different criteria for
different countries. Until recently, in countries like Spain, Portugal, Ireland, Belgium, and Greece,
the upper limit for a SHPP was 10 MW, in Italy 3 MW, in France 8 MW, in Great Britain 5 MW, in
the United States 20 MW, India 15 MW, in China 25 MW, etc. For the countries that are part of
the European Small Hydro Association (ESHA), European Union, and UNIPEDE (International
Union of manufacturers and distributors of electrical energy) the upper limit is 10 MW.
SHPP may be further divided into "mini-hydropower plants", which are usually defined as power
systems with power capacities varying from 100 kW to 500kW, "micro hydropower plants" for
power systems from 10 to 100 kW, and "Pico hydropower plants", which are usually defined as
systems with a power of up to 10 kW. SHPP are mostly located on rivers, in other words, they do
not cover larger water spaces and therefore there is no need of building larger dams and tanks,
although their existence and easy maintenance, can help a lot. SHPP allows the production of a
clean, renewable and predictable source of energy. These systems can be connected to a network
to provide electricity or be used in autonomous systems in isolated areas and facilities.
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Figure 12 Typical efficiency curves for different types of hydropower turbines [28]

The main feature that defines SHPP as a renewable energy source (RES) is the fact they are one
of the cleanest systems for the production of energy, which are based on the use of non-polluting
renewable sources as a resource, as well as very small adaptation of nature is required. SHPP are
planned on water supply systems as well as on systems for irrigation.

Advantages of SHPP
-

No greenhouse gas emissions, nor pollution of water, air, and soil.

-

Low exploitation costs, as they do not use fuel and other operating costs are low because
as well as there is no need for transport costs such as the case for biomass.

-

They have the possibility of so-called unplanted work.

-

Hydro turbines are simple, efficient, and safe. They can start and stop quickly enough and
require small maintenance.

-

The low energy of production costs.

-

Greater efficiency than using other RES.
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-

Possibility of multipurpose water use, such as the example in irrigation systems or in water
supply systems.

-

High efficiency (70-90%), that is by far the largest of all energy technologies.

-

High-capacity utilization factor (in many scenarios >50%), compared to 12-18% for the sun,
and 30-35% for wind energy.

-

High level of predictability related to seasonal annual variations.

-

Low rate of variation of the daily production of electricity, unlike photovoltaic and wind
generator systems.

-

Good correlation with the demand for electrical energy, as the production is highest
during periods of increased needs for electricity (winter-spring periods, autumn-winter).

-

It is a long-lasting and solid technology; systems can be made to last 50 years and more.

-

They have no social, as well as influences on flora, biodiversity, and microclimate
conditions when compared to large hydropower plants.

Shortcomings of SHPP
-

There are high investments costs related to a long-term period of return of the invested
funds.

-

Long period for the realization of the project.

-

Relatively high costs per kW installed.

-

Changing the normal course of biological life, in cases when SHPP is built on the entire
flow of the river.

-

The absence of an accumulation system makes it impossible for the system to work only
during periods of peak hours, instead, all operations must be active all-day.

-

Often, the location of the SHPP is away from the energy network or its consumers, so that
additional necessary costs are needed for infrastructure, as well as increased costs for
exploitation losses in the transmission of electrical energy, and maintaining the network.

According to a useful decline, SHPP systems can be classified into three categories:
-

High useful decline: 100m or more.

-

Middle useful decline: 30-100m.
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-

Small useful decline: 2-30m.

These values are not fixed but are used often for making grouped locations. These systems can
be defined as:
-

Watercourse systems

-

Systems with power plants located at the base of the dam

-

Systems integrated into a trough or a water pipe.

In general, locations with high useful declines are cheaper for projecting, rather than locations
with small useful declines, because, for the same electricity production from the turbine, the
hydraulic objects are smaller. In rivers with relative steepness in some parts of their natural flow,
height difference can be used to redirect the course and its return to the river stream after it
passed through the turbine. The water flow can be directed into the turbine with a pressure tube.
Power and energy in SHPP
Hydro turbines turn water pressure into mechanical power, which can be later used to work on
the electrical generator or other mechanisms. The available power is proportional to the product
of the water's decline and flow. The equation for electrical power in each hydro system is:
𝑃 =𝑛∗ 𝜌∗𝑔∗𝑄∗𝐻

(2)

where P stands for mechanical power of the turbine exit (W), n is the hydraulic efficiency of the
turbine, g is Earth acceleration (9,81 m/s^2), Q is the flow of water passing through the turbine
(m^3/s), and H is the effective height of the water decline in the turbine (m).
The best turbines may have hydraulic efficiency of 80 to 90% (more than all other main engines),
although this percentage is lower in turbines that have less power.
Micro-hydro systems (<100kW) have an efficiency of 60 to 80%. If “from water to electrical
energy” is considered, that equals to near 70% for the whole system, (2) is simplified to:
𝑚3

𝑃(𝑘𝑊) = 7 ∗ 𝑄 (

𝑠

) ∗ 𝐻(𝑚)

Processes and elements in SHPP
-

The water is carried from the river by redirecting through the so-called fishing dam.

-

In systems with a middle or high-water decline, the water can be carried horizontally to
the accumulation of a small trough or a water gap.
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-

Before descending to the turbine, the water passes through a watershed, in which water
slows down in order to impose heavy drifts.

-

Accumulation is usually protected by metal through rods where water garbage is filtered.

-

The pressure tube (with a downward drop) transmits the water from the accumulation to
the turbine, located in the plant together with the generator and the control equipment.

-

After exiting the turbine, the water is discharged through a drain pipe in the river.

Criteria for choosing a turbine for SHPP
The type, geometry, and dimensions for the turbine are decided with the following criteria:
-

Net water decline

-

Amount of flow through the turbine

-

Spin speed

-

Cavitation problems

-

Expenses

Most existing turbines can be divided into three categories:
-

Caplan and propeller turbines.

-

Francis turbines.

-

Pelton’s and other impulse turbines.

Caplan and propeller turbines are reactive turbines with the axial watercourse. Reactive turbines
with the axial watercourse, which are mostly used for small water declines (usually less than 16m).
Caplan turbines have flexible blades but do not have flexible fins. If the moving blades and the
fins are flexible, then this turbine is presented as a "double-regulated". If the specifying fins are
fixed, then it is "single-regulated".
Efficiency of SHPP
The efficiency of the turbine is defined as the relationship between the power of the turbine
(mechanical power obtained from the turbine axis), and the hydraulic power that depends on the
measured flow and the net water decline. To assess the overall efficiency, the efficiency of the
turbine should be multiplied by the multiplicator (if there is one), and the generator.
The amount of useful flow, and with that the amount of produced electrical energy may differ if:
-

The system should power a small network with electrical energy.
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-

The system is designed to connect a large distribution network.

In the first example, the flow must be determined so it can enable the production of electrical
energy throughout the whole year. In the second example, the flow must be determined by
maximizing total sales revenues of electrical energy.
Double-regulated Caplan and Pelton turbines may work well enough with flows bigger than 1/5
of the nominal flow. Regulated Caplan turbines have acceptable efficiency of 1/3, and Francis
turbines have ½ of the nominal flow. Below 40% of the nominal flow, Francis turbines may show
instability that can lead to vibrations or mechanical shocks. Propeller turbines with fixed directing
fins and blades can work properly only with a limited flow close enough to their nominal flow. It
should be stated that in regulated propeller turbines, the efficiency is usually higher when “the
runner” is flexible.
Managing a SHPP
The monitoring process is there to keep track of all the processes going on in the hydro system.
The main functions of management are:
-

Starting and shutting down the turbine

-

Synchronizing the generator with the local network

-

Monitoring the water level along with the upstream and observing whether it is above the
minimum limit

-

Control of the flow regulation valve to the turbine to coincide with water availability

-

Detection of defects and turning on warning signals or turning off the turbine

In systems connected to the electrical grid, the managing board must meet local
recommendations for connecting the built-in generators. In systems that are not connected to
the local network, instead, work independently, the management system should enable constant
voltage and frequency regardless of the load. The managing (command) board usually contains
the following elements:
-

Voltmeter with a phase and line voltage switch.

-

Amperemeter for every phase.

-

Frequency meter.

-

Wattmeter, current power meter.
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-

Electrical counter, to measure the produced electrical energy for a certain period.

Purification
Waste barriers are the type of fence used to dispose of water waste. This is a very useful method
for removing unnecessary objects from streams, rivers, and lakes. The main view of all waste
partitions is similar, but internally, externally, and the barrier that is built-in in the turbines is used
for special purposes. The barriers are made of different materials.
A simple water course waste barrier that allows water flow but keeps all the major waste. Waste
barriers are made of the same material as most fences, using metal or plastic. Depending on the
watercourse and the amount of waste passing through, barriers should be cleaned often in order
to avoid blocking the water flow.
The barrier is an obstacle for the watercourse and has a small contribution to the reduction of
water decline. Therefore, the distance of the rods should ensure that no waste that is large
enough passes through that may damage the turbine.
The turbine designer should give a proposal of the exact dimensions. Basic classification on which
most engineers decide on which turbine to use can be seen on Table 2. Also, the speed of water
flow that encounters the barrier should be quite small. The best speed is 0,3 m/s, but it should
not be more than 0,5 m/s. [27]

Table 2 Impulse and reaction turbines [29]
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Hydropower in Norway

Norway has more than 100 years of experience in the hydropower industry. This means that the
Norwegian hydropower industry has gained experience in the operation, design, as well as
construction of hydroelectric power plants and they, have mastered the way to efficient hydro
system. This has opened the way for innovative ideas that have been developing in the last decade
at a faster pace. However, it is interesting to think why this country specifically is the best
producer for electricity from hydro energy. Although this could be affected by a mixture of
reasons, geography, climate, measures and stable economy are certainly the first in line. In 2012,
Norway specified NREAP which is the National Renewable Energy Action Plan. This plan was made
according to the RES, Renewable Energy Sources, Directive. A popular subject in the last decade
is the joint market for certificates with Sweden. Such a market will motivate and encourage
further investments in hydropower, aside from other RES. [56]
Geography and climate
Norway is located on the western edge of the Fennoscandian Shield, which is made up of an
Archaean cratonic nucleus with Palaeoproterozoic greenstone belts in the northwest, as can be
seen from the Figure 13. The Fennoscandian Shield is a key producer of metals and industrialmineral raw materials in Europe, with a wide range of resources. Norway represents the
northernmost and western part of Scandinavia, which is located in Northern Europe. The whole
country is divided into thousands of islands and big fjords which, in general, is the basis for a rich
and developed hydropower sector. The land itself is mainly made of gneiss and granite rocks
whereas at the lowest levels there are deposits of marine. The Gulf Stream allows Norway to have
more precipitation and higher temperature than what would be expected such a northern
country to experience. The combination of the geological location, temperature, and four
different and distinct seasons is what helps the country nourish the hydro energy at this level.
Regarding the climate, it can be said that the country's weather is divided into three parts.
Norway's south and west parts, which are the first front to Atlantic storms, receive higher levels
of precipitation and enjoy warmer winters compared to the country's eastern and northern
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regions. Rain shadowed locations to the eastern part of the mountains along the coast have fewer
rainy and snowy days than those to the west. Summers in the lowlands near Oslo is the hottest,
while winters are chilly and snowy.
Hydro potential and energy supply system
The geographical location of Norway allows it to be rich in hydro energy as Figure 14 shows.

Figure 13 Top left corner: Map of Norway showing the normal precipitation (annual average) 1061-1990 [50];
Right side: Locations of the hydropower projects in the geological map of Norway with direction and
magnitude of horizontal rock stresses superimposed [51]
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High mountains plateau, steep valleys, and numerous rivers and natural lakes are the perfect
conditions for nurturing and extracting hydro energy. For this reason, the hydroelectric
powerplant is being built across the whole country and today the hydropower is the largest
contributor to the power supply of Norway. Norway compared to other countries in Europe, is
highly dependent on hydro energy. The rest of Europe secures their supply with mostly thermal
power plants, nuclear power plants (France), wind and solar parks, etc. As seen in the Figure 15,
the Norwegian energy supply system consists of several different energy sources. It is clearly seen
that the hydroelectric power plants are contributing the most to Norway's electricity production.
Dispatchable hydropower is the one that can be controlled on-demand, or in other words, it can
be dispatched when there is a demand. On the other hand, non-dispatchable hydropower is not
controlled by operators and it is similar to solar and wind. Earlier in the thesis, there was a wider
and more in-depth analysis of how power plants are characterized. Dispatchable hydropower
accounts for around 106 TWh today and it is the largest contributor to the energy supply system

Figure 14 Hydropower Norway - Max MW (left) Hydropower Norway – Efficiency (right) [52]

in Norway. Second, on the list is the non-dispatchable hydropower with 32, 5 TWh generated
yearly. Wind, thermal and solar are next on the list, however, they account for less than 10 TWh
in the total supply system. On the right side of the illustration, all the consumers in the Norwegian
system are listed. Manufacturing is the highest electricity consumer with 43, 5 TWh.
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Figure 15 Norwegian energy supply system [31]

Households are next on the list with 33, 3 TWh. The illustration clearly shows that the 3 largest
consumers, manufacturing, households, and services industries in decreasing order, are
consuming electricity that has been mostly generated by hydroelectric power plants.
As discussed earlier, finding the perfect equilibrium between supply and demand is of great
importance. When it comes to renewables, reaching this perfect equilibrium can get tricky. For
example, solar radiation has different intensities throughout the day and for that matter,
throughout the year. The intensity of wind energy also varies from day to day, as well as from
season to season. Hydro energy, although not to that extent, surely follows this trend. Depending
on how rainy is the season or year, the potential of hydro energy can vary greatly. The demand
for electricity on the other hand is fairly constant. This means that although renewables are clean
energy sources, they can't meet the demand 24/7. A solution that seems most appropriate at the
time is to have storage for the extra energy produced. What makes Norway stand out and has a
security of supply secured by hydro energy is the large storage capacity. The flexibility of the
production, increasing and decreasing, according to the demand is one of the reasons why
Norway can reach the perfect balance between supply and demand and rely on hydroelectric
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power plants. This flexibility helps Norway eliminate or at least reduce the risk of fluctuations inbetween seasons and years. The difference between hydro and solar/wind energy is in their type
of production. The production of electricity can be separated into two main categories. The first
one is intermittent and the second one is flexible. Flexible production means that the power
plants can flexibly adjust the production according to the demand or the development of the
market. Intermittent on the other hand, like solar and wind, can only generate electricity when
there is an energy source available. Reservoirs in hydropower plants are what make hydropower
plants have flexible electricity production. This means that the power plant can produce
electricity whenever there is a demand regardless of the flow of the river at the time. The
flexibility of a power plant varies depending on the size of the reservoir. If a certain power plant
has a small reservoir, they are flexible for a short period. They can serve to satisfy the needs of
the consumers by transferring energy production from base-load to peak-load hours. On the
other hand, power plants that have large reservoirs are flexible throughout the whole year. They
can store the water capacity and use it later that year or even the next one when the prices go
up. The largest reservoir of Norway is Blåsjø with a 7.8 TWh capacity. Blåsjø can hold a 3 years'
normal inflow. [30] Reservoirs like this are quite practical if there are years when there is high
precipitation and in some drier years, or months, Figure 16.

Figure 16 Precipitation, consumption and production of electricity in Norway, 2019, source: [54]
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However, not every hydroelectric plant has a storage reservoir, but rather they use the flow of
the river to generate electricity. These types of the power plant are called run-off-river power
plants and fit in the category of intermittent electricity producers. Around 75% of the production
in Norway is a flexible one. With 153,2 TWh annual production in 2020, Norway is known to have
the lowest emissions and at the same time the highest electricity production from renewables in
Europe. The 153,2 TWh are not solely produced by hydropower plants from other energy sources
as well. Hydro energy, however, accounts for more than 88% of the total Norwegian production
capacity. 1690 hydropower plants are a part of 88% percent of the total production along with
1000 reservoirs. [31]
Current trends
For many years, the pricing of hydropower in Norway was controlled by the government.
Following the country's independence from the Soviet Union in 1905, the parliament restricted
the private ownership of waterfalls. For municipalities, the pricing policy was based on the
average cost, while the state-owned power plants provided electricity at low prices to energyintensive industries. This policy is also applicable to greenhouse activities. [32] At the beginning
of the 1990s a free electricity market was introduced in Norway. This motivated number of studies
to be conducted that would explore the potential of the Norwegian land and water potential. In
numerous studies, not only the water potential but also the economic, technical and
environmental potential were investigated in order to create a good electrical infrastructure
throughout the country, as seen in Literature Review chapter. At the time, Nord Pole operated
the Nordic electricity market and took the chance to make huge changes in the entire sector.
Precipitation levels rose in the following years which made electricity prices significantly low. This
allowed Norway to start investing in their hydroelectric power plants by upgrading the old types
of machinery and improving their efficiencies. In the middle of the 2000s, the prices for oil rose
significantly which made other energy prices follow that trend. However, again in 2011, because
of the global financial crisis, low price levels were spotted again. [9] Today, Norway still stands as
the country that has used the potential of hydro the most, as seen on Figure 17.
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Figure 17 Cumulative installed hydropower capacity in Europe in 2019, by country(in megawatts) [source:
https://www.statista.com/]

Future drivers

It is known that climate change is one of the main concerns of today. The global temperature is
rising and is starting to affect humanity greatly. This topic is a key driver in today's markets
considering that the weather is closely linked to electricity production. [33] Prices, demand,
supply is influenced by transmission, consumption, and production which can be influenced by
the difference in temperature and humidity. It is safe to say that the temperature, or climate
change, will affect every sector and technology. If the temperatures rise in the summer, there will
be a greater need for cooling which will increase the demand for electricity. Climate change alters
the seasonal cycles which can lead to extreme and disruptive weather events such as heatwaves,
flooding, storms, etc. All natural cycles are interconnected thus if there is a disruption in one of
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them there will be in all of them. If the precipitation levels are lower while at the same time the
temperature rises, it will significantly affect the hydropower sector.
This thesis has so far summarized several different studies in the hydropower sector. From what
can be concluded so far, the decision of an investor / owner of a hydroelectric power plant can
be influenced by various factors, both economic and social, as well as environmental. Additionally,
the same decision can be influenced by the expected efficiency of the power plant itself, ie the
expected produced power. Some studies have looked at the effect of climate change on
hydropower. From all this it can be concluded that the connection is mutual, ie that nature also
affects the hydropower and hydropower of nature. This relationship directly affects the future of
this sector. As can be concluded from the research so far, hydropower offers many different
advantages if the world wants to achieve its net-zero goal. So far, it can be said that the only
renewable source that can produce energy day and night, while being very flexible, is
hydropower. Photovoltaics, wind energy, as well as some other RES, are intermittent and this
limits their implementation worldwide. On the other hand, fossil fuels and coal are not flexible,
which means that for instant power generation in times of high demand, hydropower is a far
better choice than any of the traditional energy sources. There is no denying the fact that
hydropower has a negative effect on nature and society. But the good news is that such negative
effects are increasingly being mitigated by the development of technology. Which means we can
expect increased implementation of this technology in the coming years. An interesting part of
this thesis is the relatively new trend in the construction of small hydropower plants. The author
of this thesis believes that although this trend significantly helps in the development of this
industry, its not quite grounded. Several studies discussed in the Literature Review chapter show
that small hydropower plants can have a greater negative impact on nature. Of course, this trend
is driven by the global nature conservation movement, and sometimes extreme measures are
needed to make a big difference.
However, everything said above seems contradictory when compared to information Figure 17
gives. Significant growth in electricity generation is expected for solar, wind, biomass and
geothermal energy. Hydro is expected to grow only 6% by 2050. Although, this can be interpreted
as no development in hydro, it is important to keep in mind that hydro, today, is an advanced

-49-

technology that needs a small amount of improvement to reach its peak of efficiency. On the
other hand, solar cells are still developing and aren’t in their full potential. Today, the highest
solar cell’s potential is marked at 50% on space satellites as part of an experiment. [55] Over the
past decades, there have been numerous scenarios about the future of renewable energy source
as shown in Figure 18. In the EC-Trends to 2050 study, [44], the Reference scenario is being
developed and analyzed. This scenario focuses on including measures as well as policies by 2014,
in all Member states and the European Union. A study from ENTSO-E TYNDP analyzes for
scenarios from which next on the graph is the Vision 1: Slowest Progress, [45], scenario where it
is assumed that no common ground is found between country to reduce CO2 emissions.
Furthermore, weak economic situation makes it harder to invest in new technologies that will
reduce the carbon footprint. Slowest Progress scenario also includes the possibility that there will
be no development in energy efficiency in heat pumps nor in the transport sector. Furthermore,
weak economic situation makes it harder to invest in new technologies that will reduce the carbon
footprint. Slowest Progress scenario also includes the possibility that there will be no
development in energy efficiency in heat pumps nor in the transport sector. In this scenario it is
also assumed that there will be no other frameworks after 2020 that could potentially increase
further implementation of RES technologies. Vision 2: Constrained progress,[45], is a scenario
with similar main points as Vision 1. In this scenario the main focus is on investing in R&D, where
this department will focus on saving more energy, increasing the efficiency and reduce costs as
much as possible.
This scenario doesn’t implement new policies but rather just reinforces the ones that already
exist. Furthermore, it focuses on implementing more renewable energy sources which
percentage compared to Vision 1 will be higher. Not much focus is done on reducing CO2
emission, under the assumption that the only driver to do so is the price of carbon. The third
scenario from this study, [45], is the Vision 3: National Green Transition. Although a little more
optimistic from Vision 1 and 2, still assumes that R&D expenditures are not bringing any efficiency,
but does not deny the fact that there are major technological developments in the RES sector.
Just like in Vision 1 and 2, there is no strong uniform European framework but rather all the
schemes are being done on a national level which presents an obstacle for a cooperation between
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different countries. Again, any mitigation plans for reducing carbon are still considered
unattractive, such as CSS (carbon capture and storage). The fourth scenario, Vision 4: European
Green Revolution [45], is the most optimistic scenario from all the scenarios as the name states.
Unlike the other three, this one talks about a strong European framework where there is a
collaboration between countries allowing increase in energy efficiency and a more stable
network. This is done by investing in hydro energy development on Scandinavia, the Pyrenees,
and the Alps where there is a lot of hydro potential. A back-up storage option is also implemented
to shift away the load from day-time peak hours. Additionally, there is a slow phasing out of
nuclear power plants and the development of new is not attractive due to large development in
the RES. The DNV GL study develops three scenarios from which the first one is Optimistic then
Middle and last one is Pessimistic Scenario. [46] These scenarios are based mainly on those
scenarios in EU Energy Roadmap 2050. [35,41] from the same study] GHG35/EE scenario, from
EX-Policy Framework [47], is focusing mainly on GHG emission, and their reduction. It includes
annual reduction of allowances equal to 38 million. There is no target set for renewable energy
source only for GHG emission reduction which is 35% by 2030. From the same organization,
GHG37 scenario has a moderate goal. It is mainly based on the premise that the marginal
abatement cost of GHG emissions is equalized across the economy, and it is driven only by
comparing carbon values in non-ETS sectors to the ETS carbon price from the Reference Scenario.
Both scenario 1 and 2 from this organization are presenting a modest ambition for green house
gas emission, but scenario 3 is a different story. In scenarios GHG40®, GHG40, GHG40/EE, and
GHG40/EE/RES30, [47], there is a medium ambition when it comes to reducing GHG emission. In
both scenarios a reduction of 40% in GHG by 2030, as in scenario 4, GHG40/EE, and of 80% by
2050 is presented. However, in GHG40/EE there is another part that focuses on energy saving
between 2020 and 2030 which will be equal to 2%. Scenario 5, GHG40/EE, unlike the others, there
is a pre-set target for implementing renewable energy source in the grid which equals to 30%.
The last scenario, GHG45/EE/RES35, [47], is the only high ambition scenario where there is 45%
GHG reduction target in 2030. Additionally, there is an increase in the energy efficiency as well as
the energy saving on a yearly basis. Standards are tightened and stricter than in scenarios 1-5. A
study, IEA-WEO 2016, develops three different scenarios, [48].
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Figure 18 Gross electricity generation in the EU calculated growth rates [43]

The first one is the New Policies Scenario where a review of already implemented policies and
targets by 2016 are discussed and analyzed. A small part of the scenario is devoted for reaching
potential targets and goals. The Current Policies Scenario is not focusing on implementing
additional goals, targets and measures but is focusing on current measures and policies which are
not being followed nor fulfilled but rather extended for 2040 with a small increase in intensity.
The third scenario is 450 Scenario and it is focused on implementing renewable energy sources
to reduce the temperature by 2°C by the year 2100 compared to preindustrial levels. As can be
seen by almost all of the organizations there is a development of several scenarios from most
pessimistic to most optimistic. This is also the case for EWEA, with Low, Central and High Scenario
2030, [49]. These three scenarios are showing little resemblance in their content and goals with
the Vision 1, 2, 3, and 4, respectively. The low scenario talks about lack of RES implementation
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and reduction in carbon footprint. Additionally, the cost for offshore parks reduction is not met
as planned. This is the result of low implementation of 2030 governance.

Figure 19 Projections of electricity generation from RES in multiple studies and scenarios [35]

The second one, on the other hand, has a clear governance structure, and there is a cooperation
between countries hence targets are met. In this scenario there is also a more efficient wat for
dealing with the Emission Trading System. In the last scenario all the targets are met, and more
they are exceeded. It is also noticed phasing of conventional energy sources such as fossil and
coal power plants with a better EU transmission system and efficient ETS.

Economic approach
To fully understand the potential of hydro there is a need to look at the technical aspect of the
technology but another important aspect is the economic side. Hydropower plants, especially
large ones, can be a huge investment, and combining the economic and technical sides is
necessary to make an efficient project. In this year's COP26, scientists and experts talked about
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the importance of countries investing in hydro sectors. Ms. Joana Freitas, Executive Board
Director, EDP Produceo, compares the lifespan of a battery and a hydropower plant with storage
in this year's COP26 to show the advantage of these types of plans. She states that if it is
considered that the effective lifespan of a battery is 10 years and on the other hand on the
hydropower plant is 50-70 years, it is clear that such an investment is cost-effective. [34] Along
with other guests, they discuss the future and potential of pumped hydroelectric storage facilities.

The important thing to note is that although the hydro sector seems to be getting less attention
these days compared to the past, it is still a popular topic amongst engineers all over the world.
This is, as mentioned several times in the thesis, due to the flexibility of these power plants.
However, it is easily noticeable that there is a difference between small and large HPP, including
economical, technical, and environmental sides. For that matter, in this thesis, with the help of
several studies, both the economical side of small and large hydropower plants will be analyzed
and reviewed.
Before a particular construction of a powerplant starts, the owner needs to get a license for the
building. According to Joana Freitas, an element that is not universal around the world but a
crucial part when forecasting if a project will be cost-effective is the permitting process. She states
that having a permitting process that facilitates investment, is of great value. What this means is
that having the environmental and electric permitting for a power plant is something lengthy and
complicated and it is seen by energy analysts as something that makes it harder for investors to
understand exactly how long it's going to take to finish the project. She points out that the length
of the project, construction, and starting operation, may not be the lengthiest parts of the project.
Freitas believes that finding investments for hydro power plants can be tricky since investors like
financial future financial cash flows which can be hard to determine due to the unpredictable
time the permitting process takes. [34]
This opens another topic that affects the hydro sector on a great scale. From what Ms. Joana
Freitas said, it can be concluded that the process of getting a permit to build can be quite lengthy
which can directly influence hydro development. If it is assumed that it is needed to wait years
for a permit, and after that, years for constructing the dam, it is safe to say that investors will see
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this as a risky investment and would easily choose another RES over hydro. Although the
permitting process needs to be thorough and detailed, there is a need to shorten or fasten that
process to not slow down development in the hydro industry. However, there are also other
elements that affect the building of a hydropower plant. For this purpose, a short review of two
studies will be made in this thesis, so to assess the main elements which affect the investor's
decision whether or not to continue with the project.
There is a study from Morimoto and Hope, on the cost-benefit analysis of hydro projects in Sri
Lanka. [18] Although Sri Lanka is not of particular interest in this thesis, the study gives an analysis
that can be implemented in most places around the globe. The authors of this study were
motivated to do this research since they felt that a large number of CBA models for hydro projects
exclude the social and environmental aspects. They believe that these two aspects are fairly
complex to implement in any model, which might be the reason for the lack of studies.
Hydropower plants have a long-time horizon, so taking into account the discount rate is of high
importance in this study. The authors calculate the Net Present value under a range of different
assumptions. They decide to use the following main variables: power generation (PG), clean
power (CP), economic growth (EG), construction cost (CC), operation and maintenance cost (OM),
resettlement cost (RE), economic losses due to inundation of land (IN), losses in tourism revenue
(LT), and accident cost (AC). As parameters, they use EO (initially expected increase in economic
output due to increased power supply), e (Proportional reduction in the annual number of
tourists), P0 (Initial proportion of time during which an alternative power generation is
unavailable), j (Annual rate of decrease in the proportion of time during which an alternative
power generation technology is not available), and NT (Annual number of tourists visiting the dam
site in absence of the dam). PG in their study is defined as a benefit get from multiplying the price
of electricity by the quantity of electrical energy that is being generated.
Results from their findings can be seen in the Figure 20 & 21 respectively, where a couple of
things can be noticed easily. CP represents the benefit of the environment, or in other words, the
advantages of avoiding air pollution produced by conventional power plants. EG represents is the
avoided loss when a power shortage happens. CC, as the name states, is the cost for the
construction of the power plant, as well as OM the cost for operation and maintenance for the
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same HPP. RE is the amount of budget divided for compensating individual for building HPP near
their homes or on the same location. IN is the financial value of the lost land and LT is the lost
profit from decreased tourism in that area which is due to lost land. Lastly, AC represents the
product from estimated number of injuries and deaths.
Economic growth, for starters, has a very positive impact in the early years of the hydropower
plant lifespan. However, over time it starts declining. This can be due to various reasons, but an
introduction to new alternative energy sources is the most likely one. Construction cost on the
other hand, as can be seen from the figure, has a huge negative impact in the first period, but
declines rapidly since the construction is not happening during the whole lifespan of the plant but
rather just the first couple of years. Loss in tourism has a constant negative impact, considering
that once the dam is constructed tourists will be less likely to visit that site hence lower income
from this sector. Power generation has no impact in the first years when the dam is under
construction because the plant is not operating, but afterward, it has a long and continuous
positive impact. Other variables have lower impacts compared to the ones mentioned above.

Figure 20 Mean values for the nine variables by year [18]

Figure 21, from the same study, represents the PV of the mean values of the above-mentioned
variables. What can be seen is that variables PG, EG, CC, and LT have the largest impact on the
NPV. This study shows the importance of taking into account several aspects when doing a CBA
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model. Although this study is fairly old, not much has changed in that perspective in the last
couple of years. In fact, another study by the same authors complements the study discussed so
far by adding a couple more variables to do model. This study is "Three Gorges project in China"
and it was published in 2012. [36] They add five new variables including navigation improvement
(NI), flood control benefit (FC), negative impact on the downstream fishery (FI), mitigation cost of
downstream pollution (DE), and value of lost archeological sites (AS). FC is the impact of
sedimentation and the value in money of the benefits of controlling the flood.

Figure 21 Present values of mean values for the nine variables by year [18]

DE represents all the costs that will happen when the downstream will be polluted from the
construction of the new dam. NI represents the reduction of costs in shipping as well as
transportation and impacts of sedimentation. FI is the reduced fish catches due to the
construction of the new dam. And AS is cost of preserving and rescuing archaeological sites
according to international standards. Three Gorges Dam is the largest dam in the world with an
installed capacity of 22, 500 MW [37] This large project, seems to be the result of China's fast
economic growth in the last decade. With the continued pressure of reaching a net zero future,
every country these days is trying to replace the generation of electricity from coal with RES. The
economic side of a particular project is closely connected to the technical part, especially if there
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is a need to construct a Cost-Benefit Analysis model. [36], uses CBA, just like the first paper, to
evaluate the Three Gorges Dam and give an overview of the whole project. The authors of the
paper use a wider context when it comes to using the CBA model and searching for justifiable
results, as suggested before. Figure 22 shows the mean present values for the same variables
from the first study plus the five new ones in the new study. Net Present Value, according to the
CBA results of this study, is most likely to be affected by power generation, economic growth,
clean power, archeological loss, construction, and resettlement. What stands out from the graph
is economic growth as the variable that affects NPV the most. What can be concluded from these
two studies is that, all of the variables show more or less the same results in both models, 2001
and 2012 respectively. Although the variables included in the new study are considered to be
factors that would affect the construction of a hydropower plant, the sensitivity analysis in this
paper shows that only the loss of archeological sites has a large impact on the NPV. However, it
is important to notice that these two studies were conducted on different projects which, in
reality, will make a difference. People are more likely to support smaller projects, as seen in
Norway, as they feel they affect the environment slightly less. The model used in this study is
pretty simple which allows other authors and researchers to expand the study to get more
accurate results.
What can be concluded from the studies is that, like expected, economical growth has the highest
positive impact on the NPV. This shows clearly that although the lifespan of the hydropower plant
is great, it is easy to see immediate economic growth where the project is being constructed.
Another variable that leaves the highest impact, as expected, is the cost of construction. However,
the graph clearly shows that construction costs are only in the first couple of years depending on
the size of the project. This model can be used and modified to any power plant worldwide,
showing the cost-effectiveness of the project. Finding data might be the trickiest part of the whole
process, considering that many developing countries either don't possess or is hard to get
sensitive information. Another thing that would affect the efficiency of a power plant, of course,
is the technical aspect of it. For that purpose, in this thesis, in this chapter, another study will be
analyzed. The International Renewable Energy Agency published a paper in 2012 “Renewable
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Figure 22 Mean present values for the fourteen variables in the model by year [36]

energy technologies: Cost Analysis Series, Hydropower”. [38] They divided the cost for a
hydropower project in the following way:
-

Civil works (construction of a powerhouse, dam, reservoir, tunneling and canal, grid
connection, engineering, procurement and construction, planning, permitting, site access,
powerhouse construction, etc.)

-

The cost of equipment

Seeing the list above, it is reasonable to assume that these costs will vary from region to region.
Developed countries and developing countries have different standards which affect the prices.
For that matter, developing countries also have different prices from each other. The cost of
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hydropower varies within and between regions, based on the available resource, specific site
characteristics, the local economy's cost structure, and other factors, which explains the wide
cost bands for hydropower. [38] Another breakdown of costs can be seen in the Figure 24. Here
can be seen the cost of different parts of a hydropower project, where the specific parameters
are for a project in the United States.

Figure 23 Total installed hydropower cost rages by country [38]

The most significant cost for such a project is clearly the reservoir. Although the price for the
project in the USA is well-specified to 911 per kW, it is reasonable to assume that the cost of the
reservoir will be the highest cost in every project. If it is put in another perspective, 26% of the
total cost for a project is assigned to reservoir construction. After that, with 23%, is the cost of
the owner, powerhouse equipment with 16%, tunnel and powerhouse and shafts both with 14%.
And engineering, procurement, and construction management with 7%. What is interesting to
notice in the figure is that the estimated cost is expected to vary up and below 35%. This is a
reasonable assumption considering that sometimes there are unexpected costs that are only seen
when the construction starts. For example, in North Macedonia, the plans of the infrastructure
below ground are frankly old and haven't been updated as reconstruction occurred during the
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years. This is an additional cost and problem that the owner faces when an unexpected problem
occurs. What can be concluded from this chapter is that to estimate the cost of a hydropower
plant, there is a need for several analyses. The project can be divided depending on the
motivation or reason for building. If the project's initial plan is to produce as much power as
possible, the efficiency of the turbine and the size of the hydropower plant should increase. If the
project is intended to preserve the environment but still provide power, there is a need for a more
complex analysis as can be seen in the cases above.
And lastly, if the owner/investor, is interested in the cost for the technical parts of the project,
there is a need for a simple breakdown of costs as seen in the Figure 24. Here, it is important to
mention, once again, that these figures and numbers are likely to vary from region to region
depending on several factors, Figure 22. Further analysis is necessary to be done if the
calculations are needed for a specific project in a specific region.

Figure 24 Cost Breakdown of an indicative 500 MW greenfield hydropower project in the United States
[38]
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Questionnaire

In the framework of this thesis a questionnaire was realised. This questionnaire should serve to
show how much knowledge people have in hydro energy. It should be a guide on how to proceed
with making the website for promotion of hydro power. The questionnaire is still in progress, and,
from my estimation, it will take about a week to gather all the necessary information.
With everything said so far, it is pretty clear that hydro energy is one of the most popular RES.
There is a handful of mitigation options to reduce the environmental cost, however, they aren't
discussed in this thesis. The motivation of this thesis arose from the author's observation of
people's little knowledge of this energy. The questionnaire group of people was diverse, from
engineers to managers and teachers. This brought the idea to design a simple questionnaire to
confirm those doubts and test them to a wider group of people. The questionnaire was shared
with the author's postgraduate and undergraduate colleagues as well as the author's community
on LinkedIn. The total number of responses gathered is 105. The questionnaire is completely
anonymous, to allow the users to freely answer questions. The results from the questionnaire are
shown in the graphs below. The first graph, Figure 25, represents the total answers from the
question "From 1 being "no knowledge at all" and 5 "expert knowledge", how much do you know
about hydro energy?". 20% of the respondents answered with a 1 on a scale from 1 to 5, 34.3%
answered 2, 24.8% answered with a 3, 16 respondents or 15.2% answered with a 4, and only 6
(5.7%) answered that they have expert knowledge. Something more than a half of the
respondents have weak to no knowledge in hydro energy, no matter the fact that it is one of the
most popular types of RES. It is safe to conclude that they are most likely familiar with the term,
but lack even the basics of this type of energy. The 24.8% that answered with a 3, can be
concluded that they know the basic methods and the basic idea behind hydro. This is a clear sign
that, although it seems that this topic is talked about a lot, it still lacks proper transfer of
knowledge. This is confirmed with Figure 26, with the question "Although renewable energy
sources are a huge trend, I am not familiar with the topic that much.", where 54.3% answered
that they are not familiar with RES that much.
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Figure 25 Results from the question: “From 1 being “no knowledge at all” and 5 “expert knowledge”, how
much do you know about hydro energy?”.

Figure 26 Results from the question: "Although renewable energy sources are a huge trend, I am not
familiar with the topic that much."

The second question read "From 1 being the least to 5 being the most how much do you think is
being done in hydropower plant development?".

Figure 27 Results from the question: “From 1 being the least to 5 being the most how much do you think
is being done in hydropower plant development?”.

The literature review chapter and the Norway chapter showed that a lot has been invested in
hydropower especially when it comes to small hydropower plants. Understanding this and having
the right information on where to gain such knowledge can affect future investments in the hydro
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sector. Around 80% of the respondents believe that not much has been done in hydropower
development, Figure 27. Considering that this is an anonymous questionnaire, it is hard to
understand which respondents answered the way they did and why is that. There could be several
reasons for this: lack of proper information/education, lack of interest in the topic, etc. The COP
might be one of the most important decision-making bodies of the Convention. It might just be
the "tool" the world needs to reach its net-zero goal by 2050. Having basic knowledge about the
COP is of great importance if the world wants to move to a greener and cleaner future. However,
the designed form gave answers that are not very promising for this topic. Something less than
90% of the respondents have little to no knowledge at all about COP, with 54.3% answers 1.
Figure 29, with answers to the question "The COP26 is meant to deal with the COVID19 economic
crisis?", below explains how many users are familiar with the specific work of COP. Although the
Figure 28 shows that the respondents are not familiar with COP, Figure 29 gives a wider picture
giving positive results (74.3% of respondents know the purpose of COP, but do not delve deeper
into the subject).

Figure 28 Results from the question: "From 1 being the least to 5 being the most how much do you know
about the Conference of Parties (COP)?”

Figure 29 Results from the question: “The COP26 is meant to deal with the COVID19 economic crisis?”
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According to IRENA, [39], the hydropower sector accounts for the largest share in the global
renewable generation capacity. Although in 2019 according to the EIA, [40], wind surpassed
hydro, it seems it was only the case for the year 2019. As far as the answers of the respondents
for the question "Hydro energy, from all renewable energy sources, contributes the most in
energy production (true/false)" 52.4% answered false, whilst the rest of them answered true.
Again, due to the anonymity and simplicity of the form, it is unclear if the respondents were
answering "False" with having in mind that in 2019 wind had the largest share, or they weren't
familiar with the topic at all. Whatever the reason is, Figure 30 is again a sign of lack of information
on the given topic.

Figure 30 Results from the question: "Hydro energy, from all renewable energy sources, contributes the
most in energy production (true/false)"

The next question, "Hydropower plants do more harm than good to the environment" can be
considered subjective, considering that the respondents have to have a lot of knowledge to
conduct some of the studies discussed in the Literature Review Chapter and answer objectively.
Instead of that, here it is tested the common opinion, which is of great value considering that the
previous graphs proved that the respondents are not that familiar with hydro energy. They would
have to be familiar with the environmental costs and the mitigation solutions to be sure of their
answer. However, Figure 31 shows positive results, as 76.9% of the respondents have answered
that they don't believe that hydro does more harm than good to the environment. However, the
question doesn't allow respondents to answer if they think hydropower plants do a lot of harm
(which would still be less than good) or they just feel hydro does little harm and a lot of good. The
questionnaire was designed to be simple to attract more users to fill it in hence the doubtfulness
for the real reason for such results.
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Figure 31 Results from the question: “Hydropower plants do more harm than good to the environment”

The next question read "The Paris Agreement is an agreement that binds countries to produce
electricity solely from solar, wind and hydro energy sources.". The Paris Agreement although
closely connected to promoting renewable energy sources as an alternative for conventional
energy sources, does not bind countries to produce energy solely from the three energy sources
solar, wind, and hydro. The Paris Agreement might be one of the most important international
treaties and it is of crucial value to increase the knowledge regarding this subject. As seen from
Figure 32 more than 50% of the respondents answered "true" instead of false.

Figure 32 Results from the question: "The Paris Agreement is an agreement that binds countries to
produce electricity solely from solar, wind, and hydro energy sources.

On a more positive note, the next pie chart presents the answers to the question "I believe that
renewable energy source, especially hydro, could help fight global warming?" and gives positive
results. As seen from the pie chart almost 80% of the respondents believe that hydro could be
helpful in dealing with global warming. As seen from Figure 33, there are 21% who disagree with
this statement, which is expected considering that total uniformity of opinion it's highly unlikely.
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Figure 33 Results from the question: "I believe that renewable energy sources, especially hydro, could
help fight global warming?"

The interest of the author of this thesis in hydro energy presented a motivation to build a simple
website to show all the important information about the topic, keeping it simple and userfriendly. Additionally, the answers to the questionnaire gave a clear sign that such a website is
necessary to help in giving proper information to a wider range of people. The website should be
accessible to anyone and contain only basic, trustworthy information that would be easily
readable and understandable by anyone. The goal is to show users the basics of hydro energy,
the pros and cons ergo encourage both developed and developing countries to invest in hydro
development. This could potentially represent a wider project, where people could join, ask
questions that concern them, receive straightforward answers hence resolving any doubts they
may have. The fight against climate change is a fight that requires a uniformed front to fight it,
and this website, although small, could be a useful step toward that goal.

Project

WordPress is a simple, open-source system and one of the most popular ways to create a website.
It is very user-friendly and is available for anyone who wishes to create their website or blog
without having previous knowledge. Around 40% of all the websites are powered by WordPress.
[41] Whether the user wants to make a business or a social website, it can be done with
WordPress. WordPress was first introduced to the market in 2003, [41], however, its original
concept dates long before. Mike Little and Matt Mullenweg first invented the original idea and
concept of this open-source before it became widely used. To build a website from scratch an
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individual would have a deep and thorough knowledge of PHP, HTML, and MySQL databases.
Although having the knowledge in programming is certainly used today, and could make your
website have more options, sometimes the goal of creating it is only to provide information. For
such purposes, WordPress is more than enough. You can change the style, colors, shapes, and
even add pictures and text with just a simple click. This type of user-friendly open-source platform
certainly comes in handy when you are not the programming type.
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Figure 34 Organizational structure of website "Hydro Energy Information Center"

Every website is a group of several web pages. All of these web pages have been coded in HTML
and are connected to a domain to be viewed and opened worldwide. There are two types of
websites: static and dynamic. A static website is quite practical if an individual doesn't need a
constant information change on their website, like the name states. [42] On the other hand, a
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dynamic one needs access to a database to update the information and contents. The purpose of
creating a website can be to promote services, or products, to introduce a reader to a certain
topic, to give basic information, or to update a large group of people for news.

Figure 35 Website segment "Renewable Energy events"

There were several steps implemented before the realization of the website began. First, it was
necessary to conduct research on how much people were familiar with the interesting topic, as
discussed in the previous chapter. These results gave a green light for this project to be fulfilled.
At the beginning of this project, the main task was to analyze the market and understand the
competition. Blogs that are informing the public about hydro energy, that the author found were
either too simple or didn't contain enough information. Official websites, (EIA, IRENA, etc.) are
not considered in the analysis as they are official websites providing specific data which mainly
users are experts in the specific field. On the other hand, the purpose of this project is to be easy
to understand and access by anyone. The author of this thesis first conducted the necessary study
for this paper, including a literature review, gathered information, and then started on the
website. Pictures chosen are supposed to associate readers to something familiar and close to
them ergo highly technical diagrams and mathematical formulations are avoided. There are
several segments dedicated to different aspects of hydro including, history, trends, technical part
and important numbers as seen by Figure 34.
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Figure 36 Website segment "Useful links" [sources: www.energy.gov, www.eia.gov, www.irena.org,
www.iea.org]

The website is not meant to be used as a guide for building a HPP but rather keep the attention
of people who are unfamiliar with the subject, inform them properly and answer questions they
might have. In the future, the author plans to make this website more interactive, where users
from around the world could ask and answer questions and share knowledge. Such a platform,
except from private/public groups on social media, is not available yet. Hypothetically if the
website shows to be attractive to users it could expand to give information about every type of
RES rather than just hydro energy. Furthermore, it should inform readers how and where they
can find interesting current conferences, seminars, or events where they can get familiar with
renewable energy source as seen by Figure 35. This website also contains a segment where useful
website with trustworthy data can be found as seen in Figure 36. However for those who are
completely unfamiliar with hydro power and how does it work, the website has a separate
segment which lead to a YouTube video, (Hydropower 101, 2015), explaining how hydro power
plants work as seen in Figure 37. If the reader follows the next link, a video showing how the
website works can be found:
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https://drive.google.com/file/d/18EOSTXQtzNQHWWXCBTShZI9pHIsLMeQG/view?usp=sharing.
The website, for now, is an idea with an already made prototype and the next step would be
finding and purchasing domain and host to make the website public.

Figure 37 Website segment "Hydropower 101"

Conclusion

The story of renewable energy sources started a long time ago. People have been developing their
skills in using what nature has given them since the very beginning. Nature has given the world
everything it needs in order, not only to survive, but to live a fulfilled and good life. However,
people have forgot about nurturing nature and giving back what they take. For hundreds of years,
no one thought about what happens with the waste humans produce. This inconsiderate usage
of resources has caught up with the world fast and presented something we call today “climate
change”, “global warming”, etc. However sad this is, from the optimistic point of view, it has
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opened many eyes across the globe of what exactly the humanity is doing to the planet and how
to stop it. This change in people’s thinking has opened the doors to many new technologies and
new ideas. From recycling, to reducing, and to one of the most important means for fighting
climate change, renewable energy sources. They are the path to sustainable development, clean
environment and preserved nature. Whether it is solar energy, or wind or perhaps hydro, the
difference compared to conventional energy sources is fascinating.
There is no doubt that hydro is the leading RES these days. It is still questionable if it will be a
leading source in the future, however, water is one of the most abundant resources which makes
the possibilities for using this energy even greater. The world, now, has used the power of water
with hydroelectric power plants and tidal power plants, but there is a possibility that new ways
will be discovered in future. As seen in this thesis, small, mini and micro hydroelectric power
plants are becoming more and more popular which opens the door to investors with different
budgets to invest in this sector. On the other hand, it is necessary to pay attention to nature’s
response on these new plants. Although hydro is a cleaner source compared to conventional
sources, it can do great damage to nature if not installed properly.
The point in researching these kinds of topics is to wake the interest in this field even more,
transfer knowledge and educate as many readers as possible to all the things that need to be
taken into consideration when building a project like this one. This doesn’t not only apply for
hydro energy but also for other RES. For example, concerns were raised that wind turbines are
lethal for birds. These concerns have been heard analyzed and resolved with painting one blade
with black so birds can easily see and stay safe. Solar panels are facing different problem, that is
connected to the material from which they are made. Although solar panels are using renewable
energy to produce electricity, the material needed to build a solar panel is not renewable. On top
of that, the lifespan of solar panels is fairly short. Again, these concerns are being resolved by
increased investment in research and development in the field of solar cells. Every day scientists
from around the globe are presenting interesting and new findings on how to increase the
lifespan of a single cell hence solar panel. Every technology has its advantages and disadvantages.
The point of renewable energy technologies is to become widely used so parts, machines, and
implementation of them can be affordable everywhere. Furthermore, this will raise
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competitiveness ergo development in the field. It is important to note that not every country has
the same access to every RES. For example, Norway has abundant water potential, while Sahara
and Arizona are the ones with the most solar potential. Other countries have access to oceans
and seas and they have the possibility to use tidal energy, whilst other have many windy days and
are suitable for wind parks. The bottom line is that, the idea is not to implement, promote or push
forward only one RES but to build a system where all of them can generate electricity
synchronized perfectly. Here is the part where smart grids “come in handy”. It can be said that
the sun and wind are as predictable as they will always be hence combining them with a more
flexible RES is the perfect solution. Smart grids will help in making the perfect balance between
an intermittent source like wind, and a flexible source like hydro to satisfy consumer’s demand at
any time. Hydro energy, for that matter, as a flexible source can be combined with all of the other
intermittent source which is quite practical to implement in countries that have low hydro energy
potential but plenty of sunny/windy days. On the other hand, hydro energy, if planned
constructed, can supply on its own, again satisfying the needs of the consumers. This is the
example with Norway where almost all the electrical energy comes from hydro. Norway might,
hydro technology wise, might be years in front of many countries, but their ways of using this
hydro potential can be implemented in many different areas.
What can be noticed while researching for this particular RES is that storage is what matters the
most today. Batteries are developing and have come a long way in the last decade. However, they
are still robust, expensive, and, not to forget, build from unrenewable resources. To store the
energy generated from RES might be one of the biggest pushbacks in almost every RES. However,
hydroelectrical power plants have their own “battery” which is reservoirs. These reservoirs can
be used in peak hours or in times when the price of coal and fossil fuels rises exponentially. The
last two years, 2020 and 2021, were just a small example of how things can change over night
and being prepared energy wise is very important. For that matter, the world has experience
increased prices of coal and fossil fuels in the last couple of months. If a particular country is
dependent on importing these goods, there could be a drastic change in the country’s economy
and massive dissatisfaction in consumers. Hydro power can be the solution to limit import of such
goods and be independent when it comes to energy supply. Norway produces its own electricity
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which allows them to adapt their prices according to their policies and strategies. In another
study by the author, “Implementing Photovoltaics: Renewable Energy Source to decrease the
carbon footprint and contribute to economic growth” for the course Environmental and Energy
economics it is explained how the energy and economy are correlated and how investing in RES
could increase the GDP of a country. A different approach is made in this thesis, regarding
economy, where the author discusses several factors from another study that could affect
construction of a HPP. The important thing to notice here is that when building a HPP there are
more aspects to consider that could affect the success of such a project. Estimating the full
potential of HPP is a complex matter which requires several different approaches. Another thing
that popped out from the Literature Review is that the location of the HPP might be one of the
biggest determents on how the HPP will perform in its lifespan. Different rivers have different
types of fish, some of which are extremely rare and considered a national treasure. If there is no
successful mitigation plan, activist will rise concerns which could affect even the construction of
the HPP. Additionally, a HPP like this could do more harm to the environment than good which
does a contrary effect of the point in implementing RES. Thinking the whole process over and
over again might take up few years but a thorough research is a necessity to satisfy the economic,
social and environmental aspect at the same time. The goal is to reduce the carbon footprint
rather than increase it. There are many suitable rivers that are the right road towards a greener
future. However, in different countries there are different policies, and for that matter politics.
This could complicate the process additionally hence removing the motivation from future
investors to embark on such a journey. Uniformed policies which can help new investors along
the way, are definitely required to reach a net-zero future. A couple of researches also show that
the process of getting licenses for building is a tiresome and demotivating process. If at the very
start of the project an investor sees that this investment could take couple of years to even began
with construction and additional dozens of years to begin payback period, the investor is likely to
give up at the very beginning. Furthermore, the world needs to move faster towards a net-zero
future if the goal of reducing the carbon footprint is to be met. To move in that direction, it is
important for everyone to be well informed on this matter and to unite forces to fight the same
fight. Like mentioned before, the process can be quite complicated and a united front is required.
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The Questionnaire chapter gave results that when it comes to proper information, people might
not be on the right track. Researching how people feel on this subject will give a realistic sense of
where the world is today regarding hydro energy. Additionally, the anonymity of the form,
allowed users to answer freely and give sincere answers. Many of the respondents were not
familiar with a lot of terms which led the author to the next step, building a website. The internet
today serves as one of the main information centers where people not only entertain but also
educate themselves. If more was invested in developing such websites, the importance of RES
might rise. The website was built to be user-friendly and easy to access, so every generation can
use it as an information point. Information can be updated constantly which allows following
current trends. There is also a segment which allows users to access one of the most important
websites and organizations regarding energy and RES. These pages contain valuable data to
understand the effect of RES, the demand, the consumption, and so on, and are unknown to many
people. The goal is to not only attract people who work in the field of RES, or particularly in hydro,
but rather every single person.
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